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Inquiry into Life is written for the introductory-level stu-
dent who would like to develop a working knowledge of
biology. While the text covers the whole field of general

biology, it emphasizes the application of this knowledge to
human concerns. Along with this approach concepts and
principles are stressed, rather than detailed, high-level sci-
entific data and terminology. Each chapter presents the topic
clearly, simply, and distinctly so that students can achieve a
thorough understanding of basic biology.

Major Themes
As with previous editions, the central theme of Inquiry into
Life is understanding the workings of the human body and
how humans fit into the world of living things. In keeping
with this emphasis “Health Focus” readings review proce-
dures and technology that can contribute to our well being
and “Ecology Focus” readings show how the concepts of the
chapter can be applied to ecological concerns. Concerned
citizens need to realize that human beings are a part of a
great, interrelated network called the biosphere.

Unlike any previous edition, Inquiry into Life now stresses
the scientific process. This new emphasis is accomplished in
several ways: The introductory chapter begins with an
expanded explanation of the scientific process. Throughout
the text, the part opening pages mention historical contribu-
tors to the concepts of that part. “Science Focus” readings
describe more specifically the experiments and observations
of modern biologists who have developed our present under-
standing of biological principles. For example, there is a “Sci-
ence Focus” reading outlining the contributions of Susumu
Tonegawa to our knowledge of immunity and another that
describes the contributions of many neurologists to the
expanding field of memory and learning. The end matter of
each chapter contains Thinking Scientifically questions that
ask students to reason as scientists do.

Bioethical Issues
This edition of Inquiry into Life also asks students to apply
the concepts to the many and varied perplexing bioethical
issues that face us every day. Each chapter ends with a
description of a modern situation that calls for a value
judgement on the part of the reader. Students are challenged
to develop a point of view by answering a series of questions
that pertain to the issue. The myriad of issues considered
include genetic disease testing, human cloning, AIDS vac-
cine trials, animal rights, responsibility for one’s health, and
fetal research.

Vibrant, New Illustration Program
Almost every illustration in Inquiry into Life is new or has
been revised to better interest students in the exciting world
of biology. Students are visually motivated, and the new art
program has many features they will find helpful. “Visual
Focus” illustrations give a conceptual overview that relates
structure to function. Color coordination includes assigning
colors to the various classes of organic molecules and to the
different human tissues and organs. Icons have been added
to the cell, animal, and biosphere chapters to show how a
portion relates to a general topic. An increased number of
micrographs add realism to depicted structures.

Applications
Educational theory tells us that students are most interested
in knowledge of immediate practical application. This text is
consistent with and remains true to this approach. Each
chapter begins with a short story that applies chapter mate-
rial to real-life situations. The readings stress applications
and so does the running text material. This edition features
expanded treatment of such topics as eating disorders, aller-
gies, pulmonary disorders, hepatitis infections, the human
genome project, and gene therapy. Some topics such as the
cloning of animals, xenotransplantation, and the role of
apoptosis in immunity, development, and cancer are new.

New Chapters
A new part entitled Integration and Control of the Human
Body contains rewritten chapters. The updated presentation
of the nervous system and the senses includes new informa-
tion on learning and memory. The endocrine system chapter
better explains the homeostatic control of blood molecular
and ionic levels. This part contains many new illustrations
including several that depict the skeleton in greater detail.

The botanical and zoological chapters have been
improved. New illustrations explain the cohesion-tension
model of xylem transport and the pressure-flow theory of
phloem transport. New evolutionary trees and icons are
used in the animal diversity chapters. The evolution of
humans has been updated.

The ecology chapters have been rewritten to have a
modern approach to this important field. Coverage now log-
ically flows from populations to communities to ecosystems.
Adverse human influences, such as expanded human popu-
lation and disruption of normal ecological cycles, are inte-
grated into the general discussion where appropriate.
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Pedagogical Features
As before, Inquiry into Life excels in pedagogical features.
Each chapter begins with an integrated chapter outline that
lists the chapter’s concepts according to numbered sections
of the chapter. This numbering system is continued in the
chapter and summary so that instructors can assign just cer-
tain portions of the chapter, if they like. The text is paged so
that major sections begin at the top of the page and illustra-
tions are on the same or facing page as its reference. The
questions at the end of the chapter are of both the essay and
objective type. New to this edition, the objective questions
are multiple choice with at least five choices for each one.
Thinking Scientifically is a series of new questions that ask
students to reason as a scientist does. All the boldfaced
terms are listed and page referenced. A matching exercise
tests student comprehension of the terms.

Technology
New to this edition, the free Essential Study Partner CD-
ROM, accompanies the text. It contains high quality 3-D ani-
mations, interactive study activities, illustrated overviews of
key topics in the text, and supplementary quizzing and
exams that students will find extremely valuable. A
CD-ROM icon has been placed throughout each chapter to
remind students that this important learning tool can assist
them in reviewing the concepts.

The Dynamic Human 2.0, which offers a pictorial review

of each human system, has been revised to have greater stu-
dent appeal. The Mader Home Page also contains interac-
tive exercises to help students master the objectives of each
chapter and provides further information on most topics
discussed in the chapter.
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• The Essential Study Partner CD-ROM tutorial, which
supports and enhances the concepts presented, is offered
free with the text. A CD-ROM icon is used throughout the
chapter to remind students to consult this useful learning
tool.

• The scientific process is emphasized, and new to this
edition are “Science Focus” readings and end-of-chapter
“Thinking Scientifically” questions.

• A bioethical issue is discussed in a featured section at the
end of each chapter. Challenging questions are provided
that can be used as a basis for class discussion.

• A new illustration program adds vitality to the art and
enhances the appeal of the text. Many new micrographs
provide realism. “Visual Focus” illustrations give a
pictorial overview of key topics. Color coding is used for
both molecular structures and for human tissues and
organs.

• A cell icon in the cell chapter, evolutionary tree icons in the
animal chapters, and a biome map icon in the biosphere
chapter help students relate the part to the whole.

• A new part entitled Integration and Control of the Human
Body includes updated and rewritten chapters on the
nervous system, the senses, the musculoskeletal system,
and the endocrine system. The discussion is supported by
many new illustrations.

• The ecology chapters have been rewritten to have a
modern approach that still includes a discussion of adverse
human activities on the biosphere.

• Relevancy of the text is increased with the inclusion or
expanded treatment of topics like eating disorders,
allergies, pulmonary disorders, hepatitis infections,
xenotransplantation, human cloning, the human genome
project, and gene therapy to treat cancer.
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AIDS Booklet
This booklet describes how AIDS and related diseases are
commonly spread so that readers can protect themselves
and their friends against this debilitating and deadly 
disease.

Inquiry into Life Laboratory Manual
The Laboratory Manual, also written by
Dr. Sylvia S. Mader, is a very resourceful
accompaniment to Inquiry into Life. Most
chapters in the text have an accompanying
laboratory exercise in the manual (some
chapters have more than one accompany-

ing exercise). In this way, instructors are better able to
emphasize particular portions of the curriculum. Every
laboratory has been written to further help students appre-
ciate the scientific method and to learn the fundamental
concepts of biology and the specific content of each 
chapter.

Laboratory Resource Guide
More extensive information regarding preparation is found
in this helpful guide. The guide includes suggested sources
for materials and supplies, directions for making up solu-
tions and otherwise setting up the laboratory, expected
results for the exercises, and suggested answers to all
questions in the laboratory manual.

250 Transparencies
A set of 250 full-color transparency acetates accompanies
Inquiry into Life. These acetates contain key illustrations
from the text.

100 Micrograph Slides
This ancillary provides 35mm slides of many photomicro-
graphs and all electron micrographs in the text.

Life Science Animations Videotape
Key biological processes are available on this
videotape series. The animations bring visual
movement to biological processes that are
difficult to understand on the text page.

Visuals Testbank
A set of 50 transparency masters is available for use by
instructors. These feature line art from the text with labels
deleted for student quizzing or practice.

Instructor’s Manual
The Instructor’s Manual, prepared by Dr. Richard John
Schrock with input from Dr. Sylvia S. Mader,  includes
Chapter Overview Introductions, Learning Objectives,
Annotated Chapter Outlines, Ninth Edition Changes,
Technology Correlations to McGraw-Hill Technology,
Technology Resources, Lecture Enrichment Ideas, Topics 
and Projects, and Essay Questions.

Test Item File
The Test Item File, written by Dr. Richard John Schrock,
includes more questions than any previous edition. Instruc-
tors can use the Classroom Testing Software to sort items in
various ways, including by level and difficulty.

How to Study Science, Third Edition
This excellent workbook offers students
helpful suggestions for meeting the consid-
erable challenges of a college science
course. It offers tips on how to take notes,
how to get the most out of laboratories, and
how to overcome science anxiety.

Schaum’s Outlines: Biology
Updated to include the latest advances, Schaum’s Outlines:
Biology, features detailed illustrations of complex biologic
systems and processes, ranging from the smallest elements
of life to primates. Hundreds of problems with fully
explained solutions cut down on study time and make
important points easy to remember.

Classroom Testing Software (MicroTest) 
This helpful testing software—in either Macintosh
or Windows format—provides well-written and

researched book-specific questions featured in the Test Item
File. Items can be sorted in various ways, including by level
and difficulty.

Basic Chemistry for Biology, 
Second Edition
Basic Chemistry for Biology is a self-paced
supplement for students who need addi-
tional material to understand the basic con-
cepts of chemistry. This text leads biology
students through fundamental chemical
concepts.

Critical Thinking Case Study Workbook
This ancillary provides 34 critical thinking case studies that
are designed to immerse students in the “process of science”
and challenge them to solve problems in the same way biolo-
gists do. An answer key accompanies this workbook. 

TEACHING AND LEARNING AIDS
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Essential Study Partner CD-ROM
This interactive student study tool is packed with
over 100 animations and more than 200 learning

activities. From quizzes to interactive diagrams, your stu-
dents will find that there has never been a more exciting
way to study biology. A self-quizzing feature allows stu-
dents to test their knowledge of a topic before moving on to
a new module. Additional unit exams give students the
opportunity to review an entire subject area. The quizzes
and unit exams hyperlink students back to tutorial sections
so they can easily review coverage for a more complete
understanding. The text-specific Essential Study Partner CD-
ROM supports and enhances the material presented in
Inquiry into Life and has references in the text.

McGraw-Hill Course Solutions
Designed specifically to help you with
your individual course needs, Course

Solutions will assist you in integrating your syllabus with
Inquiry into Life, ninth edition, and state-of-the-art new
media tools.

At the heart of Course Solutions you’ll find integrated
multimedia, a full-scale Online Learning Center, and a
Course Solutions Integration Guide. These unparalleled
services are also available as a part of Course Solutions:
McGraw-Hill Learning Architecture, McGraw-Hill Course
Consultation Service, Visual Resource Library Image
Licensing, McGraw-Hill Student Tutorial Service, McGraw-
Hill Instructor Syllabus Service, PageOut Lite, PageOut:
The Course Web Site Development Center, and other
delivery options.

Inquiry Into Life Web Site
McGraw-Hill text-specific web sites allow students and
instructors from all over the world to communicate. By
visiting this site, students can access additional study
aids—including quizzes and interactive activities—
explore links to other relevant biology sites, and catch up
on current information. Log on today!

www.mhhe.com/biosci/genbio/mader

Visual Resource Library CD-ROM
This helpful CD-ROM contains approximately
1,600 images and animations that can be easily

imported into PowerPoint© to create multimedia presenta-
tions. Or, you may use the already prepared PowerPoint
presentations. 

Life Science Animations CD-ROM
Contains 125 animations of important biological
concepts and processes for use in classroom

presentations.

Microbes in Motion CD-ROM,
Version 2.0
This interactive CD-ROM allows students
to actively explore microbial structure and
function. Great for self-study, preparation
for class or exams, or for classroom presen-
tations.

Explorations in Human Biology 
CD-ROM; and Explorations in Cell
Biology and Genetics CD-ROM

These interactive CD-ROMs feature
fascinating topics in biology. Both
have 33 different modules that
allow students to study a high-
interest biological topic in an
interactive format.

Life Science Living Lexicon CD-ROM
This CD-ROM contains a comprehensive collec-
tion of life science terms—including definitions 

of their roots, prefixes, and suffixes—as well as audio
pronunciations and illustrations.

Virtual Biology Laboratory CD-ROM
Featuring ten simulations of the most com-
mon and important animal-based experi-
ments ordinarily performed in introductory
lab courses, the Virtual Biology Laboratory
CD-ROM contains video, audio, and text to
clarify complex physiological functions.

Biology Start-up Software
This software is a five-disk Macintosh tutorial that
helps nonmajors master challenging biological

concepts such as basic chemistry, photosynthesis, and 
cellular respiration.

The Dynamic Human CD-ROM,
Version 2.0
This guide to anatomy and physiology
interactively illustrates the complex rela-
tionships between anatomical structures
and their functions in the human body.
Realistic, three-dimensional visuals are
the premier feature of this exciting
learning tool.

Dynamic Human Videodisc
Enhance your classroom presentations with movement,
sound, and motion of internal organs, cells, and systems.
More than 80 premier 3-D animations covering all body
systems from the outstanding Dynamic Human CD-ROM
are included.

An interactive 
multimedia 
presentation 
of  basic
Microbiology
principles.

Gloria Delisle and Lewis Tomalty

CD-ROM FOR MACINTOSH AND WINDOWS

COMPLETELY UPDATED!
Including new books on
Environmental Microbiology
and Immunology

MICROBES
in Motion II
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THE LEARNING SYSTEM

Before you begin, spend a little time looking over the
next few pages. They provide a quick guide to the

learning tools found throughout the text that have been
designed to enhance your understanding of biology.

xiv
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Chapter Concepts

16.1 Urinary System
• The urinary system consists of organs that

produce, store, and rid the body of urine. 304
• The kidneys excrete nitrogenous wastes and

maintain the water-salt and the acid-base balance
of the blood within normal limits. 305

16.2 The Kidneys
• Kidneys have a macroscopic (gross) anatomy

and a microscopic anatomy. 307
• Urine is produced by many microscopic tubules

called nephrons. 307

16.3 Urine Formation
• Like many physiological processes, urine

formation is a multistep process. 311

16.4 Maintaining Water-Salt Balance
• The kidneys are under hormonal control as they

regulate the water—salt balance of blood. 312

16.5 Maintaining Acid-Base Balance
• The kidneys excrete hydrogen ions and 

reabsorb bicarbonate ions to regulate the pH of
blood. 315

X-ray enhanced picture of lower abdominal area of a human
features the urinary system. Urine formed in the kidneys (light
green) passes by way of ureters to the bladder (both red) where it is
stored before passing out of the body.

Urinary System and
Excretion

Emphasis on the Scientific Process
This edition of Inquiry into Life places special emphasis
on the scientific process. This added focus was accom-
plished in four ways:

• expanded explanation of the scientific process
• discussion of historical contributions
• “Scientifically Thinking” questions in 

each chapter
• “Science Focus” readings discuss 

biological research

The Essential Study Partner CD-ROM is
an interactive student study tool referenced in
the text and packed with over 100 animations
and more than 200 learning activities. From
quizzes to interactive diagrams, you will find
that there has never been a more exciting way
to study biology. A self-quizzing feature allows
users to test their knowledge of a topic before
moving on to a new module. Additional unit
exams provide the opportunity to review an
entire subject area. The quizzes and unit exams
hyperlink back to tutorial sections so you can
easily review material.

The MERL (Marine Ecosystem Research Laboratory) enclo-
sures shown in Figure 36A provide marine researchers with a
unique means to experiment with an entire marine ecosystem.
The tanks measure 1.8 meters in diameter and 5 meters deep
and are located outdoors, exposed to natural sunlight. To initi-
ate a typical experiment, a benthic (bottom of the ocean) com-
munity is collected, usually from a silt-clay area in
Narragansett Bay, off the coast of Rhode Island. A 37-cm-thick
bed of sediment weighing roughly a ton is placed into each
tank. Thirteen cubic meters of unfiltered seawater are trans-
ferred from the adjacent bay with nondisruptive displacement
pumps. Mechanical mixing provides water movement in the
enclosures to simulate wind and wave movement in the field.
In the summer, cooling is provided, and in the winter, heat is
provided to keep the enclosure temperatures similar to those
in the bay.

When set up in this manner, unmanipulated enclosures
maintain healthy ecosystems for many months and with prop-
erties that are similar to those actually found in the bay. Their
large size and proximity to laboratory facilities allows repetitive
sampling of all biological populations at relatively short time in-
tervals. Because there are 14 enclosures, replication of experi-
ments with controls is possible.

Experiments are done to determine the effect of a contami-
nant and to study the fate of chemicals within an entire coastal
ecosystem. One set of MERL experiments addressed the prob-
lem of chronic additions of oil hydrocarbons to coastal waters.
Water runoff from land, especially in urban areas, carries a
continuous trickle of oil to coastal environments. The total
amounts of petroleum hydrocarbons introduced into coastal
waters through urban runoff and river
runoff are believed to be greater than in-
troductions through oil spills. Daily ad-
ditions of fuel oil, of the type regularly
used in home furnaces, were made into
three replicate enclosures. Two experi-
ments were conducted. The first 5.5-month
experiment added oil to achieve about
0.2 ppm total hydrocarbons in the water,

while the second 4-month experiment achieved about 0.1 ppm
total hydrocarbons. Thereafter, recovery from the oil additions
was studied for one year.

These levels of fuel hydrocarbons are below those that
cause most tested marine species to die. One objective of the
experiments was to develop an index system that could be
used to indicate the health of an ecosystem. It was hypothe-
sized that community diversity and primary productivity
would be lower in the treated enclosures compared to the con-
trols. The oil additions had a clear effect on the populations in
the enclosures. Zooplankton and benthic macroorganisms
were greatly reduced in abundance. Benthic populations re-
mained depressed for at least a year after the treatments were
stopped.

Even though the additions of oil clearly had a major impact
on the communities in the enclosures, neither of the original hy-
potheses turned out to be correct. Although the population lev-
els were quite different in treated and control tanks, measures of
the diversity of benthic organisms in treated and control enclo-
sures were indistinguishable. With oil treatments, there were in-
creases in phytoplankton abundance and primary productivity
instead of the expected decrease. In hindsight, the reason for the
increase in phytoplankton abundance was clear. The oil was
more toxic to the organisms that may graze the phytoplankton
than to the phytoplankton itself. With the population of grazers
reduced, the abundance and production of phytoplankton
increased.

This is a good example of the interactions within an ecosys-
tem, and the inherent difficulty of predicting how any compo-
nent of an ecosystem will respond to stress.

Marine Enclosures for Whole-Ecosystem Studies

Figure 36A Marine Ecosystem
Research Laboratory (MERL).

16.2 The Kidneys M

When a kidney is sliced lengthwise, it is possible to see the
many branches of the renal artery and vein that reach in-
side the kidney (Fig. 16.3a). If the blood vessels are re-
moved, it is easier to identify three regions of a kidney. The
renal cortex is an outer granulated layer that dips down in
between a radially striated, or lined, inner layer called the
renal medulla. The renal medulla consists of cone-shaped
tissue masses called renal pyramids. The renal pelvis is a
central space, or cavity, that is continuous with the ureter
(Fig. 16.3b).

Microscopically, the kidney is composed of over one
million nephrons, sometimes called renal or kidney tubules
(Fig. 16.3c). The nephrons produce urine and are positioned
so that the urine flows into a collecting duct. Several
nephrons enter the same collecting duct; the collecting ducts
enter the renal pelvis.

Macroscopically, a kidney has three regions: renal
cortex, renal medulla, and a renal pelvis that is
continuous with the ureter. Microscopically, a
kidney contains over one million nephrons.

Chapter 16 Urinary System and Excretion 30716-4

Figure 16.3 Gross anatomy of the kidney.
a. A longitudinal section of the kidney showing the blood supply. Note that the renal artery divides into smaller arteries, and these divide into
arterioles. Venules join to form small veins, which join to form the renal vein. b. The same section without the blood supply. Now it is easier to
distinguish the renal cortex, the renal medulla, and the renal pelvis, which connects with a ureter. The renal medulla consists of the renal
pyramids. c. An enlargement showing the placement of nephrons.
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New Illustration Program
Almost every illustration is new or revised. Icons
have been added to the cell, animal, and biosphere
chapters to help relate a topic to the big picture.
And, new “Visual Focus” illustrations give a visual
overview of key topics.

Bioethical Issues
Each chapter of Inquiry into Life ends with a
Bioethical Issue reading. No other general biology
book covers as many issues or devotes as much
space to this growing area of biology.
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Figure 15.11 Lower respiratory tract disorders. 
Exposure to infectious pathogens and/or air pollutants, including cigarette and cigar smoke, causes the diseases and disorders shown here.

means for buffering these hydrogen ions in urine:
(NH3 + H� £  NH4

�). Ammonia (whose presence is quite
obvious in the diaper pail or kitty litter box ) is produced in
tubule cells by the deamination of amino acids. Phosphate
provides another means of buffering hydrogen ions in
urine.

The acid-base balance of the blood is adjusted by
the reabsorption of the bicarbonate ions (HCO3

�)
and the secretion of hydrogen ions (H�) as
appropriate.
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16.5 Maintaining Acid-Base Balance
The bicarbonate (HCO3

�) buffer system and breathing
work together to maintain the pH of the blood. Central to
the mechanism is this reaction, which you have seen
before:

The excretion of carbon dioxide (CO2) by the lungs helps
keep the pH within normal limits, because when carbon
dioxide is exhaled this reaction is pushed to the right and
hydrogen ions (H�) are tied up in water. Indeed, when
blood pH decreases, chemoreceptors in the carotid bodies
(located in the carotid arteries) and in aortic bodies (located
in the aorta) stimulate the respiratory center, and the rate
and depth of breathing increases. On the other hand, when
blood pH begins to rise, the respiratory center is depressed
and the bicarbonate ion increases in the blood.

As powerful as this system is, only the kidneys can rid
the body of a wide range of acidic and basic substances. The
kidneys are slower acting than the buffer/breathing mech-
anism, but they have a more powerful effect on pH. For the
sake of simplicity, we can think of the kidneys as reabsorb-
ing bicarbonate ions and excreting hydrogen ions as needed
to maintain the normal pH of the blood. If the blood is
acidic, hydrogen ions are excreted and bicarbonate ions are
reabsorbed. If the blood is basic, hydrogen ions are not ex-
creted and bicarbonate ions are not reabsorbed. Since the
urine is usually acidic, it shows that usually an excess of hy-
drogen ions are excreted. Ammonia (NH3) provides a

H+ +  HCO3
– H2CO3 +  CO2H2O

Figure 16.9 Acid-base balance.
In the kidneys, bicarbonate ions are reabsorbed and the hydrogen
ions are excreted as needed to maintain the pH of the blood. Excess
hydrogen ions are buffered, for example, by ammonia (NH3), which is
produced in tubule cells by the deamination of amino acids.

As a society we are accustomed to
thinking that as we grow older, dis-

eases like urinary disorders will begin to
occur. Almost everyone is aware that most
males are subject to enlargement of the
prostate as they age, and that cancer of the
prostate is not uncommon among elderly
men. However, like many illnesses associ-
ated with aging, medical science now
knows how to treat or even cure prostate
problems. Because of these successes,
medical science has lengthened our life
span. A child born in the United States in
1900 lived to, say, 47 years. If that same
child were born today, it would probably
live to at least 76. Even more exciting is the
probability that scientists will improve the
life span. People could live beyond 100
years and have the same vigor and vitality
they had when they were young.

Most people are appreciative of living
longer, especially if they can expect to be
free of the illnesses and inconveniences as-
sociated with aging. But have we exam-
ined how we feel about longevity as a
society? Whereas we are accustomed to
considering that if the birthrate increases
so does the size of a population, what
about the death rate? If the birthrate stays
constant and the death rate decreases, ob-
viously population size also increases.
Most experts agree that population
growth depletes resources and increases
environmental degradation. An older pop-
ulation can also put a strain on the econ-
omy if they are unable to meet their
financial, including medical, needs with-
out governmental assistance.

What is the ethical solution to this
problem? Should we just allow the popu-

lation to increase due to older people liv-
ing longer? Should we decrease the
birthrate? Should we reduce governmen-
tal assistance to older people so they real-
ize that they must be able to take care of
themselves? Should we call a halt to in-
creasing the life span through advance-
ments in medical science?

Questions
1. Do you feel that older people make a

significant contribution to or a drain on
society? Explain.

2. Would you be willing to have fewer
children in order to hold the population in
check if more people live longer? Why or
why not?

3. Should the elderly expect governmental
or family assistance as they age? Why or
why not?

xv
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xvi

Using Technology
References to McGraw-Hill technology
point students to additional sources for
more information.

Summarizing the Concepts
The major headings are repeated in the summary
because it is organized according to the major sections
of the chapter. The summary helps students review
the important concepts and topics discussed in each
chapter.

Testing Yourself
This section allows students to test their ability to
fulfill the study objectives. Answers are listed in
Appendix A.

Thinking Scientifically
In this section, students answer questions
related to concepts they have learned to
matters of scientific concern. Answers are
listed in Appendix A.

Understanding the Terms
A matching exercise ensures that students under-
stand the chapter’s terms before proceeding to the
next chapter. Answers are listed in Appendix A.

Studying the Concepts
These questions, which are page-
referenced, review important chapter
material. Answers are available to
instructors via the Online Learning
Center.

316 Part 3 Maintenance of the Human Body 16-13

Summarizing the Concepts

16.1 Urinary System
The kidneys produce urine, which is conducted by the ureters to the
bladder where it is stored before being released by way of the urethra.

The kidneys excrete nitrogenous wastes, including urea, uric acid,
and creatinine, and they maintain the water-salt balance of the body
and help keep the blood pH within normal limits.

16.2 The Kidneys
Macroscopically, the kidneys are divided into the renal cortex, renal
medulla, and renal pelvis. Microscopically, they contain the nephrons.

Each nephron has its own blood supply; the afferent arteriole ap-
proaches the glomerular capsule and divides to become the glomeru-
lus, a capillary tuft. The permeability of the glomerular capsule allows
small molecules to enter the capsule from the glomerulus. The efferent
arteriole leaves the capsule and immediately branches into the per-
itubular capillary network.

Each region of the nephron is anatomically suited to its task in
urine formation. The spaces between podocytes of the glomerular cap-
sule allow small molecules to enter the capsule from the glomerulus, a
capillary knot. The cuboidal epithelial cells of the proximal convoluted
tubule have many mitochondria and microvilli to carry out active
transport (following passive transport) from the tubule to blood. In
contrast, the cuboidal epithelial cells of the distal convoluted tubule
have numerous mitochondria but lack microvilli. They carry out active
transport from the blood to the tubule.

16.3 Urine Formation
Urine is composed primarily of nitrogenous waste products and salts
in water. The steps in urine formation are glomerular filtration, tubular
reabsorption, and tubular secretion, as explained in Figure 16.6.

16.4 Maintaining Water-Salt Balance
The kidneys regulate the water-salt balance of the body. Water is reab-
sorbed from all parts of the tubule. The ascending limb of the nephron
loop establishes an osmotic gradient that draws water from the
descending limb and also the collecting duct. The permeability of the
collecting duct is under the control of the hormone ADH.

The reabsorption of salt increases blood volume and pressure be-
cause more water is also reabsorbed. Two other hormones, aldosterone
and ANH, control the kidneys’ reabsorption of sodium (Na�).

16.5 Maintaining Acid-Base Balance
The kidneys keep blood pH within normal limits. They reabsorb
HCO3

� and excrete H� as needed to maintain the pH at about 7.4.

Studying the Concepts

1. State the path of urine and the function of each organ
mentioned. 304

2. Explain how urination is controlled. 305
3. List and explain four functions of the urinary system. 305
4. Describe the macroscopic anatomy of a kidney. 307
5. Trace the path of blood about a nephron. 308
6. Name the parts of a nephron, and tell how the structure of

the convoluted tubules suits their function. 309
7. State and describe  the three steps of urine formation.

310—11

8. Where in particular is water and salt reabsorbed along the
length of the nephron? Describe the contribution of the loop
of the nephron. 312

9. Name and describe the action of antidiuretic hormone
(ADH), the renin-aldosterone connection, and the atrial natri-
uretic hormone (ANH). 312—13

10. How do the kidneys maintain the pH of the blood within
normal limits? 315

Testing Yourself

Choose the best answer for each question.
1. Which of these functions of the kidneys is mismatched?

a. excretes metabolic wastes rids the body of urea
b. maintains the water-salt balance helps regulate blood

pressure
c. maintains the acid-base balance rids the body of uric

acid
d. secretes hormones secretes erythropoietin
e. All of these are properly matched.

2. Which of these is out of order first?
a. glomerular capsule
b. proximal convoluted tubule
c. distal convoluted tubule
d. loop of the nephron
e. collecting duct

3. Which of these hormones is most likely to cause a rise in
blood pressure?
a. aldosterone
b. antidiuretic hormone (ADH)
c. renin
d. atrial natriuretic hormone (ANH)
e. Both a and c are correct.

4. If the blood is acidic,
a. hydrogen ions are excreted and bicarbonate ions are

reabsorbed.
b. hydrogen ions are reabsorbed and bicarbonate ions are

excreted.
c. hydrogen ions and bicarbonate ions are reabsorbed.
d. hydrogen ions and bicarbonate ions are excreted.
e. urea, uric acid, and ammonia are excreted.

5. Excretion of a hypertonic urine in humans is associated best
with the
a. glomerular capsule.
b. proximal convoluted tubule.
c. loop of the nephron.
d. distal convoluted tubule.

6. The presence of ADH (antidiuretic hormone) causes an
individual to excrete
a. sugars.
b. less water.
c. more water.
d. Both a and c are correct.

7. In humans, water is
a. found in the glomerular filtrate.
b. reabsorbed from the nephron.
c. in the urine.
d. All of these are correct.

Chapter 16 Urinary System and Excretion 31716-14

8. Filtration is associated with the
a. glomerular capsule.
b. distal convoluted tubule.
c. collecting duct.
d. All of these are correct.

9. Normally in humans, glucose
a. is always in the filtrate and urine.
b. is always in the filtrate, with little or none in urine.
c. undergoes tubular secretion and is in urine.
d. undergoes tubular secretion and is not in urine.

10. Label this diagram of a nephron.

Understanding the Terms

Match the terms to these definitions:
a. Portion of the nephron lying between the proxi-

mal convoluted tubule and the distal convoluted tubule that
functions in water reabsorption.

b. Movement of molecules from the contents of the
nephron into blood at the proximal convoluted tubule.

c. Hormone secreted by the adrenal cortex that
regulates the sodium and potassium balance of the blood.

d. Outer portion of the kidney that appears granular.
e. Surrounds a nephron and functions in reabsorp-

tion during urine formation.Thinking Scientifically

1. Considering filtration (page 311):
a. Urine, not urea, is made by the kidneys. What is the differ-

ence between urine and urea?
b. Blood pressure in the glomerulus favors filtration of mole-

cules. The efferent arteriole (leaving the glomerulus) is
narrower than the afferent arteriole (leading to the
glomerulus). What effect does this have on blood pressure
in the glomerulus?

c. What force would oppose filtration of molecules from the
glomerulus? (Hint, review the forces involved in capillary
exchange.)

d. If there is a loss of proteins from blood into the glomerular
capsule, would the filtration rate increase or decrease?
(Assume constant blood pressure.)

2. Considering urine formation (page 311):
a. If 99% of water is reabsorbed, how can urine be 95% water.
b. Carrier molecules work as fast as they can to return

glucose to blood. Explain why excess glucose is not
returned.

c. When CO2 is excreted by the lungs, does blood become
more acidic or more basic? If the HCO3

� is excreted by
the kidneys, does blood become more acidic or more
basic?

d. The maintenance of normal blood pH is a very important
function of the kidneys. What molecules in the cells are
affected by pH changes.

Using Technology

Your study of the urinary system and excretion is supported by
these available technologies:

Essential Study Partner CD-ROM
Animals ££ Osmoregulation

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Urinary System

Life Science Animations 3D Video
38 Kidney Function

aldosterone 313
antidiuretic hormone (ADH)

312
atrial natriuretic

hormone (ANH) 313
collecting duct 309
creatinine 305
distal convoluted

tubule 309

diuretics 313
erythropoietin 305
excretion 305
glomerular capsule 309
glomerular filtrate 311
glomerular filtration 311
glomerulus 308
juxtaglomerular apparatus 313
kidney 304
loop of the nephron 309

nephron 307
peritubular capillary

network 308
podocyte 309
proximal convoluted

tubule 309
renal artery 304
renal cortex 307
renal medulla 307
renal pelvis 307
renal vein 304
renin 313
tubular reabsorption 311
tubular secretion 311
urea 305
ureter 304
urethra 304
uric acid 305
urinary bladder 304
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1

The Study of Life

Chapter Concepts

1.1 The Scientific Process
• The scientific process allows biologists to gather

information and come to conclusions about the
natural world. 2

• Various conclusions pertaining to the same area
of interest are sometimes used to arrive at a
theory, a general concept about the natural
world. 5

• All persons have the responsibility to decide
how scientific information can best be used to
make ethical or moral decisions. 6

1.2 The Characteristics of Life
• Although life is quite diverse, it can be defined

by certain common characteristics. 7
• The biosphere is made up of ecosystems where

living things interact with each other and the
physical environment. 10

• The biodiversity of the biosphere is being
threatened by human activities. 12

1.3 The Classification of Living Things 
• Living things are classified into categories

according to their evolutionary relationships. 13

Many biological experiments are performed in the laboratory
where conditions can be more easily controlled.  
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1.1 The Scientific Process
Biology is the scientific study of life (Fig. 1.1). Religion, aes-
thetics, ethics, and, yes, science, are all ways that human
beings have of finding order in the natural world. But sci-
ence differs from other human ways of knowing and learn-
ing by its process.

The process of science is unique. Science is a human
endeavor that considers only what is observable by the sens-

2 Introduction 1-2

About 200 years ago, an English country doctor,
Edward Jenner, made medical history due to a keen
observation. He noticed that milkmaids usually avoid-

ed contracting smallpox, a disfiguring and frequently fatal
disease. Jenner reasoned that the women were somehow
protected because they had previously had cowpox, a simi-
lar but much less serious illness. To test that hypothesis,
Jenner injected a young boy with cowpox, and later
exposed him to smallpox. When his volunteer remained
healthy, the way was paved for the development of the mod-
ern version of a smallpox vaccine that has done away with
the disease entirely.

Biology uses the same methodology today as was used
by Jenner to come to conclusions that are accepted until
proven false by future investigations. The information pre-
sented in this text is the result of work done by scientists
over the ages. What is science and what methodology does
science use?

Figure 1.1 Diversity of life.
Biology is the scientific study of life, which has diversified into the many forms we find on planet Earth. a. Vorticella, a protozoan; b. Hibiscus, a
flowering plant; c. Sally lightfoot, a crab; d. Snow leopard, a mammal

es or by instruments that extend the ability of the senses.
Microscopes extend the ability of sight way beyond what
can be seen by the naked eye, for example. Observations can
be made by any one of our five senses; we can observe with
our noses that dinner is almost ready; observe with our fin-
gertips that a surface is smooth and cold; and observe with
our ears that a piano needs tuning. Various input allows sci-
entists to formulate hypotheses.

Formulating a Hypothesis
Once a scientist becomes interested in an observable event,
called a phenomenon, he or she will most likely study up on
it. The goal will be to find any other past work in the area;
the Internet, the library, other scientists will all be consulted
to see what past ideas there may have been about this phe-
nomenon. All of this input helps a scientist use imagination
and creative thinking to formulate a hypothesis. A hypothe-
sis is a tentative explanation of a scientific question based on
observations and past knowledge.

Hypotheses, of course, vary in the level of their sophis-
tication. A young person in elementary school might
hypothesize that plants need light in order to grow; while a
high school student might hypothesize that light allows
plant leaves to produce sugar. In any case, all the past expe-
riences of the individual no matter their source, will most
likely influence the formulation of a hypothesis. Einstein
said that aesthetic qualities like beauty and simplicity

30 µm

d.
Snow Leopard, a mammal

a.
Vorticella, a protozoan

b.
Hibiscus, a flowering plant

c.
Sally lightfoot, a crab
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helped him to formulate his hypotheses about the workings
of the universe. Indeed, most every scientist looks favorably
upon the simplest hypothesis for a phenomenon and tests
that one first.

Science only considers hypotheses that can be tested.
Moral and religious beliefs while very important to our lives
differ between cultures and through time and they are not
always testable by further observations and/or experimen-
tation.

Testing a Hypothesis
Hypotheses are tested either in the laboratory setting or in
a natural setting. The laboratory is a place that lends itself
to carrying on experiments, which are artificial situations
devised to test hypotheses. Experiments can also be car-
ried out in a natural setting, called the field. David P.
Barash, who was observing the mating behavior of moun-
tain bluebirds, decided to perform an experiment to test
the hypothesis that aggression of the male varies accord-
ing to the reproductive cycle. He posted a male bluebird
model near nests while the resident male was out forag-
ing. The behavior of the male toward the model and
toward his female mate were noted during the first ten
minutes of the male’s return. Aggression was most severe
when the male model was presented before the first egg
was laid, less severe when the model was presented after
an egg was laid, and least severe after the eggs had
hatched (Fig. 1.2).

Laboratory experiments are often preferred to experi-
ments in the field because a laboratory setting eliminates
extraneous variables. A variable is a factor that can cause an
observable change during the progress of the experiment.
The Science Focus on the next page describes a hypothetical
experiment scientists conduct to determine whether sub-
stance S is a safe food additive. Some of the possible vari-
ables include the individual characteristics of the mice,
availability of food and water, and environmental condi-
tions such as the cleanliness of the cages and the tempera-
ture and humidity of the room, and so forth. The
experimenters would try to keep all these variables constant
except the presence or absence of substance 

Experiments are considered more rigorous when they
include a control group. Control in this context does not
refer to the power of the experimenter—rather it refers to
the validity of the experimental results. A control group
experiences all the steps in the experiment except for the
one that is being tested. Barash used a control group. He
posted a male robin instead of a male bluebird near certain
nests. (The male bluebirds did not respond at all to a robin
model.) In the substance S experiment, the mice in the con-
trol group do not have substance S added to their food.
When an experiment has a control group, we know that the
results are due to the variable being tested and not due to
some nonidentifiable chance event that occurred during the
experiment.
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c. Scientist studies results and comes to a conclusion.

b. Scientist performs experiment and collects objective data.

a. Scientist makes observations, studies previous data, and formulates
   a hypothesis.

Figure 1.2 Example of scientific method.
Observation of male bluebird behavior allowed David Barash to
formulate a testable hypothesis. Then, he collected the data
displayed in a graph and came to a conclusion.
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Biologists want to determine if sweetener S is a safe food addi-
tive and design a controlled laboratory experiment. They place
a certain number of randomly chosen inbred (genetically simi-
lar) mice into the two groups—say, 100 mice per group
(Fig. 1A). If any of the mice are different from the others, it is
hoped random selection will distribute them evenly among the
groups. The researchers also make sure that all conditions, such
as availability of water, cage setup, and temperature of the sur-
roundings, are the same for both groups. The food for each
group is exactly the same except for the amount of sweetener S.

In experiment 1, the researchers formulate a hypothesis that
sweetener S is a safe food additive at any dietary intake. The
control group receives no sweetener S and in the test group 50%
of the diet is sweetener S. At the end of the experiment, both
groups of mice are examined for bladder cancer. They find that
one-third of the mice in the test group have bladder cancer,
while none in the control group have bladder cancer. The results
of this experiment falsify the hypothesis and the researchers
conclude that sweetener S is not a safe food additive at 50% of
dietary intake.

The researchers decide to refine their study, and in experiment
2 they hypothesize that sweetener S is safe if the diet contains a
limited amount of sweetener S. They feed sweetener S to groups of
mice at ever-greater concentrations until it reaches 50% of the diet.

Group 1: diet contains no sweetener S (the control)

Group 2: 5% of diet is sweetener S

Group 3: 10% of diet is sweetener S

Z

Group 11: 50% of diet is sweetener S

The researchers present their data in the form of a graph and
statistically analyze their data to determine if the difference in
the number of cases of bladder cancer between the various
groups is significant and not due to simple chance. Finding that
they are significant, the researchers conclude that they can now
develop a recommendation concerning the intake of sweetener
S in humans. They suggest that an intake of sweetener S up to
10% of the diet is relatively safe but thereafter an ever-greater
incidence of bladder cancer should be expected (Fig. 1A).

A Controlled Laboratory Experiment

Figure 1A Design of a controlled experiment.
Genetically similar mice are randomly divided into a control group and (a) test group(s) that contain 100 mice each. All groups are exposed
to same conditions, such as cage setup, temperature, and water supply. The control group is not subjected to sweetener S in the food. At
the end of the experiment, all mice are examined for bladder cancer.
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The Experimental Results
The results of an experiment are referred to as the data. Data
often takes the form of a table or a graph that allows one to
see the results in an organized manner. Barash’s data are
shown in Figure 1.2. Data should be objective rather than
subjective, and mathematical data are conducive to objectiv-
ity. For example, Barash didn’t report that it seemed to him
that the male bluebirds were more aggressive before the
eggs were laid (subjective); rather, he defined aggression as
the “number of approaches per minute” (objective) and
reported that number. When Mendel, the father of genetics,
did a pea cross concerning height, he didn’t report that he
could tell at a glance there were more tall than short plants;
he reported that the ratio was three tall to every short plant.
In fact, Mendel repeated one particular experiment so many
times that he counted 7,324 peas!

To ensure that the results are not due to chance or some
unknown variable, experiments are often repeated not only
by the original scientist but by others in the same area of
expertise. Therefore, scientists must keep careful records of
how they perform their experiments so that others can
repeat them. If the same results are not obtained over and
over again, the experiment is not considered valid.

The Conclusion
After studying the results, the experimenter comes to a con-
clusion whether the results support or falsify (show to be
untrue) the hypothesis. The data allowed Barash to con-
clude that aggression in male bluebirds is related to their
reproductive cycle. Therefore, his hypothesis was support-
ed. If male bluebirds were always aggressive even toward
male robin models, his hypothesis would have been proven
false.

Science progresses and the hypothesis may have to be
modified in the future. There is always the possibility that a
more sophisticated experiment using perhaps more
advanced technology might falsify the hypothesis. There-
fore, a scientist never says that the data “prove” the hypoth-
esis to be “true.” Because of this feature, some think of
science as what is left after alternative hypotheses have been
rejected.

Scientists report their findings in scientific journals so
that their methodology and results are available to the scien-
tific community. Barash reported his experiment in the
American Naturalist.1 The reporting of experiments results in
accumulated data that will help other scientists formulate
hypotheses. Also, it results in a body of information that is
made known to the general public through the publishing of
books, such as this biology textbook.

Scientific Theories
The ultimate goal of science is to understand the natural
world in terms of scientific theories, which are concepts that
join together well-supported and related hypotheses. In a
movie, a detective may claim to have a theory about the
crime. Or you may say that you have a theory about the
won-lost record of your favorite baseball team. But in sci-
ence, the word theory is reserved for a conceptual scheme
that is supported by a broad range of observations, experi-
ments, and data.

Some of the basic theories of biology are:

Name of Theory Explanation

Cell All organisms are composed
of cells.

Biogenesis Life comes only from life.
Evolution All living things have a

common ancestor and are
adapted to a particular way
of life.

Gene Organisms contain coded
information that dictates
their form, function, and
behavior.

Evolution is the unifying concept of biology because it per-
tains to various aspects of living things. For example, the
theory of evolution enables scientists to understand the his-
tory of life, the variety of living things, and the anatomy,
physiology, and development of organisms—even their
behavior.

Barash gave an evolutionary interpretation to his
results. It was adaptive, he said, for male bluebirds to be less
aggressive after the first egg is laid because by that time the
male bird is “sure the offspring is his own” and maladaptive
for the male bird to waste time and energy being too aggres-
sive toward a rival and his mate after hatching because his
offspring is already present. (When an organism is adapted
to its environment, it is better able to survive and produce
offspring.)

Fruitful theories are ones that help scientists generate
new hypotheses, and the theory of evolution has been a
very fruitful theory. In fact, it probably helped Barash
develop the hypothesis he chose to test. Because the the-
ory of evolution has been supported by so many obser-
vations and experiments for over 100 years, some
biologists refer to the principle of evolution, suggesting
that this is the appropriate term for theories that are gen-
erally accepted by an overwhelming number of scien-
tists. The term law instead of principle is preferred by
some. In another chapter concerning energy relation-
ships, for example, we will examine the laws of thermo-
dynamics.
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1Barash, D. P. 1976. The male responds to apparent female adultery in the mountain
bluebird, Sialia currucoides: An evolutionary interpretation. American Naturalist
110:1097–101.
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The Scientific Method
The process of science is often described in terms of the sci-
entific method. Some scientists object to outlining the steps
of the scientific method as is done in Figure 1.3 because
such a diagram suggests a rigid methodology. Actually, sci-
entists approach their work in many different ways and
even sometimes make discoveries by chance. The most
famous case pertains to penicillin. When examining a petri
dish in 1928, Alexander Fleming noticed an area around a
mold that was free of bacteria. Upon investigating, Fleming
found that the mold produced an antibacterial substance he
called penicillin. Penicillin was later mass produced and is
still a successfully used antibiotic in humans today. Some
scientists do not test hypotheses—instead, they make
observations and add to the known data. For example, a sci-
entist might decide to find out what types of animals live on
the ocean floor.

A discussion of the scientific process is not complete
without an admission that scientists do have to accept cer-
tain assumptions. They have to believe, for example, that
nature is real and understandable and knowable by observ-
ing it; that nature is orderly and uniform; that measure-
ments yield knowledge of the thing measured; and that
natural laws are not affected by time.

Science and Social Responsibility
Science seeks only a natural cause for the origin and history
of life. Doctrines of creation that have a mythical, philosoph-
ical, or theological basis are outside the realm of science
because they cannot be tested by observation and/or exper-
imentation. Creationism, which states that God created all
species as they are today, cannot be considered science
because explanations based on supernatural rather than nat-
ural causes involve faith rather than data.

There are many ways in which science has improved
our lives. The discovery of antibiotics and vaccines has
expanded the human life span. Cell biology research is
helping us understand the causes of cancer. Genetic
research has produced new strains of agricultural plants
that have eased the burden of feeding our burgeoning
world population. Still there are other instances in which
science has resulted in technologies that have harmed the
environment. Technology is a process, an instrument, or a
structure that is developed or constructed using scientific
principles. Biochemical knowledge was used to develop
pesticides which have helped increase agricultural yields.
Pesticides, as you may know, kill not only pests but also
other types of organisms. The book Silent Spring was writ-
ten to make the public aware of the harmful environmen-
tal effects of pesticide use.

Too often we blame science for these developments
and think that scientists are duty bound to pursue only

those avenues of research that are consistent with a certain
system of values. But making value judgments is not a
part of science. Ethical and moral decisions must be made
by all people. The responsibility for how we use the fruits
of science, including a given technology, must reside with
people from all walks of life, not upon scientists alone. Sci-
entists should provide the public with as much informa-
tion as possible when such issues as the use of atomic
energy, fetal research, and genetic engineering are being
debated. Then they, along with other citizens, can help
make decisions about the future role of these technologies
in our society. All men and women have a responsibility to
decide how to use scientific knowledge so that it benefits
the human species and all living things.
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Figure 1.3 Flow diagram for the scientific method.
On the basis of observations and previous data, a scientist
formulates a hypothesis. The hypothesis is tested by further
observations or a controlled experiment, and new data either support
or falsify the hypothesis. The return arrow indicates that a scientist
often chooses to retest the same hypothesis or to test a related
hypothesis. Conclusions from many different but related experiments
may lead to the development of a scientific theory. For example,
studies in biology of development, anatomy, and fossil remains all
support the theory of evolution.
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1.2 The Characteristics of Life
Biological theories help us determine the characteristics of
life. Despite its diversity (see Figure 1.1), certain properties
characterize all living things. For example, all living things
are organized.

Living Things Are Organized
Living things have levels of organization from the atoms
that constitute all matter to an ecosystem in which they
live (Fig. 1.4). Atoms join together to form molecules such
as the DNA molecules that occur only within cells. The
cell is the lowest level of biological organization to have
the characteristics of life. A nerve cell is one of the types of
cells in the body of a white-tailed deer. A tissue is a group
of similar cells that perform a particular function. Nervous
tissue has millions of nerve cells that transmit signals to all

parts of the deer’s body. Several tissues join together to
form an organ. The main organs in the nervous system of
a deer are the brain, the spinal cord, and the nerves.
Organs work together to form an organ system. The brain
sends messages to the spinal cord which, in turn, sends
them to body parts by way of the spinal nerves. An organ-
ism, meaning an individual living thing, is a collection of
organ systems. A deer contains a digestive system, a circu-
latory system, and several other systems in addition to a
nervous system. Organisms usually live within a popula-
tion, which is a group of interbreeding organisms in a par-
ticular locale. Several different populations interact within
a community. For example, deer feed on many different
types of living plants. An ecosystem includes a communi-
ty and also the physical environment. Organisms not only
interact with one another, they also interact with the phys-
ical environment, as when a deer takes a drink of water
from a pond.
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Figure 1.4 Levels of biological organization.
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Living Things Acquire Materials and
Energy
Living things cannot maintain their organization nor carry
on life’s other activities without an outside source of materi-
als and energy. Photosynthesizers, such as trees, use carbon
dioxide, water, and solar energy to make their own food.
Human beings and other animals, like ospreys (Fig. 1.5),
acquire materials and energy when they eat food.

Food provides nutrient molecules, which are used as
building blocks or for energy. Energy is the capacity to do
work, and it takes work to maintain the organization of the
cell and of the organism. When nutrient molecules are used
to make their parts and products, cells carry out a sequence
of synthetic chemical reactions. Some nutrient molecules are
broken down completely to provide the necessary energy to
carry out synthetic reactions.

Most living things can convert energy into motion. Self-
directed movement, as when we decide to rise from a chair,
is even considered by some to be a characteristic of life.

Living Things are Homeostatic
Homeostasis means “staying the same.” Actually, the inter-
nal environment stays relatively constant; for example, the
human body temperature fluctuates slightly during the day.

Also, the body’s ability to maintain a normal internal tem-
perature is somewhat dependent on the external tempera-
ture—we will die if the external temperature becomes
overly hot or cold.

All human systems contribute to homeostasis. The
digestive system provides nutrient molecules; the circula-
tory system transports them about the body; and the excre-
tory system rids blood of metabolic wastes. The nervous
and hormonal systems coordinate the activities of the oth-
er systems. One of the major purposes of this text is to
show how all the systems of the human body help to main-
tain homeostasis.

Living Things Respond to Stimuli
Living things respond to external stimuli, often by moving
toward or away from the stimulus. Movement in humans is
dependent upon their nervous and muscular systems. Other
living things use a variety of mechanisms in order to move.
Leaves of plants track the passage of the sun during the day,
and when a houseplant is placed near a window, its stem
bends to face the sun.

The movement of an organism, whether self-directed or
in response to a stimulus, constitutes a large part of an
organism’s behavior. Behavior largely is directed toward
minimizing injury, acquiring food, and reproducing.

Figure 1.5 Living things acquire materials and energy.
An osprey is a large bird that preys on fishes as its source of food.

Figure 1.6 Living things reproduce.
An osprey lays two to four eggs in a large nest located on the top of a
tree, a rock pinnacle, or even a telephone pole. The fledglings are
ready to leave the nest 40 to 50 days after hatching.
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Living Things Reproduce
Life comes only from life. The presence of genes in the form of
DNA molecules allows cells and organisms to reproduce—
that is, make more of themselves (Fig. 1.6). DNA contains the
hereditary information that directs the structure and metabo-
lism, chemical reactions of a cell. Before reproduction occurs,
genes are replicated and copies of genes are produced.

Unicellular organisms reproduce asexually simply by
dividing. The new cells have the same genes and structure
as the single parent. Multicellular organisms usually repro-
duce sexually. Each parent, male and female, contributes
roughly one-half the total number of genes to the offspring,
which then does not resemble either parent exactly.

Living Things Grow and Develop
Growth, recognized by an increase in size and often the num-
ber of cells, is a part of development. In humans, develop-
ment includes all the changes that take place between
conception and death. First, the fertilized egg develops into a
newborn, and then a human goes through the stages of child-
hood, adolescence, adulthood, and aging. Development also
includes the repair that takes place following an injury.

All organisms undergo development. Figure 1.7 illus-
trates that an oak tree progresses from an acorn to a seedling
before it becomes an adult oak tree.

Living Things Are Adapted
Adaptations are modifications that make an organism
suited to its way of life. Consider, for example, a bird like
an osprey (see Fig. 1.5), which catches and eats fish. An
osprey can fly in part because it has hollow bones to
reduce its weight and flight muscles to depress and ele-
vate the wings. When an osprey dives, its strong feet take
the first shock of the water and then its long and sharp
claws hold onto its slippery prey.

Adaptations come about through evolution. Evolu-
tion is the process by which characteristics of species (a
group of similarly constructed organisms that successfully
interbreed) change through time. When new variations
arise that allow certain members of the species to capture
more resources, these members tend to survive and to
have more offspring than the other unchanged members.
Therefore, each successive generation will include more
members with the new variation. In the end, most mem-
bers of a species have the same adaptations to their envi-
ronment.

Evolution, which has been going on since the origin of
life, explains both the unity and the diversity of life. All
organisms share the same characteristics of life because
their ancestry can be traced to the first cell or cells. Organ-
isms are diverse because they are adapted to different
ways of life.

need confirmation of photo

Figure 1.7 Living things grow and develop.
Stages in the development of an oak tree from an acorn to a seedling to an adult.
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Living Things Belong to a Population
Individual organisms belong to a population, all the mem-
bers of a species that live within a particular community.
The populations within a community interact among them-
selves and with the physical environment (soil, atmosphere,
etc.), thereby forming an ecosystem. All ecosystems are
included within the biosphere, a thin layer of life that encir-
cles the earth.

Although an ecosystem like a tropical rain forest
changes—some trees fall and some animals die—an ecosys-
tem remains recognizable year after year. We say it is in
dynamic balance. In many cases, even the extinction of
species (and their replacement by new species through evo-
lution) still allows the dynamic balance of the system to be
maintained.

A major feature of the interactions between populations
pertains to who eats whom. Plants produce food, and ani-
mals that eat plants are food for other animals. Such a
sequence of organisms is called a food chain (Fig. 1.8). Both
plants and animals interact with the physical environment,
as when they exchange gases with the atmosphere.

Nutrients cycle within and between ecosystems. Plants
take in inorganic nutrients, like carbon dioxide and water,
and produce organic nutrients, such as carbohydrates, that
are used by themselves and various levels of animal con-
sumers. When these organisms die and decay, inorganic
nutrients are made available to plants once more. The blue
arrows in Figure 1.8 show how chemicals cycle through the
various populations of an ecosystem.

In contrast, the yellow arrows in Figure 1.8 show how
energy flows through an ecosystem: solar energy used by
plants to produce organic food is eventually converted to
heat when organisms, including plants, use organic food as
an energy source. Therefore, a constant supply of solar ener-
gy is required for an ecosystem and for life to exist.

All living things share the same characteristics of
life: they are organized; take materials and energy
from the environment; are homeostatic; respond to
stimuli; reproduce; grow and develop; are adapted
to their way of life; and belong to populations.
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Figure 1.8 Ecosystem organization.
Within an ecosystem, nutrients cycle (see blue arrows); plants make and use their own organic food, and this becomes food for several levels of
animal consumers, including humans. When these organisms die and decompose, the inorganic remains are used by plants as they produce
organic food. Energy flows (see yellow arrows); solar energy used by plants to produce organic food is eventually converted to heat by all
members of an ecosystem (therefore, a constant supply of solar energy is required for life to exist).
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Tropical Rain Forest, a Terrestrial Ecosystem
Tropical rain forests are the most complex ecosystems in the
world. They are found near the equator where there is plen-
tiful sun and rainfall the entire year. Major rain forests are
located in South America (Fig. 1.9), central and west Africa,
and Southeast Asia. Rain forests have a multilayered
canopy which consists of broad-leaved evergreen trees of
different heights. Most animal populations live in the
canopy where they interact with each other. Brightly colored
birds, such as toucans and macaws, fly around eating fruits,

buds, and pollen. Other birds, such as long-billed hum-
mingbirds feed on nectar often taken from small plants that
grow independently on the trees. Tree sloths and spider
monkeys are mammals that live in the canopy and are
preyed upon by jaguars. Other canopy animals include but-
terflies, tree frogs, and dart-poison frogs. Many canopy ani-
mals, such as bats, are active only at night. Snakes, spiders,
and ants are animals that live on or near the ground and not
in the canopy.
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Figure 1.9 Tropical rain forest populations interact in the manner described in Fig. 1.8.
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So far, nearly 2 million species of organisms have been discov-
ered and named. Two-thirds of the plant species, 90% of the
nonhuman primates, 40% of birds of prey, and 90% of the insects
live in the tropics. Many more species of organisms (perhaps as
many as 30 million) are estimated to live in the tropical rain
forests but have not yet been discovered.

Tropical forests span the planet on both sides of the equator
and cover 6–7% of the total land surface of the earth—an area
roughly equivalent to our contiguous forty-eight states. Every
year humans destroy an area of forest equivalent to the size of
Oklahoma. At this rate, these forests and the species they con-
tain will disappear completely in just a few more decades. Even
if the forest areas now legally protected survive, 56–72% of all
tropical forest species would still be lost.

The loss of tropical rain forests results from an interplay of
social, economic, and political pressures. Many people already
live in the forest, and as their numbers increase, more of the land
is cleared for farming. People move to the forests because inter-
nationally financed projects build roads and open the forests up
for exploitation. Small-scale farming accounts for about 60% of
tropical deforestation, and this is followed by commercial log-
ging, cattle ranching, and mining. International demand for tim-
ber promotes destructive logging of rain forests in Southeast Asia
and South America. A market for low-grade beef encourages the
conversion of tropical rain forests to pastures for cattle. The lure
of gold draws miners to rain forests in Costa Rica and Brazil.

The destruction of tropical rain forests produces only short-
term benefits but is expected to cause long-term problems. The

forests soak up rainfall during the wet season and release it dur-
ing the dry season. Without them, a regional yearly regime of
flooding followed by drought is expected to destroy property
and reduce agricultural harvests. Worldwide, there could be
changes in climate that would affect the entire human race. On
the other hand, the preservation of tropical rain forests offers
benefits. For example, the rich diversity of plants and animals
would continue to exist for scientific and pharmacological study.
One-fourth of the medicines we currently use come from tropical
rain forests. The rosy periwinkle from Madagascar has produced
two potent drugs for use against Hodgkin disease, leukemia,
and other blood cancers. It is hoped that many of the still-
unknown plants will provide medicines for other human ills.

Studies show that if the forests were used as a sustainable
source of nonwood products, such as nuts, fruits, and latex rub-
ber, they would generate as much or more revenue while con-
tinuing to perform their various ecological functions. And
biodiversity could still be preserved. Brazil is exploring the con-
cept of “extractive reserves,” in which plant and animal prod-
ucts are harvested but the forest itself is not cleared. Ecologists
have also proposed “forest farming” systems, which mimic the
natural forest as much as possible while providing abundant
yields. But for such plans to work maximally, the human popu-
lation size and the resource consumption per person must be
stabilized.

Preserving tropical rain forests is a wise investment. Such
action promotes the survival of most of the world’s species—
indeed, the human species, too.

12

Tropical Rain Forests: Can We Live Without Them?

The Human Population
The human population tends to modify existing ecosystems
for its own purposes. As more and more ecosystems are con-
verted to towns and cities, fewer of the natural cycles are
able to function adequately to sustain an evergrowing
human population. It is important to do all we can to pre-
serve ecosystems, because only then can we be assured that
we will continue to exist. The recognition that the workings
of the ecosystems need to be preserved is one of the most
important developments of our new ecological awareness.

Presently, there is great concern about preserving the
world’s tropical rain forests, as discussed in the reading on
this page. The tropical rain forests perform many services
for us. For example, they act like a giant sponge and absorb
carbon dioxide, a pollutant that pours into the atmosphere
from the burning of fossil fuels such as oil and coal. If the
rain forests continue to be depleted as they are now, an
increased amount of carbon dioxide in the atmosphere is
expected to cause an increase in the average daily tempera-
ture. Problems with acid rain are also expected to increase,

since carbon dioxide combines with water to form carbonic
acid, a component of acid rain.

The present biodiversity (number and size of populations
in a community) of our planet is being threatened. It has been
estimated that the number of species in the biosphere may be
as high as 80 million species, but thus far fewer than 2 million
have been identified and named. Even so we may be present-
ly losing from 24 to even 100 species a day due to human
activities. The existence of the species featured in Figure 1.9 is
threatened because tropical rain forests are being reduced in
size. Most biologists are alarmed over the present rate of
extinction and believe the rate may eventually rival the mass
extinctions that have occurred during our planet’s history.

The human population tends to modify existing
ecosystems and to reduce biodiversity. Because
all living things are dependent upon the normal
functioning of the biosphere, ecosystems should
be preserved.
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1.3 The Classification of Living Things
Taxonomy is that part of biology dedicated to naming,
describing, and classifying organisms. Taxonomists use spe-
cific criteria to classify species, including human beings, into
certain categories.

As we move from genus to kingdom, more and more
different types of species are included in each successive cat-

share very similar characteristics, but those that are in the
same kingdom have only general characteristics in common.
In the same way, all species in the genus Zea look pretty
much the same—that is, like corn plants—while species in
the plant kingdom can be quite different, as is evident when
we compare grasses to trees.

Taxonomists give each species a scientific name in Latin.
The scientific name is a binomial (bi means two; nomen
means name). For example, the name for humans is Homo
sapiens, and for corn, it is Zea mays. The first word is the
genus, and the second word is a specific epithet for that
species. (Note that both words are in italic but only the genus
is capitalized.) Scientific names are universally used by biol-
ogists so as to avoid confusion. Common names tend to
overlap and often are in the language of a particular country.

Taxonomy makes sense out of the bewildering variety of
life on earth. Species are classified according to their pre-
sumed evolutionary relationship; those placed in the same
genus are the most closely related, and those placed in sepa-
rate kingdoms are the most distantly related. As more is
known about evolutionary relationships between species,
taxonomy changes. Presently many biologists recognize the
five kingdoms listed in Figure 1.10. Others disagree not only
about the number of kingdoms but also about which species
should be placed in the various categories of classification.
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Categories For Humans Description

Kingdom Animalia Multicellular, moves,
ingests food

Phylum Chordata Dorsal supporting rod
and nerve cord

Class Mammalia Hair, mammary glands

Order Primates Adapted to climb trees

Family Hominidae Adapted to walk erect

Genus Homo Large brain, tool use

Species H. sapiens

Kingdoms
of Life Representative Organisms Organization Type of Nutrition Representative

Organisms

Monera

Protista

Fungi

Plantae

Animalia

Microscopic single
cell (sometimes
chains or mats)

Complex single cell,
some multicellular

Some unicellular,
most multicellular
filamentous forms
with specialized
complex cells

Multicellular form
with specialized
complex cells

Multicellular form
with specialized
complex cells

Absorb food
(some photo-
synthesize)

Absorb, 
photosynthesize,
or ingest food

Absorb food

Photosynthesize
food

Ingest food

Bacteria including
cyanobacteria

Protozoans,
algae, water molds,
and slime mold

Molds, yeast,
and mushrooms

Mosses, ferns,
nonwoody and
woody flowering
plants

Invertebrates,
fishes, reptiles,
amphibians, birds,
and mammals

bacillispirochete Anabaena Gloeocapsa

black bread mold yeast mushroom bracket fungus

coral earthworm blue jay squirrel

moss fern pine tree
nonwoody
flowering plant

paramecium euglenoid slime mold dinoflagellate

egory. Only human beings are in the genus Homo, but many
different types of animals are in the animal kingdom. Notice
that in the example given, species within the same genus

Figure 1.10 Classification of organisms.
In this text, organisms are classified into the five kingdoms illustrated in this table.
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Summarizing the Concepts

1.1 The Scientific Process
When studying the world of living things, biologists and other scien-
tists use the scientific process. Observations along with previous data
are used to formulate a hypothesis. New observations and/or experi-
ments are carried out in order to test the hypothesis. Scientists often do
controlled experiments. The control sample does not go through the
step being tested, and this acts as a safeguard against a wrong conclu-
sion.

The new data may support a hypothesis or they may prove it false.
Hypotheses cannot be proven true. Several conclusions in a particular
area may allow scientists to arrive at a theory—generalizations such as
the cell theory, gene theory, or the theory of evolution. Evolution is the
unifying theory of biology.

Science is objective and uses conclusions based on data to arrive at
theories about the natural world. Any explanation based on supernat-
ural beliefs cannot be considered science because such beliefs are not
tested in the usual scientific way.

Science does not answer ethical questions; we must do this for
ourselves. Knowledge provided by science, such as the contents of this
text, can assist us in making decisions that will be beneficial to human
beings and to other living things.

1.2 The Characteristics of Life
Evolution accounts for both the diversity and the unity of life we see
about us—all organisms share the same characteristics of life:

1. Living things are organized. The levels of biological
organization extend from the cell to ecosystems: atoms and
molecules £ cells £ tissues £ organs £ organ systems
£ organisms £ populations £ communities £
ecosystems. In an ecosystem, populations interact with one
another and the physical environment. 

2. Living things take materials and energy from the
environment; they need an outside source of nutrients.

3. Living things are homeostatic; internally they stay just about
the same despite changes in the external environment.

4. Living things respond to stimuli; they react to internal and
external events.

5. Living things reproduce; they produce offspring that resemble
themselves.

6. Living things grow and develop; during their lives they
change—most multicellular organisms undergo various
stages from fertilization to death.

7. Living things are adapted; they have modifications that make
them suited to a particular way of life.

8. All living things belong to a population, which can be defined
as all the members of the same species that occur in a
particular locale.

1.3 The Classification of Living Things
Living things are classified according to their evolutionary relation-
ships into these ever more specific categories: kingdom, phylum, class,
order, family, genus, species. Organisms in different kingdoms are only
distantly related; organisms in the same genus are very closely related.

Studying the Concepts

1. What are the steps of the scientific process? Why can’t this
process prove a hypothesis true? 2

2. What is a controlled experiment? Why must a scientist test
one variable at a time? have a control group? 3

3. What is the ultimate goal of science? Give an example that
supports your answer. 5

4. Why isn’t creationism considered a part of science by biolo-
gists? 6
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The Endangered Species Act requires
the federal government to identify

endangered and threatened species and to
protect their habitats, even to the extent of
purchasing their habitats. Developers feel
that the act protects wildlife at the expense
of jobs for US citizens. In an effort to allow
development in sensitive areas, it is now
possible to move forward after a Habitat
Conservation Plan (HCP) is approved. An
HCP permits, say, new-home construction
or logging on a part of the land if wildlife
habitat is conserved on another part. Con-
servation can also mean helping the gov-
ernment buy habitat some place else.

The nation’s first HCP was approved
in 1980. It permitted housing construction
on San Bruno Mountain near San Francisco,

if 97% of the habitat for the endangered
mission blue butterfly was preserved. That
sounds pretty good, but by this time hun-
dreds of HCPs have been approved, and
the conservation requirement may have
slipped a bit. Tim Cullinan, a director of
the National Audubon Society, recently
found that logging companies in the Pacif-
ic Northwest are proposing the exchange
of habitat on public land for the right to
log privately owned old forests. In other
words, nothing has been given up. By
now, there are so many HCPs in the works
they are being rubber-stamped by govern-
ment officials with no public review at all.

Do you favor development over
preservation of habitat or vice versa? Do
you think the federal government should

be in the business of trying to preserve
endangered species? Do you think that
public review of HCPs should be allowed,
even if it slows down the approval
process? Is it the public’s responsibility to
remain vigilant or is governmental review
of HCPs sufficient?

Questions
1. What are the concerns of developers

versus environmentalists with regard to
natural areas?

2. Is it short-sighted to stress the importance
of jobs over the rights of wildlife? Why or
why not?

3. In what ethical ways can each side make
their concerns known to the general
public?
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5. Why doesn’t science answer ethical and moral questions? 6
6. Name eight characteristics of life, and discuss each one.

7-10
7. Food provides which two necessities for living things? 8
8. Give an example of homeostasis. Tell how the digestive sys-

tem contributes to homeostasis in humans. 8
9. Why is the phrase “lifelong developmental change” appro-

priate when speaking of humans? 9
10. How is an osprey adapted to its way of life? 9
11. How does evolution explain both the diversity and the unity

of life? 9
12. What are the levels of biological organization beyond the

organism? Define each level. 10
13. Name the categories of classification, from genus to kingdom.

Which category contains more types of organisms having
general characteristics in common? 13

14. Explain the scientific name of an organism. 13

Testing Yourself

Choose the best answer for each question.
1. Science always studies an event that

a. has previously been published.
b. lends itself to experimentation.
c. is observable.
d. fits in with an already existing theory.
e. Both b and c are correct.

2. After formulating a hypothesis, a scientist
a. proves the hypothesis true or false.
b. tests the hypothesis.
c. decides how to have a control.
d. makes sure of his variables.
e. formulates a theory.

3. A scientist cannot
a. make value judgments like everyone else.
b. prove a hypothesis true.
c. contribute to a long-standing theory.
d. make use of pre-existing mathematical data.
e. be as objective as possible.

For questions 4–7, match the statements in the key with the
sentences below.

Key:
a. Living things are organized.
b. Living things are homeostatic.
c. Living things respond to stimuli.
d. Living things reproduce.
e. Living things are adapted.

4. Genes made up of DNA are passed from parent to child.
5. Cells are made of molecules, tissues are made of cells, and

organisms are made of tissues.
6. A herd of zebra will scatter when a lion approaches.
7. The long, sharp claws of an osprey can hold on to a fish.
8. An example of chemical cycling occurs when

a. plants absorb solar energy and make their own food.
b. energy flows through an ecosystem and becomes heat.
c. osprey nest on the top of telephone poles.
d. death and decay makes inorganic nutrients available to

plants.
e. we eat food and use the nutrients to grow/repair tissues.

9. Which of these is mismatched?
a. Kingdom Monera—mosses, ferns, pine trees
b. Kingdom Protista—protozoans, algae, water molds
c. Kingdom Fungi—molds and mushrooms
d. Kingdom Plantae—woody and nonwoody flowering

plants
e. Kingdom Animalia—fish, reptiles, birds, humans.

10. An investigator spills dye on a culture plate and then notices
that the bacteria live despite exposure to sunlight. He 
hypothesizes that the dye protects bacteria against death by
ultraviolet (UV) light. To test this hypothesis, he decides to
expose two hundred culture plates to UV light. One hundred
plates contain bacteria and dye; the other hundred plates
contain only bacteria. Result: after exposure to UV light, the
bacteria on both plates die. Fill in the right-hand portion of
this diagram.
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conclusion

hypothesis

experimentation and/or
observations

Scientific Method

observations

d.

b.

c.

Example

a.

Thinking Scientifically

1. Considering controlled experiments (page 4):
a. A variable is an element that changes. Why is sweetener S

called the experimental variable in the experiment?
b. With reference to Figure 1A, explain this definition: A

control group goes through all the steps of an experiment
except the one being tested.

c. Why is bladder cancer the dependent variable in the
described experiment?

d. Does the experiment have elements that are constant and
not variable? What are they?

e. What is the value of including a control group in an exper-
iment?

2. Considering the scientific process (pages 2–6):
a. Scientific hypotheses must be falsifiable. Why is the

hypothesis “Every human being has a guardian angel” not
falsifiable?

b. Why is the hypothesis “Biotin is required for good health”
falsifiable?

c. In what way are religious beliefs different from scientific
beliefs? 
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Match the terms to these definitions:
a. Concept consistent with conclusions based on a

large number of experiments and observations.
b. Statement that is capable of explaining present

observations and will be tested by further experimentation
and observations.

c. Capacity to do work and bring about change;
occurs in a variety of forms.

d. Suitability of an organism for its environment
enabling it to survive and produce offspring.

e. Maintenance of the internal environment of an
organism within narrow limits.

Understanding the Terms

adaptation 9
behavior 8
biodiversity 12
biology 2
biosphere 10
cell 7
community 7
conclusion 5
control group 3
data 5
development 9
ecosystem 7
energy 8
evolution 9
experiment 3
falsify 5
gene 9
homeostasis 8

hypothesis 2
law 5
metabolism 9
organ 7
organism 7
organism system 7
phenomenon 2
population 7
principle 5
reproduce 9
science 2
scientific method 6
scientific theory 5
species 9
taxonomy 13
technology 6
tissue 7
variable 3

Further Readings for Chapter 1
Balick, M. J., and Cox, P. A. 1996. Plants, people, and culture: The

science of ethnobotany. New York: Scientific American Library.
This well-illustrated book discusses the medicinal and
cultural uses of plants, and the importance of rain forest
conservation.

Barnard, C., et al. 1993. Asking questions in biology. Essex: Longman
Scientific & Technical. First-year life science students are
introduced to the skills of scientific observation.

Carey, S. S. 1997. A beginner’s guide to scientific method. 2d ed.
Belmont, Calif.: Wadsworth Publishing. The basics of the
scientific method are explained.

Cox, G. W. 1997. Conservation biology. Dubuque, Iowa: Wm. C.
Brown Publishers. This text examines the field of
conservation, surveys basic principles of ecology and
considers how biodiversity can be preserved.

Dobson, A. P. 1996. Conservation and biodiversity. New York:
Scientific American Library. Discusses the value of
biodiversity, and describes attempts to manage endangered
species.

Drewes, F. 1997. How to study science. 2d ed. Dubuque, Iowa: Wm.
C. Brown Publishers. Supplements any introductory science
text; shows students how to study and take notes and how to
interpret text figures.

Frenay, A. C. F., and Mahoney, R. M. 1997. Understanding medical
terminology. 10th ed. Dubuque, Iowa: Wm. C. Brown
Publishers. A structural approach to the study of medical
terminology.

Johnson, G. B. 1996. How scientists think. Dubuque, Iowa: Wm. C.
Brown Publishers. Presents the rationale behind 21 important
experiments in genetics and molecular biology that became
the foundation for today’s research.

Kellert, S. R. 1996. The value of life: Biological diversity and human
society. Washington D.C.: Island Press/Shearwater Books. The
importance of biological diversity to the well-being of
humanity is explored.

Marchuk, W. N. 1992. A life science lexicon. Dubuque, Iowa: Wm. C.
Brown Publishers. Helps students master life sciences
terminology.

Margulis, L., et al. 1998. Five kingdoms: An illustrated guide to the
phyla of life on earth. New York: W. H. Freeman & Co.
Introduces the kingdoms of organisms.

Minkoff, E. C., and Baker, P. J. 1996. Biology today: An issues
approach. New York: The McGraw-Hill Companies, Inc. This
introductory text emphasizes understanding of selected
biological issues, and discusses each issue’s social context.

Nemecek, S. August 1997. Frankly, my dear, I don’t want a dam.
Scientific American 277(2):20. The article discusses how dams
affect biodiversity.

Primak, R. B. 1995. A primer of conservation biology. Sunderland,
Mass.: Sinauer Associates. Addresses the loss of biological
diversity throughout the world, and suggests remedies.

Schmidt, M. J. January 1996. Working elephants. Scientific
American 274(1):82. In Asia, teams of elephants serve as an
alternative to destructive logging equipment.

Serafini, A. 1993. The epic history of biology. New York: Plenum
Press. This is a history of biology beginning with ancient
Egyptian medicine.

Using Technology

Your study of biology is supported by these available technologies:

Essential Study Partner CD-ROM
Evolution & Diversity ££ Classification

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader
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A hundred or so years ago, scien-

tists believed that only nonliving

things, like rocks and metals, con-

sisted entirely of chemicals. They

thought that living things, like

roses and lions, had a vital force

necessary for life. Scientific study,

however, has repeatedly shown

that both nonliving and living

things have the same physical and

chemical basis. Although cells, the

fundamental unit of living things,

contain molecules and carry out

processes not found in inanimate

objects, they must still be under-

stood by studying basic chemical

properties. The chapters in this

part introduce you to the chem-

istry of molecules and the work-

ings of the cell. 

Cell Biology

2 The Molecules of Cells 19
Cells are composed of chemicals, and an
understanding of how cells function
requires a knowledge of basic chemistry.

4 Membrane Structure and
Function 67

Cells are surrounded by a plasma
membrane, which regulates the entrance
and exit of molecules into and out of the
cell.

6 Metabolism: Energy and
Enzymes 103

Cells take in molecules from the
environment and use them as building
blocks and as a source of energy for
cellular metabolism.

3 Cell Structure and
Function 45

Cells are the smallest living unit but they
contain many smaller organelles, each
with a specific structure and function.

5 Cell Division 83
Cell division is highly regulated so that
the daughter cells receive the correct
number and kinds of chromosomes.

7 Cellular Respiration 117
Cells break down glucose and other
molecules in order to generate a supply of
ATP molecules to drive synthetic and
various other types of reactions.
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Biochemists study the chemical composition of living things at
the cellular level. They decipher the chemical reactions and path-
ways involved in metabolism, reproduction, growth, and heredity.
Much of the work in biotechnology is done by biochemists because
this technology involves understanding the chemistry of life.

Physiologists study life functions of plants and animals, both in
the whole organism and at the cellular and molecular level, under
normal and abnormal conditions. Physiologists may specialize in
functions such as growth, reproduction, photosynthesis, respira-
tion, or movement, or in the physiology of a certain area or system
of the body.

Microbiologists study the general structure, metabolism, and
genetics of microscopic organisms. They are concerned with host-
microorganism relationships relevant to microbial diseases in
humans and other animals. Microbiologists work with physicians
to determine the mode of transmission, diagnosis, treatment, and
prevention of human illnesses caused by microbes. They also study
the beneficial roles of microorganisms in ecosystems and in the pro-
duction of food and various industrial processes.

Laboratory technicians use the principles and theories of bio-
chemistry to solve problems in research and development and to
investigate, invent, and help improve products. Their jobs are more
practically oriented than those of biochemists. Technicians set up,
operate, and maintain laboratory instruments, monitor experi-
ments, calculate and record results, and help develop conclusions.
Some who work in production help produce and test products.

Radiological technologists produce X-ray films of body parts for
use in diagnosing medical problems. They know how to operate
radiographic equipment and prevent unnecessary radiation expo-
sure to themselves and the patient. Some radiographers operate
computed tomography scanners to produce cross-sectional views
of patients and may be called CT technologists. Others operate
magnetic resonance imaging machines (giant magnets) and may be
called MRI technologists.

Biochemist conducting an experiment

Microbiologist preparing a petri dish

Scanning electron microscopist studying cell
structure

Careers in Cell Biology

18
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This electron micrograph of a liver cell has been colored to reveal
its contents, which include many types of organic molecules.
Energy is stored in glycogen granules (red) and in a fat vacuole
(yellow).

The Molecules of
Cells

Chapter Concepts

2.1 Elements and Atoms
• All matter is composed of elements, each having

one type of atom. 20

2.2 Molecules and Compounds
• Atoms react with one another, forming ions,

molecules, and compounds. 23

2.3 Water and Living Things
• The existence of living things is dependent on

the characteristics of water. 26
• The hydrogen ion concentration in water changes

when acids or bases are added to water. 28

2.4 Organic Molecules
• Macromolecules are polymers that arise when

their specific monomers (unit molecules) join
together. 31

• The macromolecules found in cells are
carbohydrates, lipids, proteins, and nucleic 
acids. 31

2.5 Carbohydrates
• Carbohydrates function as a ready source of

energy in most organisms. 32
• Glucose is a simple sugar; starch, glycogen, and

cellulose are polymers of glucose. 32
• Cellulose lends structural support to plant cell

walls. 33

2.6 Lipids
• Lipids are varied molecules. 34
• Fats and oils, which function in long-term

energy storage, are composed of glycerol and
three fatty acids. 34

• Sex hormones are derived from cholesterol, a
complex ring compound. 35

2.7 Proteins
• Proteins help form structures (e.g., muscles and

membranes) and function as enzymes. 37
• Proteins are polymers of amino acids. 38

2.8 Nucleic Acids
• Nucleic acids are polymers of nucleotides. 40
• Genes are composed of DNA (deoxyribonucleic

acid). DNA specifies the correct ordering of
amino acids in proteins, with RNA as an
intermediary. 40
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to identify them. The letter C stands for carbon and the
letter N stands for nitrogen, for example. Some of the sym-
bols used for elements are derived from Latin. For exam-
ple, the symbol for sodium is Na (natrium in Latin means
sodium). 

Elements contain tiny particles called atoms. The
same name is given to the element and its atoms. An atom
is the smallest unit of matter to enter into chemical reac-
tions. Even though an atom is extremely small, it contains
even smaller subatomic particles called protons, neu-
trons, and electrons. Figure 2.2 shows a model of an atom.
It has a central nucleus, where subatomic particles pro-
tons and neutrons are located, and shells, which are path-
ways about the nucleus where electrons orbit. The shells
represent energy levels. The inner shell has the lowest en-
ergy level and can hold two electrons. The outer shell has
a higher energy level and can hold eight electrons. An
atom is most stable when the outer shell has eight elec-
trons.

An atom has an atomic number; the atomic number is
equal to the number of its protons. Notice in Table 2.1 that
protons have a positive (�) electrical charge and electrons
have a negative (�) charge. When an atom is electrically
neutral, the number of protons equals the number of elec-
trons. The carbon atom shown in Figure 2.3 has an atomic
number of 6; therefore, it has six protons. Since it is elec-
trically neutral, it also has six electrons. The inner shell
has two electrons and the outer shell has four electrons.

In the periodic table of the elements (Fig. 2.1), atoms are
horizontally arranged in order of increasing atomic number.

20 Part 1 Cell Biology 2-2

1
H

Hydrogen
1

2
He

Helium
4

10
Ne

Neon
20

9
F

Fluorine
19

8
O

Oxygen
16

7
N

Nitrogen
14

6
C

Carbon
12

5
B

Boron
11

4
Be

Beryllium
9

3
Li

Lithium
7

VIIIVIIVIVIVIIIIII

18
Ar

Argon
40

17
Cl

Chlorine
35

16
S

Sulfur
32

15
P

Phosphorus
31

14
Si

Silicon
28

13
Al

Aluminum
27

12
Mg

Magnesium
24

11
Na

Sodium
23

20
Ca

Calcium
40

19
K

Potassium
39

atomic number
atomic symbol

atomic weight

Figure 2.1 Periodic Table of the Elements (shortened).
Each element has an atomic number, an atomic symbol, and an atomic weight. The elements indicated by color make up most of the body
weight of organisms. See Appendix D for a complete table.

2.1 Elements and Atoms M

Matter is anything that takes up space and has weight. All
matter, living and nonliving, is composed of elements.
Considering the variety of living and nonliving things in
the word, it is quite remarkable that there are only 92 nat-
urally occurring elements (see Appendix D). As indicated
in Figure 2.1, only six elements—carbon, hydrogen, nitro-
gen, oxygen, phosphorus, and sulfur—make up most
(about 98%) of the body weight of organisms. The acronym
CHNOPS helps us remember these six elements. Instead of
writing out the names of elements, scientists use symbols

An oxygen molecule randomly bouncing in the air is
suddenly sucked into the welcoming nostrils of a
busily studying student. Down her throat and wind-

pipe it goes, sweeping through increasingly narrow tubes
until it comes up against a sticky, warm surface—the interior
lining of her lungs. The oxygen molecule moves quietly into
the blood and then no longer finds itself airborne but within
a red blood cell filled with many other atoms and molecules.
The current created by her pumping heart carries the blood
from the lungs to the heart and then swiftly away through
smaller and smaller blood vessels until the oxygen is re-
leased and enters the brain, where it is used to help gener-
ate energy for thinking.

Not just thinking, but all life processes rely on the atoms
and molecules discussed in this chapter, which describes
the basics of life’s chemistry.
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The atomic weights given in the periodic table are the
average weight for each kind of atom. This is because the
atoms of one element may differ in the number of neutrons;
therefore, the weight varies. Atoms that have the same
atomic number and differ only in the number of neutrons
are called isotopes. Isotopes of carbon can be written in the
following manner, where the subscript stands for the
atomic number and the superscript stands for the atomic
weight:

12
6C 13

6C 14
6C*

*radioactive

Carbon 12 has six neutrons, carbon 13 has seven neutrons,
and carbon 14 has eight neutrons.

Isotopes have many uses. Because proportions of iso-
topes in various food sources are known, biologists can
now determine the proportion of isotopes in mummified or
fossilized human tissue to know what ancient peoples ate.
Most isotopes are stable, but radioactive isotopes break
down and emit radiation in the form of radioactive parti-
cles or radiant energy. It is the custom to use radioactive
isotopes as tracers in biochemical experiments. And be-
cause carbon 14 breaks down at a known rate, the amount
of this atom remaining is often used to determine the age of
fossils.

All matter is composed of elements, each
containing particles called atoms. Atoms have an
atomic symbol, atomic number (number of
protons), and atomic weight (number of protons
and neutrons). The isotopes of some atoms are
radioactive.
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= protons

= neutrons

= electrons

nucleus
shells

Carbon

atomic weight

atomic number

6p
6n

p = protons
n = neutrons
   = electrons

6
12C

They are vertically arranged according to the number of
electrons in the outer shell. The numeral at the top of each
column indicates how many electrons there are in the outer
shell of the atoms in that column. An exception to this for-
mat is helium (He), which has only two electrons in the
outer shell because it has only one shell. The number of elec-
trons in the outer shell determines the chemical properties
of an atom, including how readily it enters into chemical
reactions.

Isotopes
The subatomic particles are so light that their weight is indi-
cated by special units called atomic mass units. The atomic
weight of each atom is noted in the periodic table beneath
the atomic symbol. The atomic weight of an atom equals the
number of protons plus the number of neutrons. Why
should that be the case? Table 2.1 shows that electrons have
almost no weight, but protons and neutrons each have a
weight of one atomic mass unit. Since the atomic weight of
carbon is twelve and it has six protons, it is easy to calculate
that carbon has six neutrons.

Figure 2.2 Model of an atom.
Protons and neutrons occur in the nucleus. Electrons occur at energy
levels called shells. 

Figure 2.3 Carbon atom.
Carbon has an atomic number of 6; therefore, it has six protons and
six electrons. Carbon has a weight of 12 atomic mass units.
Therefore, it has six neutrons. 

Table 2.1 Subatomic Particles

Name Charge Weight

Electron One negative unit Almost no mass

Proton One positive unit One atomic mass unit

Neutron No charge One atomic mass unit
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18n

17p
18n

one electron in
outer shell

electron 
given up

electron 
accepted

sodium atom (Na) sodium ion (Na+)

8 electrons in
outer shell

11 protons (+)
10 electrons (–)

one
+ charge

=

17 protons (+)
18 electrons (–)

one
– charge

=

7 electrons in
outer shell

chlorine atom (Cl)

a.

b.

c.

d.

chloride ion (Cl–)

8 electrons in
outer shell

11p
12n

11p
12n

11p
12n

11p
12n

17p
18n

17p
18n

Na Cl
sodium chloride

arrangement of sodium
and chloride ions in one 
salt crystalmany salt crystals

NaCl 

+

+

+

1 mm

Na+

Cl–

–

–

Figure 2.4 Ionic reaction. 
a. When a sodium atom gives up an electron, it becomes a positive ion. b. When a chlorine atom gains an electron, it becomes a negative ion.
c. When sodium reacts with chlorine, the compound sodium chloride (NaCl) results. In sodium chloride, an ionic bond exists between the ions.
d. In a sodium chloride crystal, the ionic bonding between Na� and Cl� causes the ions to form a three-dimensional lattice in which each sodium
ion is surrounded by six chloride ions, and each chloride ion is surrounded by six sodium ions.
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2.2 Molecules and Compounds M

Atoms often bond with each other to form a chemical unit
called a molecule. A molecule can contain atoms of the same
kind, as when an oxygen atom joins with another oxygen
atom to form oxygen gas. Or the atoms can be different, as
when an oxygen atom joins with two hydrogen atoms to form
water. When the atoms are different, a compound results.

Two types of bonds join atoms: the ionic bond and the
covalent bond.

Ionic Reactions
Recall that atoms (with more than one shell) are most stable
when the outer shell contains eight electrons. During an
ionic reaction, atoms give up or take on an electron(s) in or-
der to achieve a stable outer shell. 

Figure 2.4 depicts a reaction between a sodium (Na) and
chlorine (Cl) atom in which chlorine takes an electron from
sodium. Ions are particles that carry either a positive (�) or
negative (�) charge. The sodium ion carries a positive
charge because it now has one more proton than electrons,
and the chloride ion carries a negative charge because it now
has one fewer proton than electrons. The attraction between
oppositely charged sodium ions and chloride ions forms an
ionic bond. The resulting compound, sodium chloride, is
table salt, which we use to enliven the taste of foods.

Figure 2.5 shows an ionic reaction between a calcium
atom and two chlorine atoms. Notice that calcium with two
electrons in the outer shell reacts with two chlorine atoms.
Why? Because with seven electrons already, each chlorine
requires only one more electron to have a stable outer shell.
The resulting salt is called calcium chloride.
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17p
18n

17p
18n

17p
18n

17p
18n

20p
20n

20p
20n

Ca

calcium

Cl2 CaCl2

2 chlorines calcium chloride

++

+
–

–

Figure 2.5 Ionic reaction. 
The calcium atom gives up two electrons, one to each of two chlorine atoms. In the compound calcium chloride (CaCl2), the calcium ion is
attracted to two chloride ions.

Table 2.2 Significant Ions in the Body

Name Symbol Special Significance

Sodium Na� Found in body fluids; important in mus-
cle contraction and nerve conduction.

Chloride Cl� Found in body fluids.

Potassium K� Found primarily inside cells; 
important in muscle contraction 
and nerve conduction.

Phosphate PO4
3� Found in bones, teeth, and the 

high-energy molecule ATP.

Calcium Ca2� Found in bones and teeth; 
important in muscle contraction.

Bicarbonate HCO3
� Important in acid–base balance.

Hydrogen H� Important in acid–base balance.

Hydroxide OH� Important in acid–base balance.

Significant ions in the human body are listed in
Table 2.2. The balance of these ions in the body is important
to our health. Too much sodium in the blood can cause high
blood pressure; not enough calcium leads to rickets (a bow-
ing of the legs) in children; too much or too little potassium
results in heartbeat irregularities. Bicarbonate, hydrogen,
and hydroxide ions are all involved in maintaining the
acid–base balance of the body. If the blood is too acidic or
too basic, the body’s cells cannot function properly.

An ionic bond is the attraction between oppositely
charged ions.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Covalent Reactions
After covalent reactions, the atoms share electrons in cova-
lent bonds instead of losing or gaining them. Covalent
bonds can be represented in a number of ways. The overlap-
ping outermost shells in Figure 2.6 indicate that the atoms
are sharing electrons. Just as two hands participate in a
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chlorine chlorine chlorine gas (Cl2)
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handshake, each atom contributes one electron to the pair
that is shared. These electrons spend part of their time in the
outer shell of each atom; therefore, they are counted as be-
longing to both bonded atoms.

Instead of drawing complex diagrams, electron-dot
structures are sometimes used to depict covalent bonding
between atoms. For example, in reference to Figure 2.7, each

Figure 2.6 Covalent reactions. 
After a covalent reaction, each atom will have filled its outer shell by sharing electrons. To show this, it is necessary to count the shared electrons
as belonging to both bonded atoms. Oxygen and nitrogen are most stable with eight electrons in the outer shell; hydrogen is most stable with
two electrons in the outer shell.
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chlorine atom can be represented by its symbol, and the elec-
trons in the outer shell can be designated by dots. The
shared electrons are placed between the two sharing atoms,
as shown here:

As electron-dot structures are cumbersome, other repre-
sentations are often used. Structural formulas use straight
lines to show the covalent bonds between the atoms. Each
line represents a pair of shared electrons. Molecular formu-
las indicate only the number of each type of atom making up
a molecule.

Structural formula: Cl±Cl

Molecular formula: Cl2

Additional examples of electron-dot, structural, and molec-
ular formulas are shown in Figure 2.7.

Double and Triple Bonds
Besides a single bond, in which atoms share only a pair
of electrons, a double or a triple bond can form. In a dou-
ble bond, atoms share two pairs of electrons, and in a
triple bond, atoms share three pairs of electrons between
them. For example, in Figure 2.6, each nitrogen atom (N)
requires 3 electrons to achieve a total of 8 electrons in the
outermost shell. Notice that 6 electrons are placed in the
outer overlapping shells in the diagram and that three
straight lines are in the structural formula for nitrogen gas
(N2).

A covalent bond arises when atoms share
electrons. In double covalent bonds, atoms share
two pairs of electrons, and in triple covalent
bonds, atoms share three pairs of electrons.

Oxidation and Reduction Reactions
When oxygen (O) combines with a metal such as magne-
sium (Mg) or iron (Fe), oxygen receives electrons and forms
ions that are negatively charged (O2�); the metal loses elec-
trons and forms ions that are positively charged (i.e., Mg2�).
When magnesium oxide (MgO) forms, it is obviously appro-
priate to say that the metal has been oxidized and that be-
cause of oxidation, the metal has lost electrons. On the other
hand, oxygen has been reduced because it has gained nega-
tive charges (i.e., electrons). 

Today, the terms oxidation and reduction are applied to
many ionic reactions, whether or not oxygen is involved.
Very simply, oxidation is the loss of electrons, and reduction
is the gain of electrons. In the ionic reaction Na + Cl £NaCl,

+ ClCl ClCl

sodium has been oxidized (loss of electron) and chlorine has
been reduced (gain of electron). Because oxidation and re-
duction go hand-in-hand, the entire reaction is called a re-
dox reaction.

The terms oxidation and reduction also apply to certain
covalent reactions. In this case, however, oxidation is the
loss of hydrogen atoms (H) and reduction is the gain of hy-
drogen atoms. A hydrogen atom contains one proton and
one electron; therefore, when a molecule loses a hydrogen
atom, it has lost an electron, and when a molecule gains a
hydrogen atom, it has gained an electron. This form of
oxidation-reduction is often seen during metabolic reactions
within cells.

When oxidation occurs, an atom is oxidized (loses
electrons). When reduction occurs, an atom is
reduced (gains electrons). These two processes
occur concurrently in oxidation-reduction
reactions.
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carbon
dioxide
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dioxide
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dioxide

CO2

ammonia ammonia ammonia

NH3N H

H

H

water water water

H2O

O C    O

N   H

H
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H O 

H

O C O

O H

H

Figure 2.7 Electron-dot, structural, and molecular
formulas.
In the electron-dot formula, only the electrons in the outer shell are
designated. In the structural formula, the lines represent a pair of
electrons being shared by two atoms. The molecular formula
indicates only the number of each type of atom found within a
molecule. 
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2.3 Water and Living Things M

Water is the most abundant molecule in living organisms,
and it makes up about 60–70% of the total body weight of
most organisms. We will see that the physical and chemical
properties of water make life possible as we know it.

Water is a polar molecule; the oxygen end of the mole-
cule has a slight negative charge, and the hydrogen end has
a slight positive charge:

The diagram on the left shows the structural formula of wa-
ter and the one on the right shows the space-filling model of
water.

In polar molecules, covalently bonded atoms share elec-
trons unevenly; that is, the electrons spend more time cir-
cling the nucleus of one atom than circling the other. In
water, the electrons spend more time circling the larger oxy-
gen (O) than the smaller hydrogen (H) atoms.

In water, the negative end and positive ends of the mol-
ecules attract one another. Each oxygen forms loose bonds to
hydrogen atoms of two other water molecules (Fig. 2.8).
These bonds are called hydrogen bonds. A hydrogen bond
occurs whenever a covalently bonded hydrogen is positive
and attracted to a negatively charged atom some distance
away. A hydrogen bond is represented by a dotted line in
Figure 2.8 because it is relatively weak and can be broken
rather easily.

Properties of Water
Because of their polarity and hydrogen bonding, water mol-
ecules are cohesive and cling together. Polarity and hydro-
gen bonding causes water to have many characteristics
beneficial to life.

1. Water is a liquid at room temperature. Therefore we are
able to drink it, cook with it, and bathe in it. 

Compounds with low molecular weights are usually gases
at room temperature. For example, oxygen (O2) with a mo-
lecular weight of 32 is a gas, but water with a molecular
weight of 18 is a liquid. The hydrogen bonding between wa-
ter molecules keeps water a liquid and not a gas at room
temperature. Water does not boil and become a gas until
100°C, one of the reference points for the Celsius tempera-
ture scale. (See Appendix C.) Without hydrogen bonding be-
tween water molecules, our body fluids and indeed our
bodies would be gaseous!

2. Water is the universal solvent for polar (charged)
molecules and thereby facilitates chemical reactions
both outside of and within our bodies.

When a salt such as sodium chloride (NaCl) is put into wa-
ter, the negative ends of the water molecules are attracted to
the sodium ions, and the positive ends of the water mole-
cules are attracted to the chloride ions. This causes the
sodium ions and the chloride ions to separate and to dis-
solve in water:

When ions and molecules disperse in water, they move
about and collide, allowing reactions to occur. Therefore,
water is a solvent that facilitates chemical reactions.

Ions and molecules that interact with water are said to
be hydrophilic. Nonionized and nonpolar molecules that do
not interact with water are said to be hydrophobic.

3. Water molecules are cohesive and therefore liquids will
fill vessels.

Water molecules cling together because of hydrogen bond-
ing, and yet, water flows freely. This property allows dis-
solved and suspended molecules to be evenly distributed
throughout a system. Therefore, water is an excellent trans-
port medium. Within our bodies, blood which fills our
arteries and veins is 92% water. Blood transports oxygen
and nutrients to the cells and removes wastes such as carbon
dioxide.

H H

The salt NaCl dissolves in water

δ+ δ+δ+ δ+
H H

O

O

δ−

δ−

Cl− Na+
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Figure 2.8 Hydrogen bonding between water molecules.
The polarity of the water molecules allows hydrogen bonds
(dotted lines) to form between the molecules.
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4. The temperature of liquid water rises and falls slowly,
preventing sudden or drastic changes.

The many hydrogen bonds that link water molecules cause
water to absorb a great deal of heat before it boils (Fig. 2.9a).
A calorie of heat energy raises the temperature of one gram
of water 1°C. This is about twice the amount of heat required
for other covalently bonded liquids. On the other hand, wa-
ter holds heat, and its temperature falls slowly. Therefore,
water protects us and other organisms from rapid tempera-
ture changes and helps us maintain our normal internal
temperature. This property also allows great bodies of wa-
ter, such as oceans, to maintain a relatively constant temper-
ature. Water is a good temperature buffer.

5. Water has a high heat of vaporization, keeping the
body from overheating.

It takes a large amount of heat to change water to steam
(Fig. 2.9a). (Converting one gram of the hottest water to
steam requires an input of 540 calories of heat energy.) This
property of water helps moderate the earth’s temperature so

that life can continue to exist. Also, in a hot environment, an-
imals sweat and the body cools as body heat is used to evap-
orate sweat, which is mostly liquid water (Fig. 2.9b).

6. Frozen water is less dense than liquid water so that ice
floats on water.

As water cools, the molecules come closer together. They are
densest at 4°C, but they are still moving about. At tempera-
tures below 4°C, there is only vibrational movement, and
hydrogen bonding becomes more rigid but also more open.
This makes ice less dense. Bodies of water always freeze
from the top down, making skate sailing possible (Fig. 2.9c).
When a body of water freezes on the surface, the ice acts as
an insulator to prevent the water below it from freezing.
Aquatic organisms are protected, and they have a better
chance of surviving the winter.

Because of its polarity and hydrogen bonding,
water has many characteristics that benefit life.
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Figure 2.9 Characteristics of water. 
a. Water boils at 100°C. If it boiled and was a gas at a lower temperature, life could not exist. b. It takes much body heat to vaporize sweat,
which is mostly liquid water, and this helps keep bodies cool when the temperature rises. c. Ice is less dense than water, and it forms on top of
water, making skate sailing possible.

a. b. c.
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Basic Solutions
Milk of magnesia and ammonia are common basic solutions
that most people have heard of. Bases have a bitter taste
and feel slippery when in water. To a chemist, bases are
molecules that either take up hydrogen ions (H�) or release
hydroxide ions (OH�). For example, an important inorganic
base is sodium hydroxide (NaOH), which dissociates in this
manner:

NaOH £ Na� + OH�

Dissociation is almost complete; therefore sodium hydrox-
ide is called a strong base. If sodium hydroxide is added to a
beaker of water, the number of hydroxide ions increases
(Fig. 2.12). 

It is not recommended that you taste a strong acid or
base, because they are quite destructive to cells. Any con-
tainer of household cleanser like ammonia has a poison
symbol and carries a strong warning not to ingest the
product.

The Litmus Test
A simple laboratory test for acids and bases is called the lit-
mus test. Litmus is a vegetable dye that changes color from
blue to red in the presence of an acid and from red to blue in
the presence of a base. The litmus test has become a common
figure of speech, as when you hear a commentator say, “The
litmus test for a Republican is . . .”
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Acidic and Basic Solutions
When water dissociates (breaks up), it releases an equal
number of hydrogen ions (H�) and hydroxide ions (OH�).

Only a few water molecules at a time are dissociated
(Fig. 2.10). The actual number of ions is 10�7 moles/liter. A
mole is a unit of scientific measurement for atoms, ions, and
molecules.1

Acidic Solutions
Lemon juice, vinegar, tomato juice , and coffee are all famil-
iar acidic solutions. What do they have in common? Acidic
solutions have a sharp or sour taste, and therefore we some-
times associate them with indigestion. To a chemist, acids
are molecules that dissociate in water, releasing hydrogen
ions (H�). For example, an important acid in the laboratory
is hydrochloric acid (HCl), which dissociates in this manner:

HCl £ H� + Cl�

Dissociation is almost complete; therefore, this is called a
strong acid. When hydrochloric acid is added to a beaker of
water, the number of hydrogen ions increases (Fig. 2.11).

H+
             +           OH–

hydrogen
ion

hydroxide
ion

water

H HO

Figure 2.10 Dissociation of water
molecules.
Dissociation produces an equal number of
hydrogen ions (H�) and hydroxide ions
(OH�). (These illustrations are not meant to
be mathematically accurate.)

Figure 2.11 Addition of hydrochloric
acid (HCl). 
HCl releases hydrogen ions (H�) as it
dissociates. The addition of HCl to water
results in a solution with more H� than OH�.

Figure 2.12 Addition of sodium
hydroxide (NaOH), a base.
NaOH releases OH� as it dissociates. The
addition of NaOH to water results in a solution
with more OH� than H�.

1A mole is the same amount of atoms, molecules, ions as the number of atoms in
exactly 12 grams of 12C.
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The pH Scale
The pH scale2 is used to indicate the acidity and basicity (al-
kalinity) of a solution. Since there are normally few hydro-
gen ions (H�) in a solution, the pH scale was devised to
eliminate the use of cumbersome numbers. For example, the
possible hydrogen ion concentrations of a solution are on
the left of this listing and the pH is on the right: 

moles/liter
1 ∆ 10�6 [H�] = pH 6  (an acid)
1 ∆ 10�7 [H�] = pH 7  (neutral)
1 ∆ 10�8 [H�] = pH 8  (a base)

Pure water (HOH) has an equal number of hydrogen
ions (H�) and hydroxide ions (OH�); therefore, one of each
is released when water dissociates. One mole of pure water
contains only 10�7 moles/liter of hydrogen ions; therefore, a
pH of exactly 7 is neutral pH. At a pH of 7 there is an equal
number of hydrogen ions and hydroxide ions. Above pH 7
there are more hydroxide ions than hydrogen ions, and be-
low pH 7 there are more hydrogen ions than hydroxide ions.
Therefore any solution with a pH below 7 is an acidic solu-
tion and any solution with a pH above 7 is a basic solution.
Also, as we move down the pH scale from 14 to 0, each unit
has 10 times the [H�] of the previous unit (Fig. 2.13). As we
move up the pH scale from 0 to 14, each unit has 10 times the
[OH�] of the previous unit. 

As discussed in the Ecology reading on page 30, there
have been detrimental environmental consequences on non-
living and living things as rain and snow have become more
acidic during modern times. In plants and animals, includ-
ing ourselves, pH needs to be maintained within a narrow
range or there are health consequences.

Buffers
Buffers resist pH changes because they are chemicals or
combinations of chemicals that can take up excess hydrogen
ions (H�) or hydroxide ions (OH�). Many commercial prod-
ucts like Bufferin or shampoos or deodorants are buffered as
an added incentive to have us buy them. 

Our cells and body fluids are naturally buffered and for
that reason the pH of our blood when we are healthy is al-
ways about 7.4. The main buffer in blood is a combination of
carbonic acid and bicarbonate ions which are a dissociation
product of carbonic acid. Carbonic acid (H2CO3) is a weak
acid that minimally dissociates and then reforms in the fol-
lowing manner:

carbonic
acid

hydrogen
ion

bicarbonate
ion

H2CO3 H+ HCO3
–+dissociates

reforms
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2pH is defined as the negative logarithm of the molar concentration of the hydrogen
ion [H�].

Figure 2.13 The pH scale.
The diagonal line indicates the proportionate concentration of
hydrogen ions (H�) to hydroxide ions (OH�) at each pH value. Any pH
value above 7 is basic, while any pH value below 7 is acidic. 

When hydrogen ions (H�) are added to blood, the following
reaction occurs:

H� + HCO3
�

£ H2CO3

When hydroxide ions (OH�) are added to blood, this reac-
tion occurs:

OH� + H2CO3 £ HCO3
� + H2O

These reactions prevent any significant change in blood
pH.

Acids have a pH that is less than 7, and bases
have a pH that is greater than 7. Buffers, which
can combine with both hydrogen ions and
hydroxide ions, resist pH changes.
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The Harm Done by Acid Deposition

Normally, rainwater has a pH of about 5.6 because the carbon
dioxide in the air combines with water to give a weak solution of
carbonic acid. Rain falling in northeastern United States and
southeastern Canada now has a pH between 5.0 and 4.0. We have
to remember that a pH of 4 is ten times more acidic than a pH of 5
to comprehend the increase in acidity this represents.

There is very strong evidence that this observed increase in
rainwater acidity is a result of the burning of fossil fuels, like coal
and oil, as well as gasoline derived from oil. When fossil fuels are
burned, sulfur dioxide and nitrogen oxides are produced, and
they combine with water vapor in the atmosphere to form the
acids sulfuric acid and nitric acid. These acids return to earth con-
tained in rain or snow, a process properly called wet deposition,
but more often called acid rain. Dry particles of sulfate and nitrate
salts descend from the atmosphere during dry deposition.

Unfortunately, regulations that require the use of tall smoke-
stacks to reduce local air pollution only cause pollutants to be car-
ried far from their place of origin. Acid deposition in southeastern
Canada is due to the burning of fossil fuels in factories and power
plants in the Midwest. Acid deposition adversely affects lakes,
particularly in areas where the soil is thin and lacks limestone (cal-
cium carbonate, CaCO3), a buffer to acid deposition. It leaches
aluminum from the soil, carries aluminum into the lakes, and con-
verts mercury deposits in lake bottom sediments to soluble and
toxic methyl mercury. Lakes not only become more acidic, but they
also show accumulation of toxic substances. In Norway and Swe-
den, at least 16,000 lakes contain no fish, and an additional 52,000
lakes are threatened. In Canada, some 14,000 lakes are almost fish-
less, and an additional 150,000 are in peril because of excess acidity.
In the United States, about 9,000 lakes (mostly in the Northeast
and upper Midwest) are threatened, one-third of them seriously.

In forests, acid deposition weakens trees because it leaches
away nutrients and releases aluminum. By 1988, most spruce, fir,
and other conifers atop North Carolina’s Mt. Mitchell were dead
from being bathed in ozone and acid fog for years. The soil was so
acidic, new seedlings could not survive. Nineteen countries in
Europe have reported woodland damage, ranging from 5 to 15%
of the forested area in Yugoslavia and Sweden to 50% or more in
the Netherlands, Switzerland, and the former West Germany.
More than one-fifth of Europe’s forests are now damaged.

These aren’t the only effects of acid deposition. Reduction of
agricultural yields, damage to marble and limestone monuments
and buildings, and even illnesses in humans have been reported.
Acid deposition has been implicated in the increased incidence
of lung cancer and possibly colon cancer in residents of the East
Coast. Tom McMillan, Canadian Minister of the Environment,
says that acid rain is “destroying our lakes, killing our fish, un-
dermining our tourism, retarding our forests, harming our agri-
culture, devastating our heritage, and threatening our health.”

There are, of course, things that can be done. We could

• whenever possible use alternative energy sources, such
as solar, wind, hydropower, and geothermal energy.

• use low-sulfur coal or remove the sulfur impurities
from coal before it is burned.

• require factories and power plants to use scrubbers,
which remove sulfur emissions.

• require people to use mass transit rather than driving
their own automobiles.

• reduce our energy needs through other means of
energy conservation.

Figure 2A Effects of acid deposition.
Trees die and statues deteriorate due to the burning of fossil fuels. Gasoline is derived from oil, a fossil fuel. The combustion of fossil fuels
results in atmospheric acids that return to the earth as acid rain. 
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2.4 Organic Molecules
Inorganic molecules constitute nonliving matter, but even
so, inorganic molecules like salts (e.g., NaCl) and water play
important roles in living things. The molecules of life are or-
ganic molecules. Organic molecules always contain carbon
(C) and hydrogen (H). The chemistry of carbon accounts for
the formation of the very large variety of organic molecules
found in living things. A carbon atom has four electrons in
the outer shell. In order to achieve eight electrons in the outer
shell, a carbon atom shares electrons covalently with as many
as four other atoms. Methane is a molecule in which a carbon
atom shares electrons with four hydrogen atoms.

A carbon atom can share with another carbon atom, and in
so doing, a long hydrocarbon chain can result:

A hydrocarbon chain can also turn back on itself to form
a ring compound:
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So-called functional groups can be attached to carbon
chains. A functional group is a particular cluster of atoms
that always behaves in a certain way. One functional group
of interest is the acidic (carboxyl) group ±COOH because it
can give up a hydrogen (H�) and ionize to ±COO�.

Whereas a hydrocarbon chain is hydrophobic (not attracted to
water) because it is nonpolar, a hydrocarbon chain with an
attached ionized group is hydrophilic (is attracted to water)
because it is polar.

The molecules of life are divided into four classes: car-
bohydrates, lipids, proteins, and nucleic acids. Carbohy-
drates, lipids, and proteins are very familiar to you because
certain foods are known to be rich in these molecules, as il-
lustrated in Figures 2.14–2.16. The nucleic acid DNA makes
up our genes which are hereditary units that control our
cells and the structure of our bodies.

Many molecules of life are macromolecules. Just as
atoms can join to form a molecule, so molecules can join to
form a macromolecule. The smaller molecules are called
monomers, and the macromolecule is called a polymer. A
polymer is a chain of monomers.

Polymer Monomer

polysaccharide monosaccharide

protein amino acid

nucleic acid nucleotide

CH H

H

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H

C

H

H
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O
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hydrocarbon    
(hydrophobic)
   

acid in ionized form
(hydrophilic)    

Figure 2.14 Foods rich in carbohydrates.
Breads, pasta, rice, corn, and oats all contain
complex carbohydrates. 

Figure 2.15 Foods rich in lipids.
Butter and oils contain fat, the most familiar
of the lipids. 

Figure 2.16 Foods rich in proteins.
Meat, eggs, cheese, and beans have a high
content of protein.
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ring.
Glucose is a monomer for larger carbohydrates in the

body. The body has a common way of joining monomers to
build larger molecules. Condensation synthesis of a larger
molecule is so called because synthesis means “making of”
and condensation means that water has been removed as
monomers are joined. Breakdown of the larger molecule is a
hydrolysis reaction because water is used to split bonds be-
tween monomers. Polymers are synthesized and broken
down in this manner: 

monomers E polymer � H2O molecules

For convenience sake, Figure 2.18 shows how condensation
synthesis results in a disaccharide called maltose and how
hydrolysis of the maltose results in two glucose molecules
again. A disaccharide (di means two and saccharide means
sugar) contains two monosaccharides. When glucose and
fructose join, the disaccharide sucrose forms. Sucrose, which
is ordinarily derived from sugarcane and sugar beets, is
commonly known as table sugar. 

Starch and Glycogen
Starch and glycogen are ready storage forms of glucose in
plants and animals, respectively. Starch and glycogen are
polysaccharides; that is, they are polymers of glucose
formed just as a necklace might be made using only one type
of bead.

Some of the polymers in starch are long chains of up to
4,000 glucose units. Others are branched as is glycogen
(Fig. 2.19). Starch has fewer side branches, or chains of
glucose that branch off from the main chain, than does
glycogen. Starch is the storage form of glucose inside
plant cells. Flour, which we usually acquire by grinding
wheat and use to bake bread and rolls, is high in starch.
Glycogen is the storage form of glucose in humans. Figure
2.20 includes a micrograph of glycogen granules inside the

32 Part 1 Cell Biology 2-14

2.5 Carbohydrates
Carbohydrates first and foremost function for quick and
short-term energy storage in all organisms, including hu-
mans. Carbohydrate molecules are characterized by the
presence of the atomic grouping H±C±OH, in which the
ratio of hydrogen atoms (H) to oxygen atoms (O) is approx-
imately 2:1. Since this ratio is the same as the ratio in water,
the name—hydrates of carbon—seems appropriate.

Simple Carbohydrates
If the number of carbon atoms in a molecule is low (from
three to seven), then the carbohydrate is a simple sugar, or
monosaccharide. The designation pentose means a 
5-carbon sugar, and the designation hexose means a 
6-carbon sugar. Glucose, a hexose, is blood sugar (Fig. 2.17);
our bodies use glucose as an immediate source of energy.
Other common hexoses are fructose, found in fruits, and
galactose, a constituent of milk. These three hexoses (glu-
cose, fructose, and galactose) all occur as ring structures
with the molecular formula C6H12O6, but the exact shape of
the ring differs, as does the arrangement of the hydrogen
(±H) and the hydroxyl groups (±OH) attached to the

H
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OHHO

H H

CH2OH

OH H

C

1

H OH
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CH2OH

C6H12O6

OH H

O OO
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2
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OH

H

glucose maltose water

Condensation
synthesis

Hydrolysis

C6H12O6 C6H12O6 C12H22O11

O

HO

H O

O

O O

H2O

glucose

+ +

Figure 2.18 Condensation synthesis and hydrolysis of maltose, a disaccharide.
During condensation synthesis of maltose, a bond forms between the two glucose molecules and the components of water are removed. During
hydrolysis, the components of water are added, and the bond is broken.

Figure 2.17 Three ways to represent the structure of
glucose.
The far left structure shows the carbon atoms; C6H12O6 is the
molecular formula for glucose. The far right structure is the simplest
way to represent glucose.
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liver.
After we eat starchy foods like bread, potatoes, and

cake, glucose enters the bloodstream, and the liver stores
glucose as glycogen. In between eating, the liver releases
glucose so that the blood glucose concentration is always
about 0.1%. 

Cellulose
The polysaccharide cellulose is found in plant cell walls,
and this accounts, in part, for the strong nature of these
walls. In cellulose (Fig. 2.21), the glucose units are joined by
a slightly different type of linkage than that in starch or
glycogen. (Observe the alternating position of the oxygen
atoms in the linked glucose units.) While this might seem to
be a technicality, actually it is important because we are un-
able to digest foods containing this type of linkage; there-
fore, cellulose largely passes through our digestive tract as
fiber, or roughage. Recently, it has been suggested that fiber
in the diet is necessary to good health and may even help to
prevent colon cancer.

Cells usually use the monosaccharide glucose as
an energy source. The polysaccharides starch and
glycogen are storage compounds in plant and
animal cells, respectively, and the polysaccharide
cellulose is found in plant cell walls.
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Figure 2.21 Cellulose structure and function. 
Cellulose contains a slightly different type of linkage between glucose
molecules than that in starch or glycogen. Plant cell walls contain
cellulose, and the rigidity of the cell walls permits nonwoody plants to
stand upright as long as they receive an adequate supply of water.
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Figure 2.20 Glycogen structure and function.
Glycogen is a highly branched polymer of glucose molecules. The
electron micrograph shows glycogen granules in liver cells. Glycogen
is the storage form of glucose in animals. 

Figure 2.19 Starch structure and function.
Starch has straight chains of glucose molecules. Some chains are
also branched as indicated. The electron micrograph shows starch
granules in plant cells. Starch is the storage form of glucose in plants. 
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Soaps
Strictly speaking, soaps are not lipids, but they are consid-
ered here as a matter of convenience. A soap is a salt formed
from a fatty acid and an inorganic base. For example,

Unlike fats, soaps have a polar end that is hydrophilic in
addition to the nonpolar end that is hydrophobic (the hy-
drocarbon chain represented by R). Therefore, a soap does
mix with water. When soaps are added to oils, the oils, too,
mix with water because a soap positions itself about an oil
droplet so that its nonpolar ends project into the fat droplet,
while its polar ends project outward.

NaOH     +     RCOOH  RCOO– Na+

sodium
hydroxide

fatty
acid

soap
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2.6 Lipids
Lipids are diverse in structure and function, but they have a
common characteristic: they do not dissolve in water.

Fats and Oils
The most familiar lipids are those found in fats and oils.
Fats, which are usually of animal origin (e.g., lard and but-
ter), are solid at room temperature. Oils, which are usually
of plant origin (e.g., corn oil and soybean oil), are liquid at
room temperature. Fat has several functions in the body: it is
used for long-term energy storage, it insulates against heat
loss, and it forms a protective cushion around major organs.

Fats and oils form when one glycerol molecule reacts
with three fatty acid molecules. A fat is sometimes called a
triglyceride because of its three-part structure, and the term
neutral fat is sometimes used because the molecule is non-
polar (Fig. 2.22).

Saturated and Unsaturated Fatty Acids
A fatty acid is a hydrocarbon chain that ends with the acidic
group ±COOH (Fig. 2.22). Most of the fatty acids in cells
contain 16 or 18 carbon atoms per molecule, although
smaller ones with fewer carbons are also known.

Fatty acids are either saturated or unsaturated. Saturated
fatty acids have no double bonds between carbon atoms. The
carbon chain is saturated, so to speak, with all the hydrogens
it can hold. Saturated fatty acids account for the solid nature
at room temperature of butter and lard, which are derived
from animal sources. Unsaturated fatty acids have double
bonds between carbon atoms wherever the number of hydro-
gens is less than two per carbon atom. Unsaturated fatty
acids account for the liquid nature of vegetable oils at room
temperature. Hydrogenation of vegetable oils can convert
them to margarine and products such as Crisco.

Now the droplet disperses in water, and it is said that
emulsification has occurred. Emulsification occurs when
dirty clothes are washed with soaps or detergents. Also,
prior to the digestion of fatty foods, fats are emulsified by
bile. A person who has had the gallbladder removed may
have trouble digesting fatty foods because this organ
stores bile for emulsifying fats prior to the digestive
process.
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Figure 2.22 Condensation synthesis and hydrolysis of a fat molecule. 
Fatty acids can be saturated (no double bonds between carbon atoms) or unsaturated (have double bonds, colored yellow, between carbon
atoms). When a fat molecule forms, three fatty acids combine with glycerol, and three water molecules are produced.
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Figure 2.23 Phospholipid structure and shape. 
a. Phospholipids are constructed like fats, except that they contain a
phosphate group. This phospholipid also includes an organic group
that contains nitrogen. b. The hydrophilic portion of the phospholipid
molecule (head) is soluble in water, whereas the two hydrocarbon
chains (tails) are not. c. This causes the molecule to arrange itself as
shown when exposed to water.
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Phospholipids
Phospholipids, as their name implies, contain a phosphate
group (Fig. 2.23). Essentially, they are constructed like fats, ex-
cept that in place of the third fatty acid, there is a phosphate
group or a grouping that contains both phosphate and nitro-
gen. These molecules are not electrically neutral as are fats be-
cause the phosphate and nitrogenous groups are ionized. It
forms the so-called hydrophilic head of the molecule, while
the rest of the molecule becomes the hydrophobic tails. The
plasma membrane which surrounds cells is a phospholipid bi-
layer in which the  heads face outward into a watery medium
and the tails face each other because they are water repelling.

Steroids
Steroids are lipids having a structure that differs entirely
from that of fats. Steroid molecules have a backbone of four
fused carbon rings, but each one differs primarily by the
arrangement of the atoms in the rings and the type of func-
tional groups attached to them. Cholesterol is a component
of an animal cell’s plasma membrane and is the precursor of
several other steroids, such as the sex hormones estrogen
and testosterone (Fig. 2.24) 

We know that a diet high in saturated fats and cholesterol
can lead to circulatory disorders. This type of diet causes fatty
material to accumulate inside the lining of blood vessels and
blood flow is reduced. As discussed in the Science reading on
page 36, nutrition labels are now required to list the calories
from fat per serving and the percent daily value from satu-
rated fat and cholesterol.

Lipids include fats and oils for long-term energy
storage and steroids. Phospholipids, unlike other
lipids, are soluble in water because they have a
hydrophilic group.

Figure 2.24 Steroid diversity. 
a. Cholesterol, like all steroid molecules, has four adjacent rings, but
the effects of steroids on the body largely depend on the attached
groups indicated in red. b. Testosterone is the male sex hormone.
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As of May 1994, packaged foods have a nutrition label like the
one depicted in Figure 2B. The nutrition information given on
this label is based on the serving size (that is, 11⁄4 cup, 57 grams)
of the cereal. A Calorie* is a measurement of energy. One serving
of the cereal provides 220 Calories, of which 20 are from fat. It’s
also of interest that the cereal provides no cholesterol nor satu-
rated fat. The suggestion that we study nutrition labels to deter-
mine how much cholesterol and fat (whether saturated or
nonsaturated) they contain is based on innu-
merable statistical and clinical studies of three
types:

(1) Clinical trials that show that an elevated blood
cholesterol level is a risk factor for coronary
heart disease (CHD). The Framingham
Heart Study conducted in Framingham,
Massachusetts, concludes that as the
blood cholesterol level in over 5,000 men
and women rises so does the risk of CHD.
Elevated blood cholesterol appears to be
one of the three major CHD risk factors
along with smoking and high blood
pressure. Other studies have shown the
same. The Multiple Risk Factor
Intervention Trial followed more than
360,000 men and found also that there
was a direct relationship between an
increasing blood cholesterol level and the
risk of a heart attack. 

(2) Clinical trials indicate that lowering high
blood cholesterol levels will reduce the risk of
CHD. For example, the Coronary
Primary Prevention Trial found that a 9%
reduction in total blood cholesterol
levels produced a 19% reduction in CHD
deaths and nonfatal heart attacks. The
Cholesterol Lowering Atherosclerosis
Study collected X-ray evidence that
substantial cholesterol lowering
produces slowed progression and
regression of plaque in coronary arteries.
Plaque is a buildup of soft fatty material
including cholesterol beneath the inner
linings of arteries. Plaque can
accumulate to the point that blood can
no longer reach the heart and a heart
attack occurs.

(3) Clinical studies show that there is a relationship between diet and
blood cholesterol levels. The National Research Council
reviewed all sorts of scientific studies before concluding that
the intake of saturated fatty acids raises blood cholesterol
levels, while the substitution of unsaturated fats and
carbohydrates in the diet lowers the blood cholesterol level.
An Oslo Study, a Los Angeles Veterans Administration study,
and a Finnish Mental Hospital Study showed that diet alone

can produce 10-15% reductions in
blood cholesterol level. 

The desire of consumers to follow
dietary recommendations led to the
development of the type of nutrition
label shown in 2B, which shows the
amount of total fat, saturated fat, and
cholesterol in a serving of food. The
carbohydrate content in a food is of in-
terest because carbohydrates aren’t
usually associated with health prob-
lems. In fact, carbohydrates should
compose the largest proportion of the
diet. Breads and cereals containing
complex carbohydrates are preferable
to candy and ice cream containing
simple carbohydrates because they are
likely to contain dietary fiber (nondi-
gestible plant material). Insoluble fiber
has a laxative effect and seems to re-
duce the risk of colon cancer; soluble
fiber combines with the cholesterol in
food and prevents the cholesterol from
entering the body proper.

The amount of dietary sodium (as
in table salt) is of concern because ex-
cessive sodium intake has been linked
to high blood pressure in some people.
It is recommended that the intake of
sodium be no more than 2,400 mg per
day. A serving of this cereal provides
what percent of this maximum amount?

Vitamins are essential require-
ments needed in small amounts in the
diet. Each vitamin has a recom-
mended daily intake, and the food
label tells what percent of the recom-
mended amount is provided by a
serving of this cereal. 

Nutrition Labels

Nutrition Facts
Serving Size: 1    cup (57 g)
Servings per container: 8

Calories 
   Calories from Fat 

220
20

Total fat: 2 g

% Daily Value

3%

Amount per Serving Cereal

Saturated fat: 0g 0%

Cholesterol: 0 mg 0%

Sodium: 320 mg 13%

Total Carbohydrate: 46 g 15%

Soluble fiber: less than 1 g

Insoluble fiber: 6 g

Other carbohydrates: 28 g

Sugars: 11 g

Protein: 5 g

Vitamin A — 0% • Vitamin C — 10% 
Calcium — 0% • Iron — 80%

Calories per gram:
Fat 9 • carbohydrate 4 • protein 4

Total fat
Saturated fat
Cholesterol
Sodium
Total carbohydrate
Dietary fiber

Less than
Less than
Less than
Less than

65 g
20 g

300 mg
2,400 mg
300 mg

25 g

80 g
25 g

300 mg
2,400 mg
375 mg

30 g

2,000
Calories

2,500
Calories

1
4

Figure 2B Nutrition label on side
panel of cereal box.

*A calorie is the amount of heat required to raise the temperature of 1 g of water 1°C. A Calorie (capital C), which is used to measure food energy, is equal to
1,000 calories.
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2.7 Proteins
Proteins sometimes have a structural function. For example,
in humans, the protein keratin makes up hair and nails,
whereas collagen is found in all types of connective tissue,
including ligaments, cartilage, bones, and tendons. The
muscles contain proteins, which account for their ability to
contract.

Some proteins are enzymes, necessary contributors to
the chemical workings of the cell and therefore of the body.
Enzymes speed chemical reactions; they work so quickly
that a reaction that normally takes several hours or days

Figure 2.25 Representative amino acids. 
Amino acids differ from one another by their R group; the simplest R group is a single hydrogen atom (H). The R groups that contain carbon vary
as shown.

without an enzyme takes only a fraction of a second with an
enzyme.

Proteins are macromolecules with amino acid
monomers. An amino acid has a central carbon atom
bonded to a hydrogen atom and three groups. The name
of the molecule is appropriate because one of these
groups is an amino group (±NH2) and another is an
acidic group (±COOH). The other group is called an R
group because it is the Remainder of the molecule. Amino
acids differ from one another by their R group; the R
group varies from a single hydrogen (H) to a complicated
ring (Fig. 2.25).
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sheet. Hydrogen bonding between peptide bonds holds the
shape in place.

The tertiary structure of a protein is its final three-
dimensional shape. In muscles, the helical chains of
myosin form a rod shape that ends in globular (globe-
shaped) heads. In enzymes, the helix bends and twists in
different ways. Invariably, the hydrophobic portions are
packed mostly on the inside, and the hydrophilic portions
are on the outside where they can make contact with water.
The tertiary shape of a polypeptide is maintained by vari-
ous types of bonding between the R groups; covalent,
ionic, and hydrogen bonding all occur. One common form
of covalent bonding between R groups is disulfide (S±S)
linkages between two cysteine amino acids.

Some proteins have only one polypeptide, and some
others have more than one polypeptide chain, each with its
own primary, secondary, and tertiary structures. These sep-
arate polypeptides are arranged to give some proteins a
fourth level of structure, termed the quaternary structure
(Fig. 2.27d). Hemoglobin is a complex protein having a
quaternary structure; most enzymes also have a quater-
nary structure.

The final shape of a protein is very important to its
function. As we will discuss in chapter 6, for example, en-
zymes cannot function unless they have their usual shape.
When proteins are exposed to extremes in heat and pH,
they undergo an irreversible change in shape called dena-
turation. For example, we are all aware that the addition of
acid to milk causes curdling and that heating causes egg
white, which contains a protein called albumin, to coagu-
late. Denaturation occurs because the normal bonding be-
tween the R groups has been disturbed. Once a protein
loses its normal shape, it is no longer able to perform its
usual function.

Proteins, which contain covalently linked amino
acids, are important in the structure and the
function of cells. Some proteins are enzymes,
which speed chemical reactions.

38 Part 1 Cell Biology 2-20

Peptides
Figure 2.26 shows that a condensation synthesis reaction be-
tween two amino acids results in a dipeptide and a molecule
of water. A bond that joins two amino acids is called a peptide
bond. The atoms associated with a peptide bond—oxygen
(O), carbon (C), nitrogen (N), and hydrogen (H)—share elec-
trons in such a way that the oxygen has a partial negative
charge and the hydrogen has a partial positive charge.

Therefore, the peptide bond is polar, and hydrogen bonding
is possible between the CœO of one amino acid and the
N±H of another amino acid in a polypeptide. A polypep-
tide is a single chain of amino acids.

Levels of Protein Organization
The structure of a protein has at least three levels of orga-
nization (Fig. 2.27a–c). The first level, called the primary
structure, is the linear sequence of the amino acids joined
by peptide bonds. Polypeptides can be quite different from
one another. You will recall that the structure of a polysac-
charide can be likened to a necklace that contains a single
type “bead,” namely, glucose. Polypeptides can make use
of 20 different possible types of amino acids or “beads.”
Each particular polypeptide has its own sequence of amino
acids. It can be said that each polypeptide differs by the se-
quence of its R groups and the number of amino acids in
the sequence.

The secondary structure of a protein comes about when
the polypeptide takes on a particular orientation in space. A
coiling of the chain results in an alpha (�) helix, or a right-
handed spiral, and a folding of the chain results in a pleated
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Figure 2.26 Condensation synthesis and hydrolysis of a dipeptide. 
The two amino acids on the left-hand side of the equation differ by their R groups. As these amino acids join, a peptide bond forms, and a water
molecule is produced. During hydrolysis, water is added, and the peptide bond is broken.
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Figure 2.27 Levels of protein organization. 
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DNA makes up the genes and stores information regarding
its own replication and the order in which amino acids are to
be joined to form a protein. RNA is an intermediary in the
process of protein synthesis, conveying information from
DNA regarding the amino acid sequence in a protein.

The nucleotides in DNA contain the sugar deoxyribose,
and in RNA they contain the sugar ribose; this difference ac-
counts for their respective names (Table 2.3). As indicated in
Figure 2.28, there are four different types of bases in DNA:
A � adenine, T � thymine, G � guanine, and C � cytosine.
The base can have two rings (adenine or guanine), or one
ring (thymine or cytosine) These structures are called bases
because their presence raises the pH of a solution. In RNA
the base uracil replaces the base thymine.

Although the sequence can vary between molecules,
any particular DNA or RNA has a definite sequence. The nu-
cleotides form a linear molecule called a strand in

2.8 Nucleic Acids M

Nucleic acids, such as DNA (deoxyribonucleic acid) and
RNA (ribonucleic acid), are huge polymers of nucleotides.
Every nucleotide is a molecular complex of three types of
subunit molecules: phosphate (phosphoric acid), a pentose
sugar, and a nitrogen-containing base:
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Figure 2.28 Overview of DNA structure.
a. Double helix. b. Complementary base pairing between strands. c. Ladder configuration. Notice that the uprights are composed of phosphate
and sugar molecules and that the rungs are complementary paired bases.
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which the backbone is made up of phosphate-sugar-
phosphate-sugar, with the bases projecting to one side of the
backbone. Since the nucleotides occur in a definite order, so
do the bases.

RNA is usually single stranded, while DNA is usually
double stranded, with the two strands twisted about each
other in the form of a double helix. In DNA, the two strands
are held together by hydrogen bonds between the bases.
When unwound, DNA resembles a stepladder. The sides of
the ladder are made entirely of phosphate and sugar mole-
cules, and the rungs of the ladder are made only of comple-
mentary paired bases. Thymine (T) always pairs with
adenine (A), and guanine (G) always pairs with cytosine (C)
(Fig. 2.28). Complementary bases have shapes that fit
together. 

We shall see that complementary base pairing allows
DNA to replicate in a way that assures the sequence of bases
will remain the same. The sequence of the bases is the ge-
netic information that specifies the sequence of amino acids
in the proteins of the cell. 

DNA has a structure like a twisted ladder: sugar
and phosphate molecules make up the sides, and
hydrogen-bonded bases make up the rungs of the
ladder. 

ATP (Adenosine Triphosphate)
In addition to being the monomers of nucleic acids, nu-
cleotides alone have metabolic functions in cells. When
adenosine (adenine plus ribose) is modified by the addition
of three phosphate groups instead of one, it becomes ATP
(adenosine triphosphate), an energy carrier in cells. A glu-
cose molecule contains too much energy to be used as a di-
rect energy source in cellular reactions. Instead, the energy
of glucose is converted to that of ATP molecules. ATP con-
tains an amount of energy that makes it useful to supply en-
ergy for chemical reactions in cells. As an analogy, consider
that twenty dollar bills are more useful for everyday pur-
chases than one hundred dollar bills. 

ATP is sometimes called a high-energy molecule be-
cause the last two phosphate bonds are unstable and are eas-
ily broken. Usually in cells the terminal phosphate bond is
hydrolyzed, leaving the molecule ADP (adenosine diphos-
phate) and a molecule of inorganic phosphate P� (Fig. 2.29).
The terminal bond is sometimes called a high-energy bond,
symbolized by a wavy line. But this terminology is mislead-
ing—the breakdown of ATP releases energy because the
products of hydrolysis (ADP and P�) are more stable than
ATP. It is the entire molecule that releases energy and not a
particular bond. 

The energy that is released by ATP breakdown is used
by the cell for the synthesis of macromolecules like carbohy-
drates and proteins. In muscle cells, the energy is used for
muscle contraction, and in nerve cells, it is used for the con-
duction of nerve impulses. ATP is called the energy currency
of cells because when cells carry out an energy-requiring
activity or build molecules, they often “spend” ATP as an
energy source. After ATP breaks down, it is rebuilt by the
addition of  P� to ADP (Fig. 2.29). 

ATP is a high-energy molecule. ATP breaks down
to ADP +  P�, releasing energy, which is used for all
metabolic work done in a cell. 

P

Adenosine

ATP ADP

Triphosphate Adenosine Diphosphate Phosphate

energyPPP P

H2O

P + +

Figure 2.29 ATP reaction. 
ATP, the universal energy currency of cells, is composed of adenosine and three phosphate groups. When cells require energy, ATP undergoes
hydrolysis, producing ADP +  P� , with the release of energy.

Table 2.3 DNA Structure Compared to
RNA Structure

DNA RNA

Sugar Deoxyribose Ribose

Bases Adenine, guanine, Adenine, guanine,
thymine, cytosine uracil, cytosine

Strands Double stranded with Single stranded
base pairing

Helix Yes No
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Eric Stevenson and more than 110,000
veterans of the Gulf War are mysteri-

ously ill. They complain of conditions like
skin rashes, breathing difficulties, fatigue,
diarrhea, muscle and joint pain, headaches
and loss of memory. While the Pentagon
doesn’t recognize what is called the Gulf
War Syndrome (GWS), it does admit that
soldiers were exposed to at least four cate-
gories of chemicals:

• Petroleum products such as kerosene,
diesel fuel, leaded gasoline and smoke
from oil-well fires. 

• Pesticides and insect repellents.
These were applied to clothing and
sprayed into the air. 

• Drugs and vaccines. Pyridostigmine
bromide was given to protect against nerve
gas. Vaccines against anthrax and botulism
were given in case of biological warfare.

• Biological and chemical weapons. Re-
luctantly, the Pentagon estimates that hun-
dreds of thousands of solders may have
been exposed to nerve gas released into
the air when Iraqi ammunition depots
were bombed. 

While the military says that exposure
can make you sick, they cling to the idea
that toxic chemicals either kill you out-
right or you recover completely. Therefore,
they suggest that the veterans are suffer-
ing from post-traumatic stress disorder.
Lingering symptoms of stress are to be ex-
pected in a certain number of soldiers that
come home from war. 

Epidemiologist Robert Haley, how-
ever, has studied the effects of these chem-
icals on chickens, and found that their
combination does produce Gulf War Syn-
drome symptoms. He says, “The Defense

Department should agree that this is a
physical injury, a brain injury, aided and
abetted by acute stress.” 

For what reasons might the Pentagon
be reluctant to accept the possibility that
GWS is due to exposure of troops to chem-
icals? In so doing are they shirking their
responsibility to Gulf War veterans?

Questions
1. Do you believe that veterans with GWS

should be completely supported by the
government? Why or why not? 

2. The Pentagon has earmarked $42 million
in grants for research of GWS. Do you
approve of this action? Why or why not?

3. Should veterans be allowed to sue the
government for their illness, much as
tobacco users have sued tobacco
companies? Why or why not?

Summarizing the Concepts

2.1 Elements and Atoms
All matter is composed of some 92 elements. Each element is made up
of just one type atom. An atom has a weight, which is dependent on
the number of protons and neutrons in the nucleus, and its chemical
properties are dependent on the number of electrons in the outer
shell.

2.2 Molecules and Compounds
Atoms react with one another by forming ionic bonds or covalent
bonds. Ionic bonds are an attraction between charged ions. Atoms
share electrons in covalent bonds, which can be single, double, or triple
bonds. Oxidation is the loss of electrons (hydrogen atoms), and reduc-
tion is the gain of electrons (hydrogen atoms). 

2.3 Water and Living Things 
Water, acids, and bases are important inorganic molecules. The polarity
of water accounts for it being the universal solvent; hydrogen bonding
accounts for it boiling at 100°C and freezing at 0°C. Because it is slow to
heat up and slow to freeze, it is liquid at the temperature of living
things.

Pure water has a neutral pH; acids increase the hydrogen ion con-
centration [H�] but decrease the pH, and bases decrease the hydrogen
ion concentration [H�] but increase the pH of water. 

2.4 Organic Molecules
The chemistry of carbon accounts for the chemistry of organic com-
pounds. Carbohydrates, lipids, proteins, and nucleic acids are macro-
molecules with specific functions in cells.

2.5 Carbohydrates
Glucose is the six-carbon sugar most utilized by cells for “quick” en-
ergy. Like the rest of the macromolecules to be studied, condensation
synthesis joins two or more sugars, and a hydrolysis reaction splits the
bond. Plants store glucose as starch, and animals store glucose as
glycogen. Humans cannot digest cellulose, which forms plant cell walls.

2.6 Lipids
Lipids are varied in structure and function. Fats and oils, which func-
tion in long-term energy storage, contain glycerol and three fatty acids.
Fatty acids can be saturated or unsaturated. Plasma membranes con-
tain phospholipids that have a polarized end. Certain hormones are
derived from cholesterol, a complex ring compound.

2.7 Proteins
The primary structure of a polypeptide is its own particular sequence
of the possible 20 types of amino acids. The secondary structure is
often an alpha (�) helix. The tertiary structure occurs when a
polypeptide bends and twists into a three-dimensional shape. A pro-
tein can contain several polypeptides, and this accounts for a possible
quaternary structure.

2.8 Nucleic Acids
Nucleic acids are polymers of nucleotides. Each nucleotide has three
components: a sugar, a base, and phosphate (phosphoric acid). DNA,
which contains the sugar deoxyribose, is the genetic material that
stores information for its own replication and for the order in which
amino acids are to be sequenced in proteins. DNA, with the help of
RNA, specifies protein synthesis.

ATP, with its unstable phosphate bonds, is the energy currency of
cells. Hydrolysis of ATP to ADP � P� releases energy that is used by the
cell to do metabolic work. 
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Studying the Concepts

1. Name the subatomic particles of an atom; describe their
charge, weight, and location in the atom. 20–21

2. Give an example of an ionic reaction, and explain it. 22–23
3. Diagram the atomic structure of calcium, and explain how it

can react with two chlorine atoms. 23
4. Give an example of a covalent reaction, and explain it. 24–25
5. Relate the characteristics of water to its polarity and hydro-

gen bonding between water molecules. 26–27
6. On the pH scale, which numbers indicate a basic solution? An

acidic solution? Why? 29
7. What are buffers, and why are they important to life? 29
8. Relate the variety of organic compounds to the bonding capa-

bilities of carbon. 31
9. Name the four classes of organic molecules in cells, and relate

them to macromolecules and also polymers. 31
10. Name some monosaccharides, disaccharides, and polysaccha-

rides, and state some general functions for each. What is the
most common monomer for polysaccharides? 32–33

11. How is a neutral fat synthesized? What is a saturated fatty
acid? An unsaturated fatty acid? What is the function of fats?
34

12. Relate the structure of a phospholipid to that of a neutral fat.
What is the function of a phospholipid? 35

13. What is the general structure and significance of cholesterol? 35
14. What are some functions of proteins? What is a peptide bond,

a dipeptide, and a polypeptide? 37–38
15. Discuss the primary, secondary, and tertiary structures of

globular proteins. 38
16. Discuss the structure and function of the nucleic acids, DNA

and RNA. 40–41

Testing Yourself

Choose the best answer for each question.
1. The atomic number tells you the 

a. number of neutrons in the nucleus.
b. number of protons in the nucleus.
c. weight of the atom.
d. number of protons in the outer shell.
e. All of these are correct.

2. In the molecule

H
WW

H—C—H
WW

H

a. all atoms have eight electrons in the outer shell.
b. all atoms are sharing electrons.
c. carbon could accept more hydrogen atoms.
d. All of these are correct.

3. An atom that has two electrons in the outer shell would most
likely
a. share to acquire a completed outer shell.
b. lose these two electrons and become a negatively charged

ion.
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c. lose these two electrons and become a positively charged
ion.

d. gain two electrons and become a positively charged ion.
e. gain two electrons and become a negatively charged ion.

4. Which of these properties of water is not due to hydrogen
bonding between water molecules?
a. stabilizes temperature inside and outside cell 
b. molecules are cohesive 
c. is a universal solvent 
d. ice floats on water

5. Which of these best describes the changes that occur when a
solution goes from pH 5 to pH 8?
a. The hydrogen ion concentration decreases as the solution

goes from acidic to basic. 
b. The hydrogen ion concentration increases as the solution

goes from basic to acidic.
c. The hydrogen ion concentration decreases as the solution

goes from basic to acidic.
d. The hydrogen ion concentration increases as the solution

goes from acidic to basic.
e. The hydroxide ion concentration stays the same as the

solution goes from acidic to basic.
6. Which of these molecules contains nitrogen (N)?

a. glucose and fatty acids
b. amino acids and ATP
c. nucleotides and steroids
d. cellulose and starch
e. proteins and polysaccharides

7. Which of these makes cellulose nondigestible?
a. It is a polymer of glucose subunits.
b. It is a fibrous protein.
c. The type of linkage between the glucose molecules.
d. The peptide linkage between the amino acid molecules.
e. The disulfide linkages between polymers.

8. A fatty acid is unsaturated if it 
a. contains hydrogen atoms.
b. contains double bonds.
c. contains an acidic group.
d. bonds to glycogen.
e. has a low melting point.

9. The difference between one amino acid and another is found
in the
a. amino group.
b. carboxyl group.
c. R group.
d. peptide bond.

10. The shape of a polypeptide
a. is maintained by bonding between parts of the polypeptide.
b. is important to its function.
c. is ultimately dependent upon the primary structure.
d. involves hydrogen bonding.
e. All of these are correct.

11. Nucleotides
a. contain a sugar, a nitrogen-containing base, and a phos-

phate molecule.
b. are the monomers for fats and polysaccharides.
c. join together by covalent bonding between the bases.
d. are found in DNA, RNA, and proteins.
e. All of these are correct.
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Understanding the Terms

Match the terms to these definitions:
a. Polymer of many amino acids linked by peptide

bonds.
b. Organic catalyst that speeds up a reaction in cells

due to its particular shape. 
c. Polysaccharide composed of glucose molecules;

the chief constituent of a plant’s cell wall.
d. Subatomic particle that has weight of one atomic

mass unit, carries no charge, and is found in the nucleus of an
atom.

e. Solution in which pH is less than 7; a substance
that contributes or liberates hydrogen ions in a solution. 

H2OH2O

a.

d.

c.

b.

H OH H OH
H OH

H OH

H OH

12. Label this diagram of condensation synthesis and hydrolysis.

Thinking Scientifically 

1. Usually we associate inorganic compounds with the nonliv-
ing world and organic compounds with the living world
(page 31):
a. What property of water makes it an inorganic compound?

What property does water share with an organic com-
pound?

b. Show that the properties of water are essential to human
life (pages 26–27).

2. Considering organic molecules:
a. starch and glycogen are both composed of glucose. How

do they differ (page 32)?
b. oleic acid and linoleic acid are both unsaturated fatty

acids. How do you predict they differ (page 34)? 
c. actin and myosin are both proteins found in muscles. How

do you predict they differ? (page 38)

Using Technology

Your study of basic chemistry is supported by these available
technologies:

Essential Study Partner CD-ROM
Cells ££ Chemistry

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Life Science Animations 3D Video
1 Atomic Structure and Covalent and Ionic Bonding

acid 28
adenine 40
ADP (adenosine 

diphosphate) 41
amino acid 37
atom 20
atomic number 20
atomic weight 21
ATP (adenosine triphosphate)

41
base 28
buffer 29
calorie 27
carbohydrate 32
cellulose 33
condensation synthesis 32
covalent bond 24
cytosine 40
denaturation 38
disaccharide 32
DNA (deoxyribonucleic acid)

40
electron 20
element 20
emulsification 34

enzyme 37
fat 34
fatty acid 34
functional group 31
glucose 32
glycogen 32
guanine 40
hexose 32
hydrogen bond 26
hydrolysis 32
hydrophilic 26
hydrophobic 26
inorganic molecule 31
ion 23
ionic bond 23
isotope 21
lipid 34
matter 20
molecule 23
monosaccharide 32
neutron 20
nucleotide 40
oil 34
organic molecule 31
oxidation 25

pentose 32
peptide bond 38
pH scale 29
phospholipid 35
polypeptide 38
polysaccharide 32
protein 37
proton 20
redox reaction 25
reduction 25

RNA (ribonucleic acid) 40
saturated fatty acid 34
soap 34
starch 32
steroid 35
thymine 40
triglyceride 34
unsaturated fatty acid 34
uracil 40
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Chapter Concepts

Cell Structure and
Function

3.1 The Cellular Level of Organization
• All organisms are composed of cells, which arise

from preexisting cells. 46
• A microscope is usually needed to see a cell

because most cells are quite small. 48

3.2 Eukaryotic Cells
• All cells have a plasma membrane that regulates

the entrance and exit of molecules into and out
of the cell. Some cells also have a protective cell
wall. 49

• Eukaryotic cells have a number of membranous
organelles that carry out specific functions. 49

• The nucleus controls the metabolic functions and
the structural characteristics of the cell. 52

• A system of membranous canals and vacuoles
work together to produce, modify, transport,
store, secrete, and/or digest macromolecules. 53

• Mitochondria and chloroplasts transform one
form of energy into another. Mitochondria
produce ATP and chloroplasts produce
carbohydrates. 57

• The cell has a cytoskeleton composed of
microtubules and filaments. The cytoskeleton
gives the cell shape and allows it and its
organelles to move. 58

• Centrioles are related to cilia and flagella, which
enable the cell to move. 60

3.3 Prokaryotic Cells
• In contrast to the eukaryotic cell, the prokaryotic

cell lacks a well-defined nucleus. 62

3.4 Evolution of the Eukaryotic Cell
• The endosymbiotic hypothesis suggests that

certain organelles of eukaryotic cells were once
prokaryotic cells. 63

Artist’s representation of a cell’s interior illustrates its complexity.
Vacuoles and the Golgi apparatus glide past a sectioned endoplas-
mic reticulum outside the nucleus.
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Three types of microscopes are most commonly used: the com-
pound light microscope, transmission electron microscope, and
scanning electron microscope (Fig. 3A). In a compound light
microscope, light rays passing through a specimen are brought
to a focus by a set of glass lenses, and the resulting image is then
viewed by the human eye. In the transmission electron micro-
scope, electrons passing through a specimen are brought to a
focus by a set of magnetic lenses, and the resulting image is pro-
jected onto a fluorescent screen or photographic film.

46

3.1 The Cellular Level of
Organization
Antonie van Leeuwenhoek of Holland, who lived in the sev-
enteenth century, is now famous for making his own micro-
scopes and observing all sorts of tiny things that no one had
seen before. The Englishman Robert Hooke was the first to
use the term cell for walled-off chambers he observed in
cork, a material used to make stoppers today. A hundred
years later—in the 1830s—the German microscopist
Matthias Schleiden said that plants are composed of cells;
his counterpart Theodor Schwann said that animals are also
made up of cells. This was quite a feat, because aside from
their own exhausting work, they had to be aware of the
studies of many other microscopists. Rudolf Virchow, anoth-
er German microscopist, later came to the conclusion that
cells don’t suddenly appear; rather, they come from preex-
isting cells. Today, the cell theory, which states that all
organisms are made up of cells and that cells come only
from preexisting cells, is a unifying concept of biology.

The cell marks the boundary between the nonliving and
the living. The molecules that serve as food for a cell and the
organic molecules that make up a cell are not alive, and yet the
cell is alive. The answer to what life is will have to be found
within the cell, because the smallest living organisms are
unicellular, while larger organisms are multicellular—they
are composed of many cells. The diversity of cells is exem-
plified by the many types in the human body. But despite
variety of form and function, cells contain the same compo-
nents. The basic elements that are common to all cells regard-
less of their specializations are the subject of this chapter.

All organisms are composed of self-reproducing
units called cells. Microscopy revealed the
presence of cells and even today is making known
their detailed structure.

If you've ever tried to stuff a week's worth of clothing, toi-
letries, and other necessities into a piece of carry-on lug-
gage, you would be amazed at what cells can pack into a

space smaller than the period at the end of this sentence.
Like the human body, which is composed of many trillions of
cells working in harmony, cells have an internal skeleton that
gives them shape and controls their movement. They harbor
microscopic assembly lines that manufacture a wide array of
proteins. Every cell even has its own power stations that pro-
duce energy. And nestled among such structures, often in a
specialized area walled off from the rest of the cell, are the
all-important chromosomes, which store the instruction
manual for life. It took the development of powerful micro-
scopes before biologists could visualize the innards of cells.
Let us now take you on a guided tour.
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Figure 3A Blood vessels and red blood cells viewed
with three different types of microscopes. 
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A scanning electron microscope provides a three-dimensional
view of the surface of an object. A narrow beam of electrons is
scanned over the surface of the specimen, which has been coat-
ed with a thin layer of metal. The metal gives off secondary elec-
trons, which are collected to produce a television-type picture of
the specimen’s surface on a screen.

A picture obtained using a light microscope sometimes is
called a photomicrograph, and a picture resulting from the use
of an electron microscope is called a transmission electron
micrograph (TEM) or a scanning electron micrograph (SEM),
depending on the type of microscope used.

The magnification produced by an electron microscope is much
higher than that of a light microscope (50,000� compared to
1,000�). Also, the ability of the electron microscope to make out
detail is much greater. The distance needed to distinguish two
points as separate is much less for an electron microscope than a
light microscope (10 nm compared to 200 nm1). The greater
resolving power of the electron microscope is due to the fact that
electrons travel at a much shorter wavelength than do light rays.
However, because electrons only travel in a vacuum, the object
is always dried out, whereas even living objects can be observed
with a light microscope.

1See the metric system in Appendix C.
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Cell Size
Figure 3.1 outlines the visual range of the eye, light micro-
scope, and electron microscope. Cells are quite small. A
frog’s egg, at about one millimeter (mm) in diameter, is large
enough to be seen by the human eye. Most cells are far
smaller than one millimeter; some are even as small as one
micrometer (µm)—one thousandth of a millimeter. Cell
inclusions and macromolecules are even smaller than a
micrometer and are measured in terms of nanometers (nm).

An explanation for why cells are so small and why we
are multicellular is explained by considering the
surface/volume ratio of cells. Nutrients enter a cell and
wastes exit a cell at its surface; therefore, the amount of sur-
face represents the ability to get material in and out of the
cell. A large cell requires more nutrients and produces more
wastes than a small cell. In other words, the volume repre-
sents the needs of the cell. Yet as cells get larger in volume,
the proportionate amount of surface area actually decreases,
as you can see by comparing these two cells: 

A small cube that is 1 mm tall has a surface area of 6 mm2

and a volume of 1 mm3. This is a ratio of surface area to vol-
ume of 6:1. But a cube that is 2 mm tall has a surface area of
24 mm2 and a volume of 8 mm3. This is a ratio of only 3:1.
Therefore a small cell has more surface area per volume than
does a large cell.2

Small cells, not large cells, are likely to have an adequate
surface area for exchange of wastes for nutrients. We would
expect, then, a size limitation for an actively metabolizing
cell. A chicken’s egg is several centimeters in diameter, but
the egg is not actively metabolizing. Once the egg is incu-
bated and metabolic activity begins, the egg divides repeat-
edly without growth. Cell division restores the amount of
surface area needed for adequate exchange of materials.
Further, cells that specialize in absorption have modifica-
tions that greatly increase the surface area per volume of the
cell. The columnar cells along the surface of the intestinal
wall have surface foldings called microvilli (sing., micro-
villus), which increase their surface area. 

A cell needs a surface area that can adequately
exchange materials with the environment. Surface-
area-to-volume considerations require that cells
stay small.
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Figure 3.1 The sizes of living things and their components. 
It takes a microscope to see most cells and lower levels of biological organization. Cells are visible with the light microscope, but not in much
detail. It takes an electron microscope to see organelles in detail and to make out viruses and molecules. Notice that in this illustration each
higher unit is 10 times greater than the lower unit. (In the metric system, 1 meter � 102 cm � 103 mm � 106 mm � 109 nm—see Appendix C.)

large cell—
less surface area
per volume

small cell—
more surface area
per volume

surface area = 6 (2 � 2) = 24 mm2

volume = 2 � 2 � 2 = 8 mm2

surface area/volume = 3 : 1

2surface area = 6 (1 � 1) = 6 mm2

volume = 1 � 1 � 1 = 1 mm2

surface area/volume = 6 : 1

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


3.2 Eukaryotic Cells
Eukaryotic cells have a nucleus, a large structure that con-
trols the workings of the cell because it contains the genes.

Outer Boundaries of Animal and Plant Cells
All cells, including plant and animal cells, are surrounded
by a plasma membrane, a phospholipid bilayer in which
protein molecules are embedded.

The plasma membrane is a living boundary that separates
the contents of the cell from the surrounding environment.
Inside the cell, the nucleus is surrounded by the cytoplasm,
a semifluid medium that contains organelles. The plasma
membrane regulates the entrance and exit of molecules into
and out of the cytoplasm.

Plant cells (but not animal cells) have a permeable but pro-
tective cell wall in addition to a plasma membrane. Many
plant cells have both a primary and secondary cell wall. A
main constituent of a primary cell wall is cellulose molecules.
Cellulose molecules form fibrils that lie at right angles to one
another for added strength. Acell wall sometimes forms inside
the primary cell wall. Secondary cell walls contain lignin, a sub-
stance that makes them even stronger than primary cell walls.

Organelles of Animal and Plant Cells
Animal and plant cells contain organelles, small bodies that
have a specific structure and function. Originally the term
organelle referred to only membranous structures, but we
will use it to include any well-defined internal subcellular
structure (Table 3.1). Still, membrane compartmentalizes the
cell so that the various functions of the cell are kept separate
from one another. Just as all the assembly lines of a factory
are in operation at the same time, so all the organelles of a
cell function simultaneously. Raw materials enter a factory
and then are turned into various products by different
departments. In the same way, chemicals are taken up by the
cell and then processed by the organelles. The cell is a bee-
hive of activity the entire twenty-four hours of every day.

Both animal (Fig. 3.2) and plant (Fig. 3.3) cells contain
mitochondria, while only plant cells have chloroplasts. Only
animal cells have centrioles. The color chosen to represent
each structure in the plant and animal cell is used for that
structure throughout the chapters of this part.

protein
molecules

phospholipid
layer
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Table 3.1 Eukaryotic Structures in Animal Cells
and Plant Cells

Name Composition Function

Cell wall* Contains cellulose Support and protection
fibrils

Plasma Phospholipid bilayer Define cell boundary;
membrane with embedded regulation of molecule 

proteins passage into and out of
cells

Nucleus Nuclear envelope Storage of genetic
surrounding information; synthesis of
nucleoplasm, DNA and RNA
chromatin, and 
nucleoli

Nucleolus Concentrated area Ribosomal subunit
of chromatin, RNA, formation
and proteins

Ribosome Protein and RNA in Protein synthesis
two subunits

Endoplasmic Membranous Synthesis and/or
reticulum flattened channels modification of proteins
(ER) and tubular canals and other substances,

and transport by
vesicle formation

Rough ER Studded with Protein synthesis
ribosomes

Smooth ER Having no ribosomes Various; lipid synthesis
in some cells

Golgi Stack of membranous Processing, packaging,
apparatus saccules and distribution of

proteins and lipids

Vacuole and Membranous sacs Storage of substances
vesicle

Lysosome Membranous vesicle Intracellular digestion
containing digestive
enzymes

Peroxisome Membranous vesicle Various metabolic tasks
containing specific
enzymes

Mitochondrion Membranous cristae Cellular respiration
bounded by an
outer membrane

Chloroplast* Membranous grana Photosynthesis
bounded by two
membranes

Cytoskeleton Microtubules, Shape of cell and
intermediate movement of its
filaments, actin parts
filaments

Cilia and 9 � 2 pattern of Movement of cell
flagella microtubules

Centriole** 9 � 0 pattern of Formation of basal
microtubules bodies

*Plant cells only
**Animal cells only
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Figure 3.2 Animal cell anatomy.
a. Generalized drawing. b. Transmission electron micrograph. See Table 3.1 for a description of these structures, along with a listing of their
functions.
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Figure 3.3 Plant cell anatomy.
a. Generalized drawing. b. Transmission electron micrograph of young leaf cell. See Table 3.1 for a description of these structures, along with a
listing of their functions.

a.

b.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


The Nucleus
The nucleus, which has a diameter of about 5 µm, is a promi-
nent structure in the eukaryotic cell. The nucleus is of primary
importance because it stores genetic information that deter-
mines the characteristics of the body’s cells and their metabol-
ic functioning. Every cell contains a complex copy of genetic
information, but each cell type has certain genes, or segments
of DNA, turned on, and others turned off. Activated DNA,
with RNA acting as an intermediary, specifies the sequence of
amino acids during protein synthesis. The proteins of a cell
determine its structure and the functions it can perform.

When you look at the nucleus, even in an electron micro-
graph, you cannot see DNA molecules but you can see chro-
matin (Fig. 3.4). Chromatin looks grainy, but actually it is a
threadlike material that undergoes coiling into rodlike struc-
tures called chromosomes, just before the cell divides. Chemi-
cal analysis shows that chromatin, and therefore chromosomes,
contains DNA and much protein, and some RNA. Chromatin
is immersed in a semifluid medium called the nucleoplasm.
A difference in pH between the nucleoplasm and cytoplasm
suggests that the nucleoplasm has a different composition.

Most likely, too, when you look at an electron micro-
graph of a nucleus, you will see one or more regions that look
darker than the rest of the chromatin. These are nucleoli
(sing., nucleolus) where another type of RNA, called riboso-
mal RNA (rRNA), is produced and where rRNA joins with
proteins to form the subunits of ribosomes. (Ribosomes are
small bodies in the cytoplasm that contain rRNAand proteins.)

The nucleus is separated from the cytoplasm by a dou-
ble membrane known as the nuclear envelope which is con-
tinuous with the endoplasmic reticulum discussed on the
next page. The nuclear envelope has nuclear pores of suffi-
cient size (100 nm) to permit the passage of proteins into the
nucleus and ribosomal subunits out of the nucleus. 

The structural features of the nucleus include
the following.

Chromatin: DNA and proteins
Nucleolus: chromatin and ribosomal

subunits

Nuclear envelope: double membrane with pores
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Figure 3.4 The nucleus and the nuclear envelope.
The nucleoplasm contains chromatin. Chromatin has a special region called the nucleolus, which is where rRNA is produced and ribosomal
subunits are assembled. The nuclear envelope, consisting of two membranes separated by a narrow space, contains pores. The electron
micrographs show that the pores cover the surface of the envelope.
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Ribosomes
Ribosomes are composed of two subunits, one large and
one small. Each subunit has its own mix of proteins and
rRNA. Protein synthesis occurs on the ribosomes. Ribo-
somes occur free within the cytoplasm either singly or in
groups called polyribosomes. Ribosomes are often attached
to the endoplasmic reticulum, a membranous system of sac-
cules and channels discussed in the next section. Proteins
synthesized by cytoplasmic ribosomes are used in the cell,
such as in the mitochondria and chloroplasts. Those pro-
duced by ribosomes attached to endoplasmic reticulum may
eventually be secreted from the cell. 

Ribosomes are small organelles where protein
synthesis occurs. Ribosomes occur in the
cytoplasm, both singly and in groups (i.e.,
polyribosomes). Numerous ribosomes are
attached to the endoplasmic reticulum.

The Endomembrane System
The endomembrane system consists of the nuclear envelope,
the endoplasmic reticulum, the Golgi apparatus, and several
vesicles (tiny membranous sacs). This system compartmental-
izes the cell so that particular enzymatic reactions are restricted
to specific regions. Membranes that make up the endomem-
brane system are connected by direct physical contact
and/or by the transfer of vesicles from one part to the other.

The Endoplasmic Reticulum
The endoplasmic reticulum (ER), a complicated system of
membranous channels and saccules (flattened vesicles), is
physically continuous with the outer membrane of the
nuclear envelope. Rough ER is studded with ribosomes on
the side of the membrane that faces the cytoplasm (Fig. 3.5).
Here proteins are synthesized and enter the ER interior
where processing and modification begin. Smooth ER,
which is continuous with rough ER, does not have attached
ribosomes. Smooth ER synthesizes the phospholipids that
occur in membranes and has various other functions
depending on the particular cell. In the testes, it produces
testosterone, and in the liver it helps detoxify drugs. Regard-
less of any specialized function, smooth ER also forms vesi-
cles in which large molecules are transported to other parts
of the cell. Often these vesicles are on their way to the plas-
ma membrane or the Golgi apparatus.

ER is involved in protein synthesis (rough ER) and
various other processes such as lipid synthesis
(smooth ER). Molecules that are produced or
modified in the ER are eventually enclosed in
vesicles that often transport them to the Golgi
apparatus.
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Figure 3.5 The endoplasmic reticulum (ER).
a. Rough ER has attached ribosomes but smooth ER does not.
b. Rough ER appears to be flattened saccules, while smooth ER is a
network of interconnected tubules. c. A protein made on a ribosome
moves into the lumen of the system and eventually is packaged in a
transport vesicle for distribution inside the cell.
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c.

b.
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The Golgi Apparatus
The Golgi apparatus is named for Camillo Golgi, who dis-
covered its presence in cells in 1898. The Golgi apparatus
consists of a stack of three to twenty slightly curved saccules
whose appearance can be compared to a stack of pancakes
(Fig. 3.6). In animal cells, one side of the stack (the inner
face) is directed toward the ER, and the other side of the
stack (the outer face) is directed toward the plasma mem-
brane. Vesicles can frequently be seen at the edges of the
saccules.

The Golgi apparatus receives protein and/or lipid-
filled vesicles that bud from the ER. Some biologists
believe that these fuse to form a saccule at the inner face
and that this saccule remains as a part of the Golgi appara-
tus until the molecules are repackaged in new vesicles at
the outer face. Others believe that the vesicles from the ER
proceed directly to the outer face of the Golgi apparatus,
where processing and packaging occurs within its saccules.

The Golgi apparatus contains enzymes that modify
proteins and lipids. For example, it can add a chain of sug-
ars to proteins, thereby making them glycoproteins and
glycolipids, which are molecules found in the plasma
membrane.

The vesicles that leave the Golgi apparatus move to
different locations in the cell. Some vesicles proceed to the
plasma membrane, where they discharge their contents.
Because this is secretion, it is often said that the Golgi
apparatus is involved in processing, packaging, and
secretion. Other vesicles that leave the Golgi apparatus
are lysosomes.

The Golgi apparatus processes, packages, and
distributes molecules about or from the cell. It is
also said to be involved in secretion.
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Figure 3.6 The Golgi apparatus.
The Golgi apparatus receives transport vesicles containing proteins
from smooth ER. After modifying the proteins, it repackages them in
either secretory vesicles or in lysosomes. When lysosomes combine
with newly formed vesicles, their contents are digested. Lysosomes
also break down cellular components.
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Lysosomes
Lysosomes are membrane-bounded vesicles produced by
the Golgi apparatus in animal cells and plant cells. Lyso-
somes contain hydrolytic digestive enzymes.

Sometimes macromolecules are brought into a cell by
vesicle formation at the plasma membrane (Fig. 3.6). When
a lysosome fuses with such a vesicle, its contents are digest-
ed by lysosomal enzymes into simpler subunits that then
enter the cytoplasm. Some white blood cells defend the
body by engulfing bacteria that are then enclosed within
vesicles. When lysosomes fuse with these vesicles, the bac-
teria are digested. It should come as no surprise, then, that
even parts of a cell are digested by its own lysosomes
(called autodigestion). Normal cell rejuvenation most likely
takes place in this manner, but programmed cell destruc-
tion occurs during development. For example, when a tad-
pole becomes a frog, lysosomes digest away the cells of the
tail. The fingers of a human embryo are at first webbed, but
they are freed from one another as a result of lysosomal
action.

Occasionally, a child is born with a metabolic disorder
involving a missing or inactive lysosomal enzyme. In these
cases, the lysosomes fill to capacity with macromolecules
that cannot be broken down. The cells become so full of
these lysosomes that the child dies. Someday soon it may
be possible to provide the missing enzyme for these
children.

Lysosomes are produced by a Golgi apparatus,
and their hydrolytic enzymes digest
macromolecules from various sources.

Peroxisomes
Peroxisomes, similar to lysosomes, are membrane-bounded
vesicles that enclose enzymes (Fig. 3.7). These enzymes were
synthesized by free ribosomes and imported directly into a
peroxisome. Peroxisomes contain enzymes for oxidizing
certain organic substances with the formation of hydrogen
peroxide (H2O2):

RH2 + O2 £ R + H2O2

Hydrogen peroxide, a toxic molecule, is immediately broken
down to water and oxygen by another peroxisomal enzyme
called catalase. Peroxisomes are abundant in cells that
metabolize lipids and in liver cells that metabolize alcohol.
They help detoxify alcohol.

Peroxisomes play additional roles in plants. In germi-
nating seeds, they oxidize fatty acids into molecules that can
be converted to sugars needed by the growing plant. In
leaves, peroxisomes can carry out a reaction that is opposite
to photosynthesis—the reaction uses up oxygen and releases
carbon dioxide.
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Figure 3.7 Peroxisome in a tobacco leaf.
Peroxisomes are vesicles that oxidize organic substances with a
resulting build-up of hydrogen peroxide. The crystalline, squarelike
core of a peroxisome contains the enzyme catalase, which breaks
down hydrogen peroxide (H2O2) to water and oxygen.

Vacuoles
A vacuole is a large membranous sac. A vesicle is smaller
than a vacuole. Animal cells have vacuoles, but they are
much more prominent in plant cells. Typically, plant cells
have a large central vacuole so filled with a watery fluid that
it gives added support to the cell (see Fig. 3.3).

Vacuoles store substances. Plant vacuoles contain not
only water, sugars, and salts but also pigments and toxic
molecules. The pigments are responsible for many of the
red, blue, or purple colors of flowers and some leaves. The
toxic substances help protect a plant from herbivorous ani-
mals. The vacuoles present in unicellular protozoans are
quite specialized, and they include contractile vacuoles for
ridding the cell of excess water and digestive vacuoles for
breaking down nutrients.

The organelles of the endomembrane system
are as follows:

Endoplasmic reticulum (ER): synthesis and
modification and transport of proteins and
other substances
Rough ER: protein synthesis
Smooth ER: lipid synthesis in particular

Golgi apparatus: processing, packaging, and 
distribution of protein molecules

Lysosomes: intracellular digestion
Peroxisomes: various metabolic tasks
Vacuoles: storage areas
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Energy-Related Organelles
Life is possible only because of a constant input of energy
used for maintenance and growth. Chloroplasts and mito-
chondria are the two eukaryotic membranous organelles
that specialize in converting energy to a form that can be
used by the cell. Chloroplasts use solar energy to synthesize
carbohydrates, and carbohydrate-derived products are bro-
ken down in mitochondria (sing., mitochondrion) to pro-
duce ATP molecules.
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Photosynthesis, which occurs in chloroplasts, is the
process by which solar energy is converted to chemical ener-
gy within carbohydrates. Photosynthesis can be represented
by this equation:

Here the word energy stands for solar energy, the ultimate
source of energy for cellular organization. Only plants,
algae, and cyanobacteria are capable of carrying on photo-
synthesis in this manner.

Cellular respiration is the process by which the chemical
energy of carbohydrates is converted to that of ATP (adeno-
sine triphosphate), the common carrier of chemical energy
in cells. Aerobic cellular respiration can be represented by
this equation:

Here the word energy stands for ATP molecules. When a
cell needs energy, ATP supplies it. The energy of ATP is
used for synthetic reactions, active transport, and all
energy-requiring processes in cells. All organisms carry on
cellular respiration, and all organisms except bacteria
complete the process of aerobic cellular respiration in
mitochondria.

carbon dioxide + water + energycarbohydrate + oxygen

light energy + carbon dioxide + water carbohydrate + oxygen

Figure 3.8 Chloroplast structure.
a. Electron micrograph. b. Generalized drawing in which the outer and inner membranes have been cut away to reveal the grana.
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Chloroplasts
Plant cells contain chloroplasts, the organelles that allow
them to produce their own organic food. Chloroplasts are
about 4–6 µm in diameter and 1–5 µm in length; they belong
to a group of organelles known as plastids. Among the plas-
tids are also the amyloplasts, common in roots, which store
starch; and the chromoplasts, common in leaves, which con-
tain red and orange pigments. A chloroplast is green, of
course, because it contains the green pigment chlorophyll. 

A chloroplast is bounded by two membranes that
enclose a fluid-filled space called the stroma. A membrane
system within the stroma is organized into interconnected
flattened sacs called thylakoids. In certain regions, the thy-
lakoids are stacked up in structures called grana (sing.,
granum). There can be hundreds of grana within a single
chloroplast (Fig. 3.8). Chlorophyll, which is located within
the thylakoid membranes of grana, captures the solar ener-
gy that is needed to allow chloroplasts to produce carbohy-
drates. The stroma contains DNA, ribosomes, and enzymes
that synthesize carbohydrates from carbon dioxide and
water.

Mitochondria
All eukaryotic cells, including plant cells, contain mitochon-
dria. This means that plant cells contain both chloroplasts
and mitochondria. Most mitochondria are usually 
0.5–1.0 µm in diameter and 2–5 µm in length. 

Mitochondria, like chloroplasts, are bounded by a dou-
ble membrane (Fig. 3.9). In mitochondria the inner fluid-
filled space is called the matrix. The matrix contains DNA,
ribosomes, and enzymes which break down carbohydrate
products, releasing energy that is used for ATP production. 

The inner membrane of a mitochondrion invaginates to
form cristae. Cristae provide a much greater surface area to
accommodate the protein complexes and other participants
that produce ATP. 

Mitochondria and chloroplasts are able to make some
proteins, but others are imported from the cytoplasm.

Chloroplasts and mitochondria are membranous
organelles whose structure lends itself to the
processes that occur within them.
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Figure 3.9 Mitochondrion structure.
a. Electron micrograph. b. Generalized drawing in which the outer membrane and portions of the inner membrane have been cut away to reveal
the cristae.
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The Cytoskeleton
The cytoskeleton is a network of interconnected filaments
and tubules that extends from the nucleus to the plasma
membrane in eukaryotic cells. Prior to the 1970s, it was
believed that the cytoplasm was an unorganized mixture of
organic molecules. Then, high-voltage electron micro-
scopes, which can penetrate thicker specimens, showed
that the cytoplasm was instead highly organized. The tech-
nique of immunofluorescence microscopy identified the
makeup of specific protein fibers within the cytoskeletal
network (Fig. 3.10).

The name cytoskeleton is convenient in that it allows us
to compare the cytoskeleton to the bones and muscles of an
animal. Bones and muscles give an animal structure and
produce movement. Similarly, we will see that the ele-
ments of the cytoskeleton maintain cell shape and cause
the cell and its organelles to move. The cytoskeleton is
dynamic; elements undergo rapid assembly and disassem-
bly by monomers continuously entering or leaving the
polymer. These changes occur at rates that are measured in
seconds and minutes. The entire cytoskeletal network can
even disappear and reappear at various times in the life of
a cell. Before a cell divides, for instance, the elements dis-
assemble and then reassemble into a structure called a
spindle that distributes chromosomes in an orderly man-
ner. At the end of cell division, the spindle disassembles
and the elements reassemble once again into their former
array.

The cytoskeleton contains three types of elements: actin
filaments, intermediate filaments, and microtubules, which
are responsible for cell shape and movement.

Actin Filaments
Actin filaments (formerly called microfilaments) are long,
extremely thin fibers (about 7 nm in diameter) that occur in
bundles or meshlike networks. The actin filament contains
two chains of globular actin monomers twisted about one
another in a helical manner.

Actin filaments play a structural role when they form a
dense complex web just under the plasma membrane, to
which they are anchored by special proteins. They are also
seen in the microvilli that project from intestinal cells, and
their presence most likely accounts for the ability of
microvilli to alternately shorten and extend into the intes-
tine. In plant cells, they apparently form the tracks along
which chloroplasts circulate or stream in a particular direc-
tion. Also, the presence of a network of actin filaments lying
beneath the plasma membrane accounts for the formation of
pseudopods, extensions that allow certain cells to move in
an amoeboid fashion.

How are actin filaments involved in the movement of
the cell and its organelles? They interact with motor mole-
cules, which are proteins that move along either actin

filaments or microtubules. These motor molecules accom-
plish this by attaching, detaching, and reattaching farther
along the actin filament or microtubule. In the presence of
ATP, the motor molecule myosin attaches, detaches, and
reattaches to actin filaments. Myosin has both a head and
a tail. In muscle cells, the tails of several muscle myosin
molecules are joined to form a thick filament. In nonmus-
cle cells, cytoplasmic myosin tails are bound to mem-
branes but the heads still interact with actin.

During animal cell division the two new cells form when
actin, in conjunction with myosin, pinches off the cells from
one another. 

Microtubules
Microtubules are small hollow cylinders about 25 nm in
diameter and from 0.2–25 µm in length.

Microtubules are made of a globular protein called
tubulin. When microtubules assemble, tubulin molecules
come together as dimers and the dimers arrange themselves
in rows. Microtubules have 13 rows of tubulin dimers sur-
rounding what appears in electron micrographs to be an
empty central core. 

In many cells the regulation of microtubule assembly
is under the control of a microtubule organizing center,
called the centrosome, which lies near the nucleus. Micro-
tubules help maintain the shape of the cell and act as
tracks along which organelles can move. Whereas the
motor molecule myosin is associated with actin filaments,
the motor molecules kinesin and dynein move along
microtubules. One type of kinesin is responsible for mov-
ing vesicles along microtubules, including those that arise
from the ER. 

vesicle moves, not microtubule

ATP

vesicle

kinesin

kinesin
receptor

actin filament

myosin
molecules

anchor head membrane

ATP ADP +  P
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Figure 3.10 The cytoskeleton.
a. Diagram comparing the size relationship of actin filaments,
intermediate filaments, and microtubules. b. Actin filaments as they
appear in a cell and in diagram. c. Microtubules as they appear in the
cell and in diagram. The filaments and tubules are visible following
immunofluorescence, a technique that binds fluorescent antibodies
to specific proteins in cells. d. Intermediate filaments as they appear
in the cell and in diagram. 

There are different types of kinesin proteins, each special-
ized to move one kind of vesicle or cellular organelle. A
second type of cytoplasmic motor molecule is called cyto-
plasmic dynein because it is closely related to the molecule
dynein found in flagella.

Intermediate Filaments 
Intermediate filaments (8–11 nm in diameter) are intermedi-
ate in size between actin filaments and microtubules. They
are a ropelike assembly of fibrous polypeptides that support
the nuclear envelope and the plasma membrane. In the skin,
intermediate filaments made of the protein keratin give
great mechanical strength to skin cells. Recent work has
shown intermediate filaments to be highly dynamic. They
also are able to assemble and disassemble in the same man-
ner as actin filaments and microtubules.

The cytoskeleton contains actin filaments,
intermediate filaments, and microtubules. These
maintain cell shape and allow organelles to move
within the cytoplasm. Sometimes they are also
involved in movement of the cell itself. 
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Centrioles
Centrioles are short cylinders with a 9 � 0 pattern of micro-
tubule triplets—that is, a ring having nine sets of triplets
with none in the middle (Fig. 3.11). In animal cells and most
protists, a centrosome contains two centrioles lying at right
angles to each other. The centrosome is the major micro-
tubule organizing center for the cell. Therefore, it is possible
that centrioles are also involved in the process by which
microtubules assemble and disassemble.

Before an animal cell divides, the centrioles replicate
and the members of each pair are at right angles to one
another (Fig. 3.11). Then each pair becomes part of a sepa-
rate centrosome. During cell division the centrosomes move
apart and may function to organize the mitotic spindle. In
any case, each new cell has its own centrosome. Plant cells
have the equivalent of a centrosome but it does not contain
centrioles, suggesting that centrioles are not necessary to the
assembly of cytoplasmic microtubules.

In cells with cilia and flagella, centrioles are believed to
give rise to basal bodies that direct the organization of
microtubules within these structures. In other words, a basal
body may do for a cilium (or flagellum) what the centro-
some does for the cell.

Centrioles, which are short cylinders with a 9 + 0
pattern of microtubule triplets, may be involved in
microtubule organization and in the formation of
cilia and flagella.

Cilia and Flagella
Cilia and flagella are hairlike projections that can move
either in an undulating fashion, like a whip, or stiffly, like an
oar. Cells that have these organelles are capable of move-
ment. For example, unicellular paramecia move by means of
cilia, whereas sperm cells move by means of flagella. The
cells that line our upper respiratory tract have cilia that
sweep debris trapped within mucus back up into the throat,
where it can be swallowed. This action helps keep the lungs
clean.

In eukaryotic cells, cilia are much shorter than flagella,
but they have a similar construction. Both are membrane-
bounded cylinders enclosing a matrix area. In the matrix are
nine microtubule doublets arranged in a circle around two
central microtubules. Cilia and flagella move when the
microtubule doublets slide past one another (Fig. 3.12).

As mentioned, each cilium and flagellum has a basal
body lying in the cytoplasm at its base. Basal bodies have the
same circular arrangement of microtubule triplets as centri-
oles and are believed to be derived from them. It is possible
that basal bodies organize the microtubules within cilia and
flagella, but this is not supported by the observation that cil-
ia and flagella grow by the addition of tubulin dimers to
their tips.

Cilia and flagella, which have a 9 � 2 pattern of
microtubules, are involved in the movement of
cells.
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Figure 3.11 Centrioles.
In a nondividing cell there is a pair of centrioles in a centrosome outside the nucleus. Just before a cell divides, the centrosome divides so that
there are two pairs of centrioles. During cell division, the centrosomes separate so that each new cell has one pair of centrioles.
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Figure 3.12 Structure of a flagellum or cilium.
A basal body derived from a centriole is at the base of a flagellum or cilium. The shaft of a flagellum (or cilium) contains microtubule doublets
whose side arms are motor molecules that cause the flagellum (such as those of sperm) to move. Without the ability of sperm to move to the
egg, human reproduction would not be possible. 
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Flagellum
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of nine microtubule 
doublets anchored 
to a central pair of 
microtubules. The side arms of each

doublet are composed
of dynein, a motor
molecule.

In the presence of ATP,
the dynein side arms
reach out to their
neighbours and bending
occurs.

The basal body of a flagellum
has a ring of nine 
microtubule triplets with no
central microtubules.

Flagellum 
cross section

Sperm

25 nmflagellum

plasma
membrane

Basal body
cross section

Basal body

triplets

100 nm

outer
microtubule
doublet

dynein
side arms
central
microtubules

radial
spoke

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


3.3 Prokaryotic Cells
Bacteria are prokaryotic cells in the kingdom Monera. Most
bacteria are 1–10 µm in size; therefore, they are just visible
with the light microscope.

Figure 3.13 illustrates the main features of bacterial
anatomy. The cell wall contains peptidoglycan, a complex
molecule with chains of a unique amino disaccharide joined
by peptide chains. In some bacteria, the cell wall is further
surrounded by a capsule and/or gelatinous sheath called a
slime layer. Motile bacteria usually have long, very thin
appendages called flagella (sing., flagellum) that are com-
posed of subunits of the protein called flagellin. The flagella,
which rotate like propellers, rapidly move the bacterium in
a fluid medium. Some bacteria also have fimbriae, which are
short appendages that help them attach to an appropriate
surface.

A membrane called the plasma membrane regulates the
movement of molecules into and out of the cytoplasm, the
interior of the cell. Cytoplasm in a prokaryotic cell consists of
a semifluid medium, and thousands of granular inclusions
called ribosomes that coordinate the synthesis of proteins. In
prokaryotes, most genes are found within a single chromo-
some (loop of DNA, or deoxyribonucleic acid) located within
the nucleoid, but they may also have small accessory rings of

DNA called plasmids. In addition, the photosynthetic
cyanobacteria have light-sensitive pigments, usually within
the membranes of flattened disks called thylakoids.

Although bacteria seem fairly simple, they are actually
metabolically diverse. Bacteria are adapted to living in
almost any kind of environment and are diversified to the
extent that almost any type of organic matter can be used as
a nutrient for some particular bacterium. Given an energy
source, most bacteria are able to synthesize any kind of mol-
ecule they may need. Therefore, the cytoplasm is the site of
thousands of chemical reactions and bacteria are more meta-
bolically competent than are human beings. Indeed, the
metabolic capability of bacteria is exploited by humans who
use them to produce a wide variety of chemicals and prod-
ucts for human use.

Bacteria are prokaryotic cells with these
constant features.

Outer boundary: cell wall
plasma membrane

Cytoplasm: ribosomes
thylakoids (cyanobacteria)
innumerable enzymes

Nucleoid: chromosome (DNA only)
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Figure 3.13 Prokaryotic cells.
a. Nonphotosynthetic bacterium. b. Cyanobacterium, a photosynthetic bacterium, formerly called a blue-green alga. 
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3.4 Evolution of the Eukaryotic Cell
Invagination of the plasma membrane might explain the
origin of the nuclear envelope and organelles such as the
endoplasmic reticulum and the Golgi apparatus. Some
believe that the other organelles could also have arisen in
this manner. But another hypothesis has been put forth. It
has been observed that in the laboratory an amoeba in-
fected with bacteria can become dependent upon them.
Some investigators believe that mitochondria and chloro-
plasts are derived from prokaryotes that were taken up by
a much larger cell (Fig. 3.14). Perhaps mitochondria were
originally aerobic heterotrophic bacteria and chloroplasts
were originally cyanobacteria. The host cell would have
benefited from an ability to utilize oxygen or synthesize
organic food when by chance the prokaryote was not
destroyed. Therefore, after these prokaryotes entered by
endocytosis, a symbiotic relationship was established. Some
of the evidence for the endosymbiotic hypothesis is as
follows:

1. Mitochondria and chloroplasts are similar to bacteria in
size and in structure.

2. Both organelles are bounded by a double membrane—
the outer membrane may be derived from the
engulfing vesicle, and the inner one may be derived
from the plasma membrane of the original prokaryote. 

3. Mitochondria and chloroplasts contain a limited
amount of genetic material and divide by splitting.
Their DNA (deoxyribonucleic acid) is a circular loop
like that of bacteria.

4. Although most of the proteins within mitochondria
and chloroplasts are now produced by the eukaryotic
host, they do have their own ribosomes and they do
produce some proteins. Their ribosomes resemble those
of bacteria. 

5. The RNA (ribonucleic acid) base sequence of their
ribosomes suggests a eubacterial origin for chloroplasts
and mitochondria.

It’s just possible also that the flagella of eukaryotes are
derived from an elongated bacterium that became attached
to a host cell (Fig. 3.14). However, it is important to remem-
ber that the flagella of eukaryotes are constructed different-
ly. In any case, the acquisition of basal bodies, which could
have become centrioles, may have led to the ability to form
a spindle during cell division.

According to the endosymbiotic hypothesis,
heterotrophic bacteria became mitochondria and
cyanobacteria became chloroplasts after being
taken up by precursors to modern-day eukaryotic
cells.
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Figure 3.14 Evolution of the eukaryotic cell.
Invagination of the plasma membrane could account for the formation of the nucleus and certain other organelles. The endosymbiotic hypothesis
suggests that mitochondria, chloroplasts, and flagella are derived from prokaryotes that were taken up by a much larger eukaryotic cell.
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Summarizing the Concepts

3.1 The Cellular Level of Organization
All organisms are composed of cells, the smallest units of living
matter. Cells are capable of self-reproduction, and existing cells
come only from preexisting cells. Cells are very small and are mea-
sured in micrometers. The plasma membrane regulates exchange
of materials between the cell and the external environment. Cells
must remain small in order to have an adequate amount of surface
area per cell volume.

3.2 Eukaryotic Cells 
The nucleus of eukaryotic cells, represented by animal and plant
cells, is bounded by a nuclear envelope containing pores. These
pores serve as passageways between the cytoplasm and the nucle-
oplasm. Within the nucleus, the chromatin undergoes coiling into
chromosomes at the time of cell division. The nucleolus is a special
region of the chromatin where rRNA is produced and where pro-
teins from the cytoplasm gather to form ribosomal subunits. These
subunits are joined in the cytoplasm.

Ribosomes are organelles that function in protein synthesis.
They can be bound to ER or exist within the cytoplasm singly or in
groups called polyribosomes.

The endomembrane system includes the ER (both rough and
smooth), the Golgi apparatus, the lysosomes, and other types of
vesicles and vacuoles. The endomembrane system serves to com-
partmentalize the cell and keep the various biochemical reactions
separate from one another. Newly produced proteins enter the ER
lumen, where they may be modified before proceeding to the inte-
rior of the smooth ER. The smooth ER has various metabolic func-
tions depending on the cell type, but it also forms vesicles that
carry proteins and lipids to different locations, particularly to the
Golgi apparatus. The Golgi apparatus processes proteins and
repackages them into lysosomes, which carry out intracellular
digestion, or into vesicles that fuse with the plasma membrane.

Following fusion, secretion occurs. The endomembrane system
also includes peroxisomes that have special enzymatic functions.
Peroxisomes contain enzymes that oxidize molecules by producing
hydrogen peroxide that is subsequently broken down. The large
single plant cell vacuole not only stores substances but lends sup-
port to the plant cell.

Cells require a constant input of energy to maintain their
structure. Chloroplasts capture the energy of the sun and carry on
photosynthesis, which produces carbohydrate. Carbohydrate-
derived products are broken down in mitochondria as ATP is pro-
duced. This is an oxygen-requiring process called aerobic
respiration. 

The cytoskeleton contains actin filaments, intermediate fila-
ments, and microtubules. These maintain cell shape and allow it
and the organelles to move. Actin filaments, the thinnest filaments,
interact with the motor molecule myosin in muscle cells to bring
about contraction; in other cells, they pinch off daughter cells and
have other dynamic functions. Intermediate filaments support the
nuclear envelope and the plasma membrane and probably partici-
pate in cell-to-cell junctions. Microtubules radiate out from the cen-
trosome and are present in centrioles, cilia, and flagella. They serve
as tracks along which vesicles and other organelles move due to
the action of specific motor molecules.

3.3 Prokaryotic Cells 
There are two major groups of cells: prokaryotic and eukaryotic.
Both types have a plasma membrane and cytoplasm. Eukaryotic
cells also have a nucleus and various organelles. Prokaryotic cells
have a nucleoid that is not bounded by a nuclear envelope. They
also lack most of the other organelles that compartmentalize
eukaryotic cells. 

3.4 Evolution of the Eukaryotic Cell
The nuclear envelope most likely evolved through invagination of
the plasma membrane, but mitochondria and chloroplasts may
have arisen through endosymbiotic events.
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As the cell theory tells us, cells can’t be
manufactured. Therefore, unlike medi-

cations such as certain hormones and vac-
cines, which are now biotechnology
products, the only way to get human cells
is from previous human cells. No wonder,
then, there is a market in blood cells which
are easily accessible. Viacord is in the busi-
ness of storing umbilical blood for possi-
ble future use by expectant parents. It only
costs an initial outlay of $2,500 and a year-
ly fee of $95.

The blood in a baby’s umbilical cord is
rich in stem cells, which give rise to all the
other types of blood cells within an adult’s
red bone marrow. Should the parent’s or
the child’s red bone marrow be destroyed
by disease or cancer treatment, these stem

cells will bring the red bone marrow back
to life. Viacord says that stem-cell banking
is a kind of insurance, but there is no doubt
it capitalizes on our fear of future illness.

The banking of umbilical cord blood is
a new idea. Suppose you are an elderly can-
cer patient, could you buy stem cells from
someone else? The U.S. National Organ
Transplant Act (NOTA) bans interstate com-
merce in the sale of transplant organs but
excludes tissues such as blood or sperm,
which are replenishable. The answer, then,
is most likely yes, especially if the parents
now find themselves in need of cash.

Where would you draw the line in the
traffic of human parts? In 1984, John Moore
sued his doctor for using, without his con-
sent, tissue from his cancerous spleen to

create a commercial cell line now valued at
about $3 billion in profits. The California
Supreme Court ruled against him because
it might deter the work of research scien-
tists. Was that right and proper?

Questions
1. Should there be any restrictions in the

buying and selling of transplant organs,
blood, or blood products? Why or why
not?

2. Who should have the rights to tissues that
are used to start up commercial cell lines,
the person who donated the cells or the
investigator who established the line, or
both?

3. Who should get to use stored umbilical
blood? Only family members, or also a
paying customer? After all, some parents
have several children. 
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Studying the Concepts

1. What are the two basic tenets of the cell theory? 46
2. Why is it advantageous for cells to be small? 48
3. Distinguish between the nucleolus, rRNA, and ribosomes.

52–53
4. Describe the structure and the function of the nuclear enve-

lope and the nuclear pores. 52
5. Trace the path of a protein from rough ER to the plasma

membrane. 53
6. Give the overall equations for photosynthesis and cellular

respiration, contrast the two, and tell how they are related.
56

7. What are the three components of the cytoskeleton? What are
their structures and functions? 58–59

8. What similar features do prokaryotic cells and eukaryotic
cells have? What is their major difference? 62

9. Contrast the structure of chloroplasts and mitochondria. 63
10. Describe the endosymbiotic hypothesis and the evidence to

support it. 63

Testing Yourself

Choose the best answer for each question.
1. The small size of cells is best correlated with

a. the fact they are self-reproducing.
b. their prokaryotic versus eukaryotic nature.
c. an adequate surface area for exchange of materials.
d. their vast versatility.
e. All of these are correct.

2. Which of these is not found in the nucleus?
a. functioning ribosomes
b. chromatin that condenses to chromosomes
c. nucleolus that produces rRNA
d. nucleoplasm instead of cytoplasm
e. DNA making up the genes.

3. Vesicles from the smooth ER most likely are on their way to
the
a. rough ER.
b. lysosomes.
c. Golgi apparatus.
d. plant cell vacuole only.
e. cell wall of adjoining cells.

4. Lysosomes function in 
a. protein synthesis.
b. processing and packaging.
c. intracellular digestion.
d. lipid synthesis.
e. All of these are correct.

5. Mitochondria
a. are involved in cellular respiration.
b. break down ATP to release energy for cells.
c. contain grana and cristae.
d. have a convoluted outer membrane. 
e. All of these are correct.

6. Which organelle releases oxygen?
a. ribosome
b. Golgi apparatus
c. mitochondrion
d. peroxisome

7. Which of these is not true?
a. Actin filaments are found in muscle cells.
b. Microtubules radiate out from the ER.
c. Intermediate filaments sometimes contain keratin.
d. Motor molecules use microtubules as tracks.
e. Cilia and flagella are constructed similarly.

8. Cilia and flagella
a. bend when microtubules try to slide past one another.
b. contain myosin that pulls on actin filaments.
c. are organized by basal bodies derived from centrioles.
d. are of the same length.
e. Both a and c are correct.

9. Which organelle would not have originated by endosymbio-
sis?
a. mitochondria
b. flagella
c. nucleus
d. chloroplasts
e. All of these are correct.

10. Which structure would be found in a prokaryotic cell?
a. cell wall, ribosomes, thylakoids, chromosome
b. cell wall, plasma membrane, nucleus, flagellum
c. nucleoid region, ribosomes, chloroplasts, capsule
d. plasmid, ribosomes, enzymes, DNA, mitochondria
e. chlorophyll, enzymes, Golgi apparatus, plasmids 

11. Label these parts of the cell that are involved in protein syn-
thesis and modification. Give a function for each structure.
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Understanding the Terms

bacteria 62
capsule 62
cell 46
cell theory 46
cell wall 49
centriole 60
centrosome 58
chloroplast 56
chromatin 52
chromosome 52
cilium (pl., cilia) 60
cristae 57
cytoplasm 49
cytoskeleton 58
endoplasmic reticulum 53
endosymbiotic hypothesis

63
eukaryotic cell 49
flagellum (pl., flagella) 60
Golgi apparatus 54
granum 57
lysosome 55
matrix 57

microtubule 58
mitochondrion 56
motor molecule 58
nuclear envelope 52
nuclear pore 52
nucleoid 62
nucleolus (pl., nucleoli) 52
nucleoplasm 52
nucleus 52
organelle 49
peroxisome 55
plasma membrane 49
plasmid 62
polyribosome 53
prokaryotic cell 62
ribosome 53
secretion 54
slime layer 62
stroma 57
thylakoid 57
vacuole 55
vesicle 53

Match the terms to these definitions:
a. Area in prokaryotic cell where DNA is found. 
b. Dark-staining, spherical body in the nucleus that

produces ribosomal subunits.
c. Internal framework of the cell, consisting of

microtubules, actin filaments, and intermediate filaments.
d. Organelle consisting of saccules and vesicles that

processes, packages, and distributes molecules about or from
the cell.

e. System of membranous saccules and channels in
the cytoplasm, often with attached ribosomes.

Thinking Scientifically

1. To study movement of molecules in the cell:
a. It is possible to bathe a cell in radioactively tagged amino

acids and then later to detect photographically the location
of radiation, and therefore the amino acids in the cell. Why
would you suggest using radioactive sulfur (i.e., the amino
acids cysteine and methionine contain sulfur) rather than
radioactive carbon?

b. An investigator uses the procedure outlined in question a
to support the belief that proteins move from the cyto-
plasm into the nucleus. If so, where will radiation first
appear, and where will it subsequently appear in the cell?
(page 52)

c. An investigator uses this same procedure to support the
belief that proteins move from the rough ER to secretory
vesicles. Where will the radiation first appear, and where
will it subsequently appear in the cell? (page 53)

2. A microtubular spindle apparatus appears in plant and ani-
mal cells at the time of cell division.
a. Why does this suggest that centrioles are not necessary to

the formation of the spindle apparatus?
b. What evidence is there to suggest centrioles are necessary

to microtubule organization in animal cells?
c. In animal cells, each newly formed cell receives a pair of

centrioles. Why might centrioles be necessary to animal
cells but not to most plant cells? (page 60)

Using Technology

Your study of cell structure and function is supported by these
available technologies:

Essential Study Partner CD-ROM
Cells ££ Cell Structures

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Human Body ££ Clinical Concepts Cell Components

Life Science Animations 3D Video
3 Cellular Secretion
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Membrane
Structure and
Function

Chapter Concepts

4.1 Plasma Membrane Structure and Function
• The plasma membrane regulates the passage of

molecules into and out of the cell. 68
• The membrane contains lipids and proteins. Each

protein has a specific function. 70

4.2 The Permeability of the Plasma Membrane 
• Some substances, particularly small, noncharged

molecules, pass freely across the plasma
membrane. Ions and other types of molecules
need assistance to cross the membrane. 72

4.3 Diffusion and Osmosis 
• Molecules spontaneously diffuse (move from an

area of higher concentration to an area of lower
concentration), and some can diffuse across a
plasma membrane. 73

• Water diffuses across the plasma membrane, and
this can affect cell size and shape. 74

4.4 Transport by Carrier Proteins 
• Carrier proteins assist the transport of some ions

and molecules across the plasma membrane. 76

4.5 Exocytosis and Endocytosis 
• Vesicle formation takes other substances 

into the cell, and vesicle fusion with the plasma
membrane discharges substances from the 
cell. 78

A single cell about to be pierced by a fine probe so that DNA can
be removed by the suction tube on the bottom. An intact plasma
membrane is necessary to the life of any cell and if it is ruptured
the cell cannot continue to exist.
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4.1 Plasma Membrane Structure and
Function
The plasma membrane is a phospholipid bilayer in which
protein molecules are either partially or wholly embedded
(Fig. 4.1). The phospholipid bilayer has a fluid consistency,
comparable to that of light oil. The proteins are scattered
throughout the membrane; therefore they form a mosaic pat-
tern. This description of the plasma membrane is called the
fluid-mosaic model of membrane structure.

Phospholipids spontaneously arrange themselves into
a bilayer. The hydrophilic (water loving) polar heads of
the phospholipid molecules face the outside and inside of
the cell where water is found, and the hydrophobic (water
fearing) nonpolar tails face each other (Fig. 4.1). In
addition to phospholipids, there are two other types of
lipids in the plasma membrane. Glycolipids have a struc-
ture similar to phospholipids except that the hydrophilic
head is a variety of sugars joined to form a straight or
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Banners flying on a castle wall mark off the community
within from the surrounding countryside. Inside, resi-
dents go about their appointed tasks for the good of

the community. Commands passed along from royalty to
knights to workers are obeyed by all. The almost impenetra-
ble wall prevents the enemy without from entering and dis-
turbing the peace within. Only certain small creatures can
pass through the open slitlike windows, and the drawbridge
must be lowered for most needed supplies. 

The plasma membrane, which carries markers identify-
ing it as belonging to the individual, can be likened to the cas-
tle wall. Under the command of the nucleus, the organelles
carry out their specific functions and contribute to the work-
ing of the cell as a whole. Very few molecules can freely cross
the membrane, and most nutrients must be transported
across by special carriers. The cell uses these nutrients as a
source of building blocks and energy to maintain the cell. The
operations of the cell will continue only as long as the plasma
membrane selectively permits specific materials to enter and
leave and prevents the passage of others.

Outside cell

Inside cell
filaments of
the cytoskeleton

peripheral
protein

cholesterol

integral
protein

phospholipid
bilayer

glycolipid glycoprotein
carbohydrate
chain

hydrophilic
heads

hydrophilic
heads

hydrophobic
tails

plasma
membrane

Figure 4.1 Fluid-mosaic model of plasma membrane structure. 
The membrane is composed of a phospholipid bilayer in which proteins are embedded. The hydrophilic heads of phospholipids are a part of the
outside surface and the inside surface of the membrane. The hydrophobic tails make up the interior of the membrane. Note the plasma
membrane’s asymmetry—carbohydrate chains are attached to the outside surface and cytoskeleton filaments are attached to the inside surface.
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branching carbohydrate chain. Cholesterol is a lipid that is
found in animal plasma membranes; related steroids are
found in the plasma membrane of plants. Cholesterol re-
duces the permeability of the membrane to most biological
molecules.

The proteins in a membrane may be peripheral proteins
or integral proteins. Peripheral proteins occur either on the
outside or the inside surface of the membrane. Some of these
are anchored to the membrane by covalent bonding. Still
others are held in place by noncovalent interactions that can
be disrupted by gentle shaking or by change in the pH.

Integral proteins are found within the membrane and
have hydrophobic regions embedded within the membrane
and hydrophilic regions that project from both surfaces of
the bilayer:

move through the hydrophobic center of the membrane.)
The fluidity of a phospholipid bilayer means that cells are
pliable. Imagine if they were not—the long nerve fibers in
your neck would crack whenever you nodded your head!

Although some proteins are often held in place by cy-
toskeletal filaments, in general proteins are free to drift lat-
erally in the fluid lipid bilayer. This has been demonstrated
by fusing mouse and human cells, and watching the move-
ment of tagged proteins (Fig. 4.2). Forty minutes after fu-
sion, the proteins are completely mixed. The fluidity of the
membrane is needed for the functioning of some proteins
such as enzymes which become inactive when the mem-
brane solidifies.

The fluidity of the membrane, which is dependent
on its lipid components, is critical to the proper
functioning of the membrane’s proteins.
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hydrophobic
region hydrophilic

regions

Many integral proteins are glycoproteins, which have
an attached carbohydrate chain. As with glycolipids, the
carbohydrate chain of sugars projects externally. There-
fore it can be said that the plasma membrane is “sugar-
coated.”

The plasma membrane is asymmetrical: the two halves
are not identical. The carbohydrate chains of the glyco-
lipids and proteins occur only on the outside surface and
the cytoskeletal filaments attach to proteins only on the inside
surface.

The plasma membrane consists of a phospholipid
bilayer. Peripheral proteins are found on the
outside and inside surface of the membrane.
Integral proteins span the lipid bilayer and often
have attached carbohydrate chains.

The Fluidity of the Plasma Membrane
At body temperature, the phospholipid bilayer of the
plasma membrane has the consistency of olive oil. The
greater the concentration of unsaturated fatty acid
residues, the more fluid is the bilayer. In each monolayer,
the hydrocarbon tails wiggle, and the entire phospholipid
molecule can move sideways at a rate averaging about
2 µm—the length of a prokaryotic cell—per second. (Phos-
pholipid molecules rarely flip-flop from one layer to the
other, because this would require the hydrophilic head to

mouse cell human cell

cell fusion

immediately after fusion

mixed membrane proteins

Figure 4.2 Experiment to demonstrate lateral drifting of
plasma membrane proteins.
After human and mouse cells fuse, the plasma membrane proteins of
the mouse (blue circles) and of the human cell (red circles) mix within
a short time.
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The Mosaic Quality of the Membrane
The plasma membranes of various cells and the membranes
of various organelles each have their own unique collections
of proteins. The proteins form different patterns according
to the particular membrane and also within the same mem-
brane at different times. When you consider that the plasma
membrane of a red blood cell contains over 50 different
types of proteins, you can see why the membrane is said to
be a mosaic.

The integral proteins largely determine a membrane’s
specific functions. As we will discuss in more detail, certain
plasma membrane proteins are involved in the passage of
molecules through the membrane. Some of these are chan-
nel proteins through which a substance can simply move
across the membrane; others are carrier proteins that com-
bine with a substance and help it to move across the mem-
brane. Still others are receptors; each type of receptor
protein has a shape that allows a specific molecule to bind to
it. The binding of a molecule, such as a hormone (or other
signal molecule), can cause the protein to change its shape
and bring about a cellular response. Some plasma mem-
brane proteins are enzymatic proteins that carry out meta-
bolic reactions directly. The peripheral proteins associated
with the membrane often have a structural role in that they
help stabilize and shape the plasma membrane.

Figure 4.3 depicts the various functions of membrane
proteins.

The mosaic pattern of a membrane is dependent
on the proteins, which vary in structure and function.

Cell–Cell Recognition
The carbohydrate chains of glycolipids and glycoproteins
serve as the “fingerprints” of the cell. The possible diversity
of the chain is enormous; it can vary by the number of sug-
ars (15 is usual, but there can be several hundred), by
whether the chain is branched, and by the sequence of the
particular sugars.

Glycolipids and glycoproteins vary from species to
species, from individual to individual of the same species,
and even from cell to cell in the same individual. Therefore,
they make cell–cell recognition possible. Researchers work-
ing with mouse embryos have shown that as development
proceeds, the different type cells of the embryo develop their
own carbohydrate chains and that these chains allow the tis-
sues and cells of the embryo to sort themselves out.

As you probably know, transplanted tissues are often re-
jected by the body. This is because the immune system is
able to recognize that the foreign tissue’s cells do not have
the same glycolipids and glycoproteins as the rest of the
body’s cells. We also now know that a person’s particular
blood type is due to the presence of particular glycoproteins
in the membrane of red blood cells.
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Channel Protein
Allows a particular molecule or ion to cross the
plasma membrane freely. Cystic fibrosis, an
inherited disorder, is caused by a faulty chloride
(Cl–) channel; a thick mucus collects in airways
and in pancreatic and liver ducts.

Carrier Protein
Selectively interacts with a specific molecule
or ion so that it can cross the plasma
membrane. The inability of some persons
to use energy for sodium-potassium
(Na+–K+) transport has been suggested as
the cause of their obesity.

Cell Recognition Protein
The MHC (major histocompatibility complex)
glycoproteins are different for each person, so
organ transplants are difficult to achieve. Cells
with foreign MHC glycoproteins are attacked
by blood cells responsible for immunity.

Receptor Protein
Is shaped in such a way that a specific molecule
can bind to it. Pygmies are short, not because
they do not produce enough growth hormone,
but because their plasma membrane growth
hormone receptors are faulty and cannot
interact with growth hormone.

Enzymatic Protein
Catalyzes a specific reaction. The membrane
protein, adenylate cyclase, is involved in ATP
metabolism. Cholera bacteria release a toxin
that interferes with the proper functioning of
adenylate cyclase; sodium ions and water leave
intestinal cells and the individual dies from
severe diarrhea.

Figure 4.3 Membrane protein diversity.
These are some of the functions performed by proteins found in the
plasma membrane.
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Tissue culture, the growing of animal cells in laboratory glass-
ware, has been done for quite some time, but researchers al-
ways used cancer cells that divide without coaxing. Now
researchers have learned how to grow all sorts of human cells
in tissue culture and have hopes that they can even make the
need for organ transplantation obsolete. Organ transplantation
encounters two hurdles that are hard to overcome: (1) there is
an overwhelming need, but few human organs are available to
be transplanted; and (2) immunosuppressive drugs must be ad-
ministered even if the organs are carefully matched to the
recipient, because the body tends to reject foreign organs. To
address these problems, some researchers have turned to pigs
as a source of organs for humans. Through genetic engineering,
they have crippled the enzymes that produce plasma mem-
brane carbohydrate chains on pig cells; therefore, the human
body is unable to recognize a pig organ as being foreign. Pigs
carry viruses such as the one that causes swine flu, but pig
viruses are not expected to cause infections in humans. There-
fore, it is predicted that pig-to-human transplants will someday
be safely done.

Tissue engineering offers another possible solution to the
transplant problem. Tissue engineering is an endeavor that pro-
duces manufactured bioproducts that can replace normal struc-
tures in the body. Integra is an artificial skin that consists of a
porous matrix made of the protein collagen and a derivative of
shark cartilage. This product, which is available in unlim-
ited quantity, will not cause an immune reaction. Integra is
used to cover extensive burns. Once the bottom layer of
skin (the dermis) regrows, a graft of the patient’s own
outer layer of skin (the epidermis) replaces the artificial
matrix.

Researchers have also had success growing human
cartilage for knee operations. In one study, 23 patients
who were experiencing pain because of a lack of cartilage
received a batch of their own chondrocytes (cartilage
cells) grown in the laboratory. All patients reported that
they were doing much better following the procedure.

Other procedures have also been tried. It is possible to
grow tissues to bolster weak ureters that take urine back
to the kidneys instead of to the bladder where it belongs.
And artificial tissue can be stitched into a bladder to in-
crease its capacity. If research continues to be successful,
nearly every human tissue is expected to undergo tissue
engineering. Several groups are working on methods to
reconstruct breast tissue after mastectomy so that one
day women may have an alternative to silicone breast
implants. Epithelial-lined plastic blood vessels are being
developed because the walls of plastic blood vessels now
used to replace weakened arteries sometimes cause the

blood to clot.
Certain organs produce chemicals that are needed by other

cells. Diabetes mellitus occurs when the pancreas is no longer
producing insulin, a molecule that causes all cells to take up
glucose and the liver to store glucose as glycogen. Tissue engi-
neering can possibly come to the rescue. Insulin-producing pan-
creatic cells from a pig can be grown in the laboratory. The cells
are encased in plastic capsules called microreactors, because re-
actors are typically large vats where chemicals are produced
(Fig. 4A). These capsules are so small they can be placed into the
abdomen where they will float freely and produce insulin as
needed. The membrane of the capsule contains pores that are
large enough to allow oxygen and nutrients to flow in and
wastes and insulin to flow out by diffusion. But the membrane
of a microreactor will prevent immune cells from coming into
contact with the enclosed pancreatic cells. Unless immune cells
actually come in contact with transplanted cells, they cannot
recognize them as foreign and destroy them. Researchers are
even busily growing implantable liver tissue. They use a spongy
material that can be seeded with the patient’s own liver cells.

Human embryonic cells are grown in tissue culture, and if
differentiation can one day be achieved, it may be possible to
supply Alzheimer patients with nerve cells, and cardiac pa-
tients with heart cells, and so forth.
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The Growing Field of Tissue Engineering

Figure 4A Microreactors.
Microreactors filled with insulin-producing pancreatic cells from pigs
flourished for 10 weeks in a diabetic mouse without immune system-
suppressing drugs.
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4.2 The Permeability of the Plasma
Membrane
The plasma membrane is differentially (selectively) perme-
able. Some substances can move across the membrane and
some cannot (Fig. 4.4). Macromolecules cannot diffuse across
the membrane because they are too large. Ions and charged
molecules cannot cross the membrane because they are un-
able to enter the hydrophobic phase of the lipid bilayer.

Noncharged molecules such as alcohols and oxygen are
lipid-soluble and therefore can cross the membrane with
ease. They are able to slip between the hydrophilic heads of
the phospholipids and pass through the hydrophobic tails of

the membrane. Small polar molecules such as carbon diox-
ide and water also have no difficulty crossing through the
membrane. These molecules follow their concentration
gradient which is a gradual decrease in concentration over
distance. To take an example, oxygen is more concentrated
outside the cell than inside the cell because a cell uses
oxygen during aerobic cellular respiration. Therefore oxy-
gen follows its concentration gradient as it enters a cell. Car-
bon dioxide, on the other hand, which is produced when a
cell carries on cellular respiration, is more concentrated
inside the cell than outside the cell, and therefore it moves
down its concentration gradient as it exits a cell.

Special means are sometimes used to get ions and
charged molecules into and out of cells. Macromolecules can
cross a membrane when they are taken in or out by vesicle
formation (Table 4.1). Ions and molecules like amino acids
and sugars are assisted across by one of two classes of trans-
port proteins. Carrier proteins combine with an ion or mole-
cule before transporting it across the membrane. Channel
proteins form a channel that allows an ion or charged mole-
cule to pass through. Our discussion in this chapter is
largely restricted to carrier proteins. Carrier proteins are
specific for the substances they transport across the plasma
membrane.

Ways of crossing a plasma membrane are classified as
passive or active (Table 4.1). Passive ways, which do not use
chemical energy, involve diffusion or facilitated transport.
These passive ways depend on the motion energy of ions
and molecules. Active ways, which do require chemical en-
ergy, include active transport, endocytosis, and exocytosis.

The plasma membrane is differentially permeable.
Certain substances can freely pass through the
membrane and others must be transported across
either by carrier proteins or by vacuole formation.
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Table 4.1 Passage of Molecules into and out of Cells

Name Direction Requirement Examples

DIFFUSION Toward lower Concentration Lipid-soluble molecules,
concentration gradient only water, and gases

FACILITATED TRANSPORT Toward lower Carrier and Some sugars and
concentration concentration gradient amino acids

ACTIVE TRANSPORT Toward greater Carrier plus cellular Other sugars, amino acids,
concentration energy and ions

EXOCYTOSIS Toward outside Vesicle fuses with Macromolecules
plasma membrane

ENDOCYTOSIS

Phagocytosis Toward inside Vacuole formation Cells and subcellular material

Pinocytosis Toward inside Vesicle formation Macromolecules
(includes receptor-
mediated endocytosis)
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Figure 4.4 How molecules cross the plasma membrane.
The curved arrows indicate that these substances cannot cross the
plasma membrane and the back and forth arrows indicate that these
substances can cross the plasma membrane.
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4.3 Diffusion and Osmosis M

Diffusion is the movement of molecules from a higher to a
lower concentration—that is, down their concentration
gradient—until equilibrium is achieved and they are dis-
tributed equally. Diffusion is a physical process that can be
observed with any type of molecule. For example, when a
crystal of dye is placed in water (Fig. 4.5), the dye and wa-
ter molecules move in various directions, but their net
movement, which is the sum of their motion, is toward the
region of lower concentration. Therefore, the dye is even-
tually dissolved in the water, resulting in a colored solu-
tion. A solution contains both a solute, usually a solid, and
a solvent, usually a liquid. In this case, the solute is the dye
and the solvent is the water molecules. Once the solute and
solvent are evenly distributed, they continue to move
about, but there is no net movement of either one in any
direction.

As discussed, the chemical and physical properties of
the plasma membrane allow only a few types of molecules
to enter and exit a cell simply by diffusion. Gases can diffuse
through the lipid bilayer; this is the mechanism by which
oxygen enters cells and carbon dioxide exits cells. Also, con-
sider the movement of oxygen from the alveoli (air sacs) of
the lungs to blood in the lung capillaries (Fig. 4.6). After in-
halation (breathing in), the concentration of oxygen in the
alveoli is higher than that in the blood; therefore, oxygen dif-
fuses into the blood. The principle of diffusion can be em-
ployed in the treatment of certain human disorders, as is
discussed in the Science Focus on page 71.

Molecules diffuse down their concentration
gradients. A few types of small molecules can
simply diffuse through the plasma membrane.
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a. Crystal of 
dye is placed 
in water 

b. Diffusion of
water and dye
molecules     

c. Equal distribution
of molecules
results    

water
molecules
(solvent)

dye
molecules
(solute)

Figure 4.5 Process of diffusion.
Diffusion is spontaneous, and no chemical energy is required to bring it about. a. When dye crystals are placed in water, they are concentrated in
one area. b. The dye dissolves in the water, and there is a net movement of dye molecules from higher to lower concentration. There is also a net
movement of water molecules from a higher to a lower concentration. c. Eventually, the water and the dye molecules are equally distributed
throughout the container.

alveoli

oxygen

capillary

Figure 4.6 Gas exchange in lungs.
Oxygen (O2) diffuses into the capillaries of the lungs because there is
a higher concentration of oxygen in the alveoli (air sacs) than in the
capillaries.
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Osmosis
Osmosis is the diffusion of water into and out of cells. To il-
lustrate osmosis, a thistle tube containing a 10% sugar solu-
tion1 is covered at one end by a differentially permeable
membrane and is then placed in a beaker containing a 5%
sugar solution (Fig. 4.7). The beaker contains more water
molecules (lower percentage of solute) per volume, and the
thistle tube contains fewer water molecules (higher percent-
age of solute) per volume. Under these conditions, there is a
net movement of water from the beaker to the inside of the
thistle tube across the membrane. The solute is unable to
pass through the membrane; therefore, the level of the solu-
tion within the thistle tube rises (Fig. 4.7c).

Notice the following in this illustration of osmosis:

1. A differentially permeable membrane separates two
solutions. The membrane does not permit passage of
the solute.

2. The beaker has more water (lower percentage of
solute), and the thistle tube has less water (higher
percentage of solute).

3. The membrane permits passage of water, and there is a
net movement of water from the beaker to the inside of
the thistle tube.

4. In the end, the concentration of solute in the thistle
tube is less than 10%. Why? Because there is now less
solute per volume. And the concentration of solute in
the beaker is greater than 5%. Why? Because there is
now more solute per volume.

Water enters the thistle tube due to the osmotic pressure
of the solution within the thistle tube. Osmotic pressure is
the pressure that develops in a system due to osmosis2. In

other words, the greater the possible osmotic pressure the
more likely water will diffuse in that direction. Due to
osmotic pressure, water is absorbed from the human large
intestine, is retained by the kidneys, and is taken up by
capillaries from tissue fluid.

Tonicity
Tonicity refers to the strength of a solution in relationship to
osmosis. In the laboratory, cells are normally placed in iso-
tonic solutions; that is, the solute concentration is the same
on both sides of the membrane, and therefore there is no net
gain or loss of water (Fig. 4.8). The prefix iso means the same
as, and the term tonicity refers to the strength of the solution.
A 0.9% solution of the salt sodium chloride (NaCl) is known
to be isotonic to red blood cells. Therefore, intravenous solu-
tions medically administered usually have this tonicity.

Solutions that cause cells to swell, or even to burst, due to
an intake of water are said to be hypotonic solutions. The
prefix hypo means less than, and refers to a solution with a
lower percentage of solute (more water) than the cell. If a cell
is placed in a hypotonic solution, water enters the cell; the net
movement of water is from the outside to the inside of the cell.

Any concentration of a salt solution lower than 0.9% is
hypotonic to red blood cells. Animal cells placed in such a
solution expand and sometimes burst due to the buildup of
pressure. The term lysis is used to refer to disrupted cells; he-
molysis, then, is disrupted red blood cells.
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a.

less water
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more water
(lower
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of solute)
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5%
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of water toward
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10%
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<
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Figure 4.7 Osmosis demonstration.
(Far left) A thistle tube, covered at the broad end by a differentially permeable membrane, contains a 10% sugar solution. The beaker contains a
5% sugar solution. (Middle) The solute (green circles) is unable to pass through the membrane, but the water (blue circles) passes through in
both directions. There is a net movement of water toward the inside of the thistle tube, where there is a lower percentage of water molecules.
(Far right) Due to the incoming water molecules, the level of the solution rises in the thistle tube.

1Percent solutions are grams of solute per 100 ml of solvent. Therefore, a 10%
solution is 10 g of sugar with water added to make up 100 ml of solution.
2Osmotic pressure is measured by placing a solution in an osmometer and then
immersing the osmometer in pure water. The pressure that develops is the osmotic
pressure of a solution.
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The swelling of a plant cell in a hypotonic solution cre-
ates turgor pressure. When a plant cell is placed in a hypo-
tonic solution, we observe expansion of the cytoplasm
because the large central vacuole gains water and the plasma
membrane pushes against the rigid cell wall. The plant cell
does not burst because the cell wall does not give way. Tur-
gor pressure in plant cells is extremely important to the
maintenance of the plant’s erect position. If you forget to wa-
ter your plants they wilt due to decreased turgor pressure.

Solutions that cause cells to shrink or to shrivel due to a
loss of water are said to be hypertonic solutions. The prefix
hyper means more than, and refers to a solution with a
higher percentage of solute (less water) than the cell. If a cell
is placed in a hypertonic solution, water leaves the cell; the
net movement of water is from the inside to the outside of
the cell.

Any solution with a concentration higher than 0.9%
sodium chloride is hypertonic to red blood cells. If animal

cells are placed in this solution, they shrink. The term crena-
tion refers to red blood cells in this condition. Meats are
sometimes preserved by salting them. The bacteria are not
killed by the salt but by the lack of water in the meat.

When a plant cell is placed in a hypertonic solution, the
plasma membrane pulls away from the cell wall as the
large central vacuole loses water. This is an example of
plasmolysis, a shrinking of the cytoplasm due to osmosis.
Dead plants you see along a salted roadside after the
winter died because they were exposed to a hypertonic
solution.

In an isotonic solution, a cell neither gains nor
loses water. In a hypotonic solution, a cell gains
water. In a hypertonic solution, a cell loses water
and the cytoplasm shrinks.

Animal
Cells

Plant
Cells

plasma
membrane

chloroplast

nucleus
cell
wall

plasma membrane

Under isotonic
conditions, there is no net
movement of water.

Under isotonic conditions,
there is no net movement of
water.

In a hypotonic environment,
water enters the cell, which
may burst (lysis).

In a hypertonic environment,
water leaves the cell, which
shrivels (crenation).

In a hypotonic environment,
vacuoles fill with water, turgor
pressure develops, and
chloroplasts are seen next to the
cell wall.

In a hypertonic environment,
vacuoles lose water, the
cytoplasm shrinks (plasmolysis),
and chloroplasts are seen in the
center of the cell.   

Figure 4.8 Osmosis in animal and plant cells.
The arrows indicate the net movement of water. In an isotonic solution, a cell neither gains nor loses water; in a hypotonic solution, a cell gains
water; and in a hypertonic solution, a cell loses water.
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4.4 Transport by Carrier Proteins M

The plasma membrane impedes the passage of all but a few
substances. Yet, biologically useful molecules do enter and
exit the cell at a rapid rate because there are carrier proteins
in the membrane. Carrier proteins are specific; each can
combine with only a certain type of molecule, which is then
transported through the membrane. It is not completely un-
derstood how carrier proteins function; but after a carrier
combines with a molecule, the carrier is believed to undergo
a change in shape that moves the molecule across the mem-
brane. Carrier proteins are required for facilitated and active
transport (see Table 4.1).

Some of the proteins in the plasma membrane
are carriers; they transport biologically useful
molecules into and out of the cell.

Facilitated Transport
Facilitated transport explains the passage of such molecules
as glucose and amino acids across the plasma membrane,
even though they are not lipid soluble. The passage of glu-
cose and amino acids is facilitated by their reversible combi-
nation with carrier proteins, which in some manner
transport them through the plasma membrane. These carrier

proteins are specific. For example, various sugar molecules
of identical size might be present inside or outside the cell,
but glucose can cross the membrane hundreds of times
faster than the other sugars. This is a good example of the
differential permeability of the membrane.

The carrier for glucose has been isolated and a model
has been developed to explain how it works (Fig. 4.9). It
seems likely that the carrier has two conformations and that
it switches back and forth between the two states. After glu-
cose binds to the open end of a carrier, it closes behind the
glucose molecule. As glucose moves along, the constricted
end of the carrier opens in front of the molecule. After glu-
cose is released into the cytoplasm of the cell, the carrier
changes its conformation so that the binding site for glucose
is again open. This process can occur as often as 100 times
per second. Apparently, the cell has a pool of extra glucose
carriers. When the hormone insulin binds to a plasma mem-
brane receptor, more glucose carriers ordinarily appear in
the plasma membrane. Some forms of diabetes are caused
by insulin insensitivity; that is, the binding of insulin does
not result in extra glucose carriers in the membrane.

The model shows that after a carrier has assisted the
movement of a molecule to the other side of the membrane,
it is free to assist the passage of other similar molecules. Nei-
ther diffusion, explained previously, nor facilitated trans-
port requires an expenditure of chemical energy because the
molecules are moving down their concentration gradient in
the same direction they tend to move anyway.
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Figure 4.9 Facilitated transport.
A carrier protein speeds the rate at which a solute crosses a membrane
from higher solute concentration to lower solute concentration.
(1) Molecule enters carrier. (2) Molecule is transported across the
membrane and exits on inside. (3) Carrier returns to its former state.

Figure 4.10 Active transport.
Active transport allows a solute to cross the membrane from lower
solute concentration to higher solute concentration. (1) Molecule enters
carrier. (2) Chemical energy of ATP is needed to transport the molecule
which exits inside of cell. (3) Carrier returns to its former state.
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Active Transport
During active transport, ions or molecules move through
the plasma membrane, accumulating either inside or out-
side the cell. For example, iodine collects in the cells of the
thyroid gland; nutrients are completely absorbed from
the gut by the cells lining the digestive tract, and sodium
ions (Na�) can be almost completely withdrawn from
urine by cells lining the kidney tubules. In these instances,
substances have moved to the region of higher concen-
tration, exactly opposite to the process of diffusion. It has
been estimated that up to 40% of a cell’s energy supply
may be used for active transport of solute across its
membrane.

Both carrier proteins and an expenditure of energy are
needed to transport molecules against their concentration
gradient (Fig. 4.10). In this case, energy (ATP molecules) is
required for the carrier to combine with the substance to be
transported. Therefore, it is not surprising that cells in-
volved primarily in active transport, such as kidney cells,
have a large number of mitochondria near the membrane
through which active transport is occurring.

Proteins involved in active transport often are called
pumps, because just as a water pump uses energy to move
water against the force of gravity, proteins use energy to
move a substance against its concentration gradient. One
type of pump that is active in all cells, but is especially as-
sociated with nerve and muscle cells, moves sodium ions
(Na�) to the outside of the cell and potassium ions (K�) to
the inside of the cell. These two events are presumed to be
linked, and the carrier protein is called a sodium-
potassium pump. A change in carrier shape after the at-
tachment, and again after the detachment, of a phosphate
group allows the carrier to combine alternately with
sodium ions and potassium ions (Fig. 4.11). The phosphate
group is donated by ATP, which is broken down enzymati-
cally by the carrier.

The passage of salt (NaCl) across a plasma membrane
is of primary importance in cells. The chloride ion (Cl�)
usually crosses the plasma membrane because it is at-
tracted by positively charged sodium ions (Na�). First,
sodium ions are pumped across a membrane, and then
chloride ions simply diffuse through channels that allow
their passage. As noted in Figure 4.3, the chloride ion
channels malfunction in persons with cystic fibrosis, and
this leads to the symptoms of this inherited (genetic)
disorder.

During facilitated transport, substances follow their
concentration gradient. During active transport,
substances are moved against their concentration
gradient.

ATP

3 Na+

3 Na+

3 Na+

K+

K+

P

P

P

K+

ADP

InsideOutside

carrier

Carrier has a
shape that allows
it to take up three
sodium ions (Na+).

ATP is split, and
phosphate group is
transferred to carrier.

Change in shape
results that
causes carrier to 
release three sodium 
ions (Na+) outside
the cell. New shape 
allows carrier to take up
potassium ions (K+).

Change in shape results
that causes carrier to 
release potassium ions (K+)
inside the cell. New shape is 
suitable to take up three sodium 
ions (Na+) once again. 

Phosphate group is
released from carrier.

Figure 4.11 The sodium-potassium pump.
A carrier protein actively moves three sodium ions (Na�) to the
outside of the cell for every potassium ion (K�) pumped to the inside
of the cell. Note that chemical energy of ATP is required.
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4.5 Exocytosis and Endocytosis M

What about the transport of macromolecules such as
polypeptides, polysaccharides, or polynucleotides, which
are too large to be transported by carrier proteins? They are
transported in or out of the cell by vesicle formation, thereby
keeping the macromolecules contained so that they do not
mix with those in the cytoplasm.

Exocytosis
During exocytosis, vesicles often formed by the Golgi appa-
ratus and carrying a specific molecule, fuse with the plasma
membrane as secretion occurs. This is the way that insulin
leaves insulin-secreting cells, for instance.

Inside

plasma membrane

Notice that the membrane of the vesicle becomes a part of
the plasma membrane. During cell growth, exocytosis is
probably used as a means to enlarge the plasma membrane,
whether or not secretion is also taking place.

Endocytosis
During endocytosis, cells take in substances by vesicle for-
mation (Fig. 4.12). A portion of the plasma membrane in-
vaginates to envelop the substance, and then the membrane
pinches off to form an intracellular vesicle.

When the material taken in by endocytosis is large, such
as a food particle or another cell, the process is called phago-
cytosis. Phagocytosis is common in unicellular organisms
like amoebas and in amoeboid cells like macrophages,
which are large cells that engulf bacteria and worn-out red
blood cells in mammals. When the endocytic vesicle fuses
with a lysosome, digestion occurs.

Pinocytosis occurs when vesicles form around a liquid
or very small particles. Blood cells, cells that line the kidney
tubules or intestinal wall, and plant root cells all use this
method of ingesting substances. Whereas phagocytosis can
be seen with the light microscope, the electron microscope
must be used to observe pinocytic vesicles, which are no
larger than 1–2 µm.

c. Receptor-mediated
    endocytosis

solute

vesicle

a. Phagocytosis
vacuole

b. Pinocytosis

solute

vesicle

plasma
membrane

red blood
cell

receptor
protein

Figure 4.12 Three methods of endocytosis.
a. Phagocytosis occurs when the substance to be transported into
the cell is large; certain specialized cells in the body can engulf worn-
out red blood cells by phagocytosis. Digestion occurs when the
resulting vacuole fuses with a lysosome. b. Pinocytosis occurs when
a macromolecule such as a polypeptide is to be transported into the
cell. The result is a small vacuole or vesicle. c. Receptor-mediated
endocytosis is a form of pinocytosis. The substance to be taken in (a
ligand) first binds to a specific receptor protein which migrates to a
pit or is already in a pit. The vesicle that forms contains the ligand
and its receptor. Sometimes the receptor is recycled, as shown in
Figure 4.13.
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Receptor-mediated endocytosis is a form of pinocytosis
that is quite specific because it involves the use of a receptor
protein shaped in such a way that a specific molecule such
as vitamins, peptide hormones, and lipoproteins can bind to
it. The binding of a solute to the receptors causes the recep-
tors to gather at one location. This location is called a coated
pit because there is a layer of fibrous protein on the cyto-
plasmic side (see step 1, Fig. 4.13). Once the vesicle is
formed, the fibrous coat is released and the vesicle appears
uncoated (see step 2). The fate of the vesicle and its contents
depends on the kind of solute it contains. Sometimes the
solute simply enters the cytoplasm (step 3). A spent hor-
mone, on the other hand, may be digested when the vesicle
fuses with a lysosome. The membrane of the vesicle and,
therefore, the receptors are returned to the plasma mem-
brane (step 4), or the vesicle can go to other membranous
locations.

Aside from simply allowing substances to enter cells selec-
tively from an extracellular fluid, coated pits are also involved
in the transfer and exchange of substances between cells.

Such exchanges take place when the substances move from
maternal blood into fetal blood at the placenta, for example.

The importance of receptor-mediated endocytosis is
demonstrated by a genetic disorder called familial hyper-
cholesterolemia. Cholesterol is transported in blood by a
complex of lipids and proteins called low-density lipopro-
tein (LDL). These individuals have inherited a gene that
causes them to have a reduced number and/or defective re-
ceptors for LDL in their plasma membranes. Instead of cho-
lesterol entering cells, it accumulates in the walls of arterial
blood vessels, leading to high blood pressure, occluded
(blocked) arteries, and heart attacks.

Substances are secreted from a cell by exocytosis.
Substances enter a cell by endocytosis. Receptor-
mediated endocytosis allows cells to take up
specific kinds of molecules and then sort them
within the cell.
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Figure 4.13 Receptor-mediated endocytosis.
a. (1) The receptors in the coated pits combine only with a solute. (2) The vesicle that forms is at first coated with a fibrous protein (blue squares),
but soon the vesicle loses its coat. (3) Solutes leave the vesicle. (4) When exocytosis occurs, membrane and therefore receptors are returned to
the plasma membrane. b. Electron micrographs of a coated pit in the process of forming a vesicle.

a. b.
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Summarizing the Concepts

4.1 Plasma Membrane Structure and Function
There are two components of the plasma membrane: lipids and pro-
teins. In the lipid bilayer, phospholipids are arranged with their hy-
drophilic heads at the surfaces and their hydrophobic  tails in the
interior. The lipid bilayer has the consistency of oil, and therefore pro-
teins can move laterally in the membrane. Glycolipids and glyco-
proteins are involved in marking the cell as belonging to a particular
individual and tissue.

The hydrophobic portion of an integral protein lies in the lipid bi-
layer of the plasma membrane, and the hydrophilic portion lies at the
surface. Proteins act as receptors, carry on enzymatic reactions, join
cells together, form channels, or act as carriers to move substances
across the membrane.

4.2 The Permeability of the Plasma Membrane
Some substances like gases and water are free to cross a plasma mem-
brane, and others, particularly ions, charged molecules, and macro-
molecules, have to be assisted across. Passive ways of crossing a
plasma membrane (diffusion and facilitated transport) do not require
an expenditure of chemical energy. Active ways of crossing a plasma
membrane (active transport and vesicle formation) do require an ex-
penditure of chemical energy.

4.3 Diffusion and Osmosis
Lipid-soluble compounds, water, and gases simply diffuse across the
membrane from the area of higher concentration to the area of lower
concentration.

The diffusion of water across a differentially permeable mem-
brane is called osmosis. Water moves across the membrane into the
area of lower water (higher solute) content. When cells are in an iso-
tonic solution, they neither gain nor lose water; when they are in a hy-
potonic solution, they gain water; and when they are in a hypertonic
solution, they lose water.

4.4 Transport by Carrier Proteins
Some molecules are transported across the membrane by carrier pro-
teins that span the membrane.

During facilitated transport, a carrier protein assists the move-
ment of a molecule down its concentration gradient. No energy is
required.

During active transport, a carrier protein acts as a pump that
causes a substance to move against its concentration gradient. The
sodium-potassium pump carries Na� to the outside of the cell and K�

to the inside of the cell. Energy in the form of ATP molecules is required
for active transport to occur.

4.5 Exocytosis and Endocytosis
Larger substances can enter and exit a membrane by endocytosis and
exocytosis. Exocytosis involves secretion. Endocytosis includes
phagocytosis and pinocytosis which includes receptor-mediated en-
docytosis. Receptor-mediated endocytosis makes use of receptor
molecules in the plasma membrane. Once specific solutes bind to
their receptors, the coated pit becomes a coated vesicle. After losing
the coat, the vesicle can join with the lysosome, or after freeing the
solute, the receptor-containing vesicle can fuse with the plasma
membrane.
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Such celebrities as Mohammad Ali, a
former heavyweight boxing champion,

Janet Reno, the attorney general of the
United States, and Michael J. Fox, a
favorite movie actor, have Parkinson dis-
ease. By age 65, Parkinson disease (PD)
affects roughly one of every 100 Ameri-
cans. Due to the death of brain cells that
produce a substance called dopamine, mo-
tor control is not as smooth as it should be.
The three obvious signs of Parkinson are
slowness of movement, tremor, and rigid-
ity. As the disease worsens, patients
become unable to carry out even the sim-
plest activities.

You might think that the condition
could be cured by simply giving a patient
dopamine, but dopamine, like many other
chemical substances, cannot cross the
blood-brain barrier. The blood-brain barrier

is simply due to the impermeability of the
capillaries serving the brain. Nutrients, such
as glucose, and essential amino acids can
only pass through due to facilitated trans-
port. Most drugs can’t get through at all.

Luckily a precursor of dopamine
called L-dopa can get through the blood-
brain barrier, and when L-dopa is given as
a medication, it will be changed into
dopamine until there are few cells left to
do the job. Along the way, physicians and
patients are faced with a wide assortment
of adjunct remedies. Some of these are sur-
gical procedures. Michael J. Fox opted for
pallidotomy, a procedure that kills off cells
that go out of control when the dopamine-
producing cells die off. An experimental
surgical procedure, however, involves the
transplantation of dopamine-producing
fetal tissue into the brains of people with

PD. People who have received such trans-
plants report a lessening of symptoms.

Is it ethical to use tissue from aborted
fetuses for transplants? Is it possible that
women would have abortions just to make
fetal tissue available to loved ones, or for
payment? Should there be governmental
safeguards to prevent such a possibility?

Questions
1. Is it ethical to use fetal tissue to prevent

older people from having a debilitating
disorder? Why or why not?

2. Suppose you had a choice between using
fetal tissue (no payment required) and
adult cells bioengineered to produce
dopamine (payment required), which
would you choose and why?

3. Do you favor banning all research using
fetal tissue, or doing such research under
certain circumstances? Explain.
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Studying the Concepts

1. Describe the structure of the plasma membrane, including the
phospholipid bilayer and the various types of proteins. 68–70

2. Why is a plasma membrane called differentially permeable? 72
3. What are the mechanisms by which substances enter and exit

cells? Which are passive ways, and which are active ways? 72
4. Define diffusion, and give an example. 73
5. Define osmosis. Define isotonic, hypertonic, and hypotonic

solutions, and give examples of how these concentrations
affect red blood cells. 74–75

6. Draw a simplified diagram of a red blood cell before and
after being placed in these solutions. What terms are used to
refer to the condition of the red blood cell in a hypertonic
solution and in a hypotonic solution? 75

7. Draw a simplified diagram of a plant cell before and after
being placed in these solutions. Describe the cell contents
under these conditions. 75

8. How does facilitated transport differ from simple diffusion
across the plasma membrane? 76

9. How does active transport differ from facilitated transport?
Give an example. 77

10. Diagram and define endocytosis and exocytosis. Describe
and contrast three methods of endocytosis. 78–79

Testing Yourself

Choose the best answer for each question.
1. Label this diagram of the plasma membrane.

2. The fluid-mosaic model of membrane structure refers to
a. the fluidity of proteins in the membrane and the pattern of

phospholipids in the membrane.
b. the fluidity of phospholipids and the pattern of proteins in

the membrane.
c. the fluidity of cholesterol and the pattern of sugar chains

outside the membrane.
d. the lack of fluidity of internal membranes compared to the

plasma membrane, and the ability of the proteins to move
laterally in the membrane.

e. the fluidity of hydrophobic regions, proteins and mosaic
pattern of hydrophilic regions.

g.h.

i.

j.
f.

a. b.

c.
d.

e.
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3. A phospholipid molecule has a head and two tails. The tails
are found
a. at the surfaces of the membrane.
b. in the interior of the membrane.
c. spanning the membrane.
d. where the environment is hydrophilic.
e. Both a and b are correct.

4. During diffusion,
a. all molecules move only from the area of higher to lower

concentration.
b. solvents move from the area of higher to lower concentra-

tion.
c. there is a net movement of molecules from the area of

higher to lower concentration.
d. a cell must be present for any movement of molecules to

occur.
e. molecules move against their concentration gradient if

they are small and charged.
5. When a cell is placed in a hypotonic solution,

a. solute exits the cell to equalize the concentration on both
sides of the membrane.

b. water exits the cell toward the area of lower solute concen-
tration.

c. water enters the cell toward the area of higher solute
concentration.

d. solute exits and water enters the cell.
e. Both c and d are correct.

6. When a cell is placed in a hypertonic solution,
a. solute exits the cell to equalize the concentration on both

sides of the membrane.
b. water exits the cell toward the area of lower solute concen-

tration.
c. water exits the cell toward the area of higher solute

concentration.
d. solute exits and water enters the cell.
e. Both a and c are correct.

7. Active transport
a. requires a carrier protein.
b. moves a molecule against its concentration gradient.
c. requires a supply of energy.
d. does not occur during facilitated transport.
e. All of these are correct.

8. The sodium-potassium pump
a. helps establish an electrochemical gradient across the

membrane.
b. concentrates sodium on the outside of the membrane.
c. utilizes a carrier protein and energy.
d. is present in the plasma membrane.
e. All of these are correct.

9. A scientist observing a protozoan notices a vacuole discharg-
ing its contents at the plasma membrane. This is an example
of
a. phagocytosis and vacuole formation.
b. endocytosis and active transport.
c. exocytosis and secretion.
d. active transport and vacuole release.
e. Both c and d are correct.
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10. Receptor-mediated endocytosis
a. is no different from phagocytosis.
b. brings specific substances into the cell.
c. helps to concentrate proteins in vesicles.
d. All of these are correct.

11. Write hypotonic solution or hypertonic solution beneath each
cell. Justify your conclusions.
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Thinking Scientifically

1. Considering the movement of molecules across the plasma
membrane:
a. Contrast the manner in which alcohol and water enter a

cell (page 72).
b. Contrast the manner in which sodium ions (Na�) and

chloride ions (Cl�) exit a cell (Fig. 4.3).
c. Contrast the manner in which amino acids and proteins

enter a cell (page 72).
d. How might the proteins from question c be digested (chap-

ter 3)?

2. Exocytotic vesicles add plasma membrane to the cell, and
endocytotic vesicles remove plasma membrane.
a. In a cell in which the amount of plasma membrane stays

constant, how many exocytotic vesicles per endocytotic
vesicles would you expect?

b. Imagine a cell that is moving from left to right. If vesicle
formation is facilitating movement, where would you
expect exocytosis to be occurring? Where would you ex-
pect endocytosis to be occurring?

c. Receptor-mediated endocytosis is a process by which a
substance combines with a receptor before endocytosis
brings the entire complex into the cell. Imagine a virus that
enters a cell in this manner. If so, what additional step is
needed for the virus to enter the cell proper?

Match the terms to these definitions:
a. Movement of molecules from a region of higher

concentration to a region of lower concentration.
b. Internal pressure that adds to the strength of a cell

and builds up when water moves by osmosis into a plant cell.
c. Solution that contains the same concentration of

solute and water as the cell.
d. Passive transfer of a substance into and out of a

cell along a concentration gradient by a process that requires
a carrier.

e. Process in which an intracellular vesicle fuses
with the plasma membrane so that the vesicle’s contents are
released outside the cell.

Understanding the Terms

active transport 77
carrier protein 70
channel protein 70
cholesterol 68
concentration gradient 72
differentially permeable 72
diffusion 73
endocytosis 78
enzymatic protein 70
exocytosis 78
facilitated transport 76
fluid-mosaic model 68
glycolipid 68
glycoprotein 69
hypertonic solution 75
hypotonic solution 74
integral protein 69

isotonic solution 74
osmosis 74
osmotic pressure 74
peripheral protein 69
phagocytosis 78
pinocytosis 78
plasmolysis 75
receptor-mediated

endocytosis 79
receptor protein 70
sodium-potassium

pump 77
solute 73
solvent 73
tonicity 74
turgor pressure 75

a.

cell
wall

b.

Using Technology

Your study of membrane structure and function is
supported by these available technologies:

Essential Study Partner CD-ROM
Cells ££ Cell Membrane

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

Virtual Physiology Laboratory CD-ROM
Diffusion, Osmosis, & Tonicity
Enzyme Characteristics

Life Science Animations 3D Video
4 Diffusion
5 Osmosis
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Cell Division

Chapter Concepts

5.1 Maintaining the Chromosome Number
• Each species has a characteristic number of

chromosomes. 84
• Mitosis (a type of nuclear division) maintains the

chromosome number of cells. Mitosis is
necessary to the growth and repair of body 
cells. 84

• Mitosis is a part of the cell cycle. First, cells get
ready to divide, and then they divide. 86

5.2 Mitosis in Detail
• During mitosis, a complete set of chromosomes

is distributed to each of two daughter cells. 88

5.3 Reducing the Chromosome Number
• Meiosis (another type of nuclear division)

reduces the chromosome number in life cycles
involving sexual reproduction. 92

• The process of meiosis ensures genetic
recombination in the daughter cells. 92

5.4 Meiosis in Detail
• During meiosis, half the total number of

chromosomes is distributed to each of four
daughter cells. 94

5.5 Comparison of Meiosis with Mitosis
• Meiosis differs from mitosis both in occurrence

and in process. 96

5.6 The Human Life Cycle
• The human life cycle includes both mitosis and

meiosis. 98
• In humans, and many other animals, meiosis is a

part of the production of sperm in males and
eggs in females. 98

• When the sperm fertilizes the egg, the full
number of chromosomes is restored in 
offspring. 98

During mitotic cell division, the daughter cells receive a full
complement of chromosomes. The process is very orderly; it has 
to be to ensure that the daughter cells receive one of each
chromosome and not two of one kind and none of another. Cell
division will produce new cells so that the organism can grow.
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skeletal muscle and nervous tissue, do not divide and there-
fore cannot be renewed. Regardless, cell division is con-
trolled and does not usually occur helter-skelter, the notable
exception occurs when cancer, a cell division disease, is
present. Before mitosis takes place, DNA replicates; there-
after, each chromosome is duplicated and has two identical
parts called sister chromatids. Sister chromatids are con-
stricted and attached to each other at a region called the cen-
tromere. During nuclear division the centromere divides
and the sister chromatids separate. Once separation occurs,
they are called daughter chromosomes. These chromo-
somes, which consist of only one chromatid, are distributed
equally to the daughter nuclei. In this way, each daughter
cell gets a copy of each chromosome.

5.1 Maintaining the Chromosome
Number
When a eukaryotic cell is not undergoing division, the DNA
(and associated proteins) within a nucleus is a tangled mass
of thin threads called chromatin. At the time of cell division,
chromatin coils, loops, and condenses to give highly com-
pacted structures that are called chromosomes. The Science
Focus on the next page describes the transition from chro-
matin to chromosomes in greater detail.

When the chromosomes are highly coiled and con-
densed at the time of cell division, it is possible to photo-
graph and count them. Each species has a characteristic
chromosome number; for instance, human cells contain 46
chromosomes, corn has 20 chromosomes, and a crayfish has
200! This is called the full or diploid (2n) number of chro-
mosomes that occurs in all cells of the body. The diploid
number includes two chromosomes of each kind. Half the
diploid number is called the haploid (n) number of chromo-
somes, representing only one of each kind of chromosome.
In the life cycle of many animals, only sperm and eggs have
the haploid number of chromosomes.

Cell division in most eukaryotes involves nuclear divi-
sion and cytokinesis, which is division of the cytoplasm.
Somatic, or body, cells undergo mitosis—that is, nuclear
division in which the chromosome number stays constant
(Fig. 5.1). In diploid organisms such as ourselves, a diploid
nucleus divides to produce daughter nuclei that are also
diploid. Some organisms are haploid as adults. In that case,
the haploid nucleus divides to produce daughter nuclei that
are also haploid. 

Mitosis is the type of nuclear division that occurs in
growth and repair of the body. Humans begin life as a single
cell but they eventually have one hundred trillion cells as
adults due to mitosis. Even then, mitosis does not stop. As
adults, however, certain tissues such as the epidermis of the
skin, the lining of the digestive and respiratory tracts, and
the lymphoid tissue that produces blood cells account for
much of the cell division that occurs. Other tissues, namely
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Ten million times a day a beautiful dance finishes
inside Laura’s body. It’s the intricate movement of
chromosomes that occurs whenever one of her cells

divides into two. The cell has already duplicated its chromo-
somes. Then, in a carefully choreographed set of maneu-
vers, the two parts of the chromosome separate so that the
resulting two cells each have a complete chromosomal
complement. Through this amazing reproductive process,
skin cells can proliferate to repair a wound and the immune
system can quickly amass an army of cells to defeat an
infection. And through a refinement of the basic cell division
process, sperm and egg cells arise, ready to join and create
a new life. This chapter will provide a guided tour of cells as
they divide.

DNA replication

Mitosis

during interphase

centromere

2n = 4

2n = 4

sister
chromatids

2n = 4 2n = 4

chromosome

centriole

Figure 5.1 Mitosis overview.
Following DNA replication during interphase, each chromosome in
the parental nucleus is duplicated and consists of two sister
chromatids. During mitosis, the centromeres divide and the sister
chromatids separate, becoming daughter chromosomes that move
into the daughter nuclei. Therefore, daughter cells have the same
number and kinds of chromosomes as the parental cell. (The blue
chromosomes were inherited from the father, and the red
chromosomes were inherited from the mother.)
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When early investigators decided that the genes are contained
in the chromosomes, they had no idea of chromosome composi-
tion. By the mid-1900s, it was known that chromosomes are
made up of both DNA and protein. Only in recent years, how-
ever, have investigators been able to produce models suggesting
how chromosomes are organized.

A eukaryotic chromosome is more than 50% protein. Many
of these proteins are concerned with DNA and RNA synthesis,
but a large proportion, termed histones, seem to play primarily
a structural role. There are five primary types of histone mole-
cules, designated H1, H2A, H2B, H3, and H4. Remarkably, the

amino acid sequences of H3 and H4 vary little between organ-
isms. For example, the H4 of peas is only two amino acids dif-
ferent from the H4 of cattle. This similarity suggests that there
have been few mutations in the histone proteins during the
course of evolution and that the histones therefore have very
important functions.

A human cell contains at least 2 meters of DNA. Yet all of this
DNA is packed into a nucleus that is about 5 µm in diameter.
The histones are responsible for packaging the DNA so that it
can fit into such a small space. First the DNA double helix is
wound at intervals around a core of eight histone molecules
(two copies each of H2A, H2B, H3, and H4), giving the appear-
ance of a string of beads (Fig. 5Aa and b). Each bead is called a
nucleosome, and the nucleosomes are said to be joined by
“linker” DNA. This string is coiled tightly into a fiber that has
six nucleosomes per turn (Fig. 5Ac). The H1 histone appears to
mediate this coiling process. The fiber loops back and forth (Fig.
5Ad and e) and can condense to produce a highly compacted
form (Fig. 5Af ) characteristic of metaphase chromosomes. No
doubt, compact chromosomes are easier to move about than
extended chromatin.
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What’s in a Chromosome?

Figure 5A Levels of chromosome structure.
Each drawing has a scale giving a measurement of length for that
drawing. Notice that each measurement represents an ever-
increasing length; therefore, it would take a much higher
magnification to see the structure in (a) than in (f).

Figure 5B Eukaryotic nucleus.
The nucleus contains chromatin, DNA at two different levels of
coiling and condensation. Euchromatin is at the level of looped
chromatin, and heterochromatin is at the level of condensed
chromatin in Figure 5A. Arrows indicate nuclear pores.
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Cells differ in the length of time it takes them to com-
plete the cell cycle. The difference seems to depend on how
long they spend in G1. There are even some human cells
such as nerve cells and skeletal muscle cells that become
permanently arrested in G1, and these cells are said to have
entered a G0 stage. Once a mammalian cell enters the S
stage, it usually only takes about 12 to 24 hours to finish the
cell cycle. 

The term interphase is now used to mean all the stages
of the cell cycle (i.e., stages G1, S, and G2) except mitosis and
cytokinesis. One thing to keep clearly in mind is that DNA
replication occurs during the S stage—that is during inter-
phase. 

Cells undergo a cycle that includes the G1, S, G2,
and M stages.

Proteins Regulate the Cell Cycle
If a cell arrested in the G0 stage is placed in the cytoplasm of
an S-stage cell, it will go on and finish the cell cycle. Similar-
ly, there are cells that enter and never get beyond the G2

stage. If this type of cell is fused with a cell undergoing mito-
sis, it will go ahead and undergo mitosis. From this data,
researchers deduced that there are two places in the cell
cycle where stimulatory proteins are needed to make the cell
finish the complete cell cycle: 

G1 stage £ S stage when DNA is synthesized 

G2 stage £ M stage when mitosis occurs

Over the past few years, researchers have made
remarkable progress identifying the proteins that cause a
cell to move from the G1 stage to the S stage and the pro-
teins that cause a cell to move from the G2 stage to the M
stage. Some of these biologists worked with frog eggs, oth-
ers with yeast cells, and still others used cell cultures as
their experimental material. The researchers identified two
types of proteins of interest: kinases and cyclins. A kinase is
an enzyme that removes a phosphate group from ATP and
adds it to another protein. The addition of the phosphate
group to that protein activates it. Activation by a kinase is a
common way for cells to turn on a cellular process, but it
turned out that the kinases involved in the cell cycle are
themselves activated when they combine with a protein
called cyclin. Cyclins are so named because their quantity is
not constant in the cell. 

Figure 5.3 is an illustration that shows the process in a
clockwise diagram. After S-kinase combines with S-cyclin,
the kinase phosphorylates a protein that causes the cell to
move from the G1 stage to the S stage when DNA is synthe-

The Cell Cycle
Because there was little visible activity between divisions,
early investigators dismissed this period of time as a rest-
ing state termed interphase. When it was discovered in
the 1950s that DNA replication and chromosome duplica-
tion occur during interphase, the cell cycle concept was
proposed.

Cells grow and divide during a cycle that has four
stages (Fig. 5.2). The entire cell division stage, including
both mitosis and cytokinesis, is termed the M stage 
(M � mitosis). The period of DNA synthesis when replica-
tion occurs is termed the S stage (S � synthesis) of the cycle. 

There are two other stages of the cycle. The period of
time prior to the S stage is termed the G1 stage, and the peri-
od of time prior to the M stage is termed the G2 stage. During
the G1 stage, the cell grows in size and the cellular organelles
increase in number. During the G2 stage, various metabolic
events occur in preparation for mitosis. When first designat-
ed, G meant gap, but some biologists now prefer 
G � growth. 
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Figure 5.2 The cell cycle.
Cells go through a cycle that consists of four stages. The length of
time that cells take to finish the cell cycle varies and some
specialized cells like nerve cells and skeletal muscle cells no longer
progress through the cycle. Mammalian cells usually take at least 16
hours to complete the cell cycle.
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sized (replicated). After that occurs, S-cyclin is destroyed,
and S-kinase is no longer active.

Similarly, after M-kinase combines with M-cyclin, the
kinase phosphorylates a protein that causes the cell to move
from the G2 stage to the M stage when mitosis occurs. Three
things occur: (1) chromosomes condense, (2) the nuclear
envelope disassembles, and (3) the spindle forms. (The spin-
dle is the structure involved in chromosome movement dur-
ing mitosis.) Now M-cyclin is destroyed.

Until recently, the mechanics of the cell cycle and the
causes of cancer were thought to be distantly related. Now
they appear to be intimately related. Growth factors are mol-
ecules that attach to plasma membrane receptors and there-
by bring about cell growth. Ordinarily, a cyclin might
combine with its kinase only when a growth factor is
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present. But a cyclin that has gone awry might combine with
its kinase even when a growth factor is not present. The
result would be a tumor. There are genes called tumor-
suppressor genes that usually function to prevent cancer
from occurring. It has been shown that the product of one
major tumor-suppressor gene (known as p53) brings about
the production of a protein that combines with kinases and
prevents them from becoming activated. 

Proteins regulate the cell cycle. A kinase combines
with a cyclin at two critical checkpoints in the cell
cycle: the beginning of the S stage when DNA is
synthesized and the M stage with mitosis begins. 

Figure 5.3 Control of the cell cycle.
At two critical checkpoints a kinase combines with a cyclin. Just before the S stage, S-kinase combines with S-cyclin and synthesis (replication)
of DNA takes place. Just before the M stage, M-kinase combines with M-cyclin and mitosis takes place.
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centrosome. The fact that plant cells lack centrioles suggests
that centrioles are not required for spindle formation. 

Mitosis in Animal Cells
Mitosis is a continuous process that is arbitrarily divided into
four phases for convenience of description. These phases are
prophase, metaphase, anaphase, and telophase (Fig. 5.5).

Prophase
It is apparent during early prophase that cell division is
about to occur. The centrosomes begin moving away from
each other toward opposite ends of the nucleus. Spindle
fibers appear between the separating centrosomes as the
nuclear envelope begins to fragment, and the nucleolus
begins to disappear. 

The chromosomes are now visible. Each is duplicated and
composed of sister chromatids held together at a centromere.
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5.2 Mitosis in Detail M

Mitosis is nuclear division that produces two daughter nuclei,
each with the same number and kinds of chromosomes as the
parental nucleus.

During mitosis, a spindle brings about an orderly distri-
bution of chromosomes to the daughter cell nuclei. The spin-
dle contains many fibers, each composed of a bundle of
microtubules. Microtubules are hollow cylinders found in
the cytoplasm which can assemble and disassemble. When
microtubules assemble, tubulin protein dimers come togeth-
er, and when they disassemble, the tubulin dimers separate. 

The centrosome, which is the main microtubule-
organizing center of the cell, divides before mitosis begins
(Fig. 5.4). It’s believed that centrosomes are responsible for
organizing the spindle. Each centrosome contains a pair of
barrel-shaped organelles called centrioles and an aster
which is an array of short microtubules that radiate from the

Early Prophase

Chromosomes are duplicated.   
Centrosomes begin moving apart;
nuclear envelope is fragmenting
and nucleolus will disappear.

Late Prophase

Spindle is in process of forming, and
centromeres of chromosomes are
attaching to centromeric spindle
fibers.

Figure 5.4 Late interphase. Figure 5.5 Phases of animal cell mitosis.
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for mitosis.
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Counting the number of centromeres in diagrammatic draw-
ings tells you the number of chromosomes in a cell.

The spindle begins forming during late prophase and the
chromosomes become attached to the spindle fibers. Their
centromeres attach to fibers called centromeric (also called
kinetochore) fibers. As yet, the chromosomes have no particu-
lar orientation as they move first one way and then the other. 

Metaphase
By the time of metaphase, the fully formed spindle consists
of poles, asters, and fibers. The chromosomes attached to
centromeric spindle fibers are aligned at the metaphase
plate (also called the equator) of the spindle. Polar spindle
fibers reach beyond the metaphase plate and overlap. At the
close of metaphase, the centromeres uniting the sister chro-
matids divide.

Anaphase
During anaphase, the centromeres divide. The sister chro-
matids separate, becoming two daughter chromosomes that

move toward the opposite poles of the spindle. The daugh-
ter chromosomes have a centromere and single chromatid.
What accounts for the movement of the daughter chromo-
somes? First, the centromeric spindle fibers disassemble at
the region of the kinetochore, and this pulls the daughter
chromosomes to the poles. Second, the polar spindle fibers
lengthen as they slide past one another. 

Telophase
During telophase, the spindle disappears and nuclear enve-
lope components reassemble around the daughter chromo-
somes. Each daughter nucleus contains the same number
and kinds of chromosomes as the original parental cell.
Remnants of the polar spindle fibers are still visible between
the two nuclei.

The chromosomes become more diffuse chromatin once
again, and a nucleolus appears in each daughter nucleus.
Cytokinesis is nearly complete, and soon there will be two
individual daughter cells, each with a nucleus that contains
the diploid number of chromosomes. 
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How Plant Cells Divide
As with animal cells, mitosis in plant cells permits growth
and repair. Certain plant tissue, called meristematic tissue,
retains the ability to divide throughout the life of a plant.
Meristematic tissue is found in root tip and shoot tip of
stems. Lateral meristem accounts for the ability of trees to
increase their girth each growing season.

Figure 5.6 illustrates mitosis in plant cells; exactly the
same phases are seen in plant cells as in animal cells. During
early prophase, the chromatin condenses into scattered pre-
viously duplicated chromosomes and the spindle forms;
during late prophase, chromosomes attach to spindle fibers;
during metaphase, the chromosomes are at the metaphase
plate of the spindle; during anaphase, the sister chromatids
separate becoming daughter chromosomes that move into
the daughter nuclei; and during anaphase, cytokinesis
begins. Although plant cells have a centrosome, and spindle,
there are no centrioles nor asters during cell division. 

Mitosis in plant and animal cells ensures the
daughter cells have the same number and kinds of
chromosomes as the parental cell.
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Figure 5.6 Phases of plant cell mitosis
Note the absence of centrioles and asters and the presence of the cell wall. In telophase, a cell plate develops between the two daughter cells.
The cell plate marks the boundary of the new daughter cells, where new plasma membrane and a new cell wall is forming for each cell.

Cytokinesis in Plant and Animal Cells
Cytokinesis, or cytoplasmic cleavage, usually accompanies
mitosis. Division of the cytoplasm begins in anaphase, con-
tinues in telophase, but does not reach completion until just
before the following interphase. By that time, the newly
forming cells have received a share of the cytoplasmic
organelles which duplicated during the previous interphase.

Cytokinesis in Plant Cells
Cytokinesis in plant cells occurs by a process different from
that seen in animal cells (Fig. 5.7). The rigid cell wall that
surrounds plant cells does not permit cytokinesis by furrow-
ing. Instead, the Golgi apparatus produces membranous
sacs called vesicles, which move along the microtubules to
the midpoint between the two daughter nuclei. These vesi-
cles fuse, forming a cell plate. Their membrane completes
the plasma membrane for both cells. They also release mole-
cules that signal the formation of plant cell walls, which are
strengthened by the addition of cellulose fibrils.

A spindle forms during mitosis in plant cells, but
there are no centrioles or asters. Cytokinesis in
plant cells involves the formation of a cell plate.
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Cytokinesis in Animal Cells
In animal cells, a cleavage furrow, which is an indentation of
the membrane between the two daughter nuclei, begins as
anaphase draws to a close. The cleavage furrow deepens
when a band of actin filaments, called the contractile ring,
slowly forms a constriction between the two daughter cells.
The action of the contractile ring can be likened to pulling a
drawstring ever tighter about the middle of a balloon. As the
drawstring is pulled tight, the balloon constricts in the middle.

A narrow bridge between the two cells can be seen dur-
ing telophase, and then the contractile ring continues to sepa-
rate the cytoplasm until there are two daughter cells (Fig. 5.8).

Cytokinesis in animal cells is accomplished by a
furrowing.

Cell Division in Prokaryotes
Asexual reproduction requires a single parent, and the off-
spring are identical to the parent because they contain the
same genes. The process of asexual reproduction in prokary-
otes is termed binary fission because division (fission) pro-
duces two (binary) daughter cells that are identical to the
original parental cell. Before division occurs, DNA replicates
and the single chromosome is duplicated. Thus, there are
two chromosomes that separate as the cell elongates. When
the cell is approximately twice its original length, the plasma
membrane grows inward and a new cell wall forms, divid-
ing the cell into two approximately equal portions. 

Asexual reproduction in prokaryotes is by binary
fission. Following DNA replication, the two resulting
chromosomes separate as the cell elongates.
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vesicles containing
membrane components
fusing to form cell plate

nucleicell wall

cleavage furrow

contractile ring

Figure 5.7 Cytokinesis in plant cells.
During cytokinesis in a plant cell, the cell plate forms midway
between the two daughter nuclei and extends to the plasma
membrane.

Figure 5.8 Cytokinesis in an animal cell.
A single cell becomes two cells by a furrowing process. A contractile
ring composed of actin filaments gradually gets smaller, and the
cleavage furrow pinches the cell into two cells.
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5.3 Reducing the Chromosome
Number
Meiosis occurs in any life cycle that involves sexual repro-
duction. Meiosis reduces the chromosome number in such a
way that the daughter nuclei receive only one member of
each homologous pair. The process of meiosis ensures that
the next generation of individuals will have a combination
of traits that are different from either parent. 

Overview of Meiosis
Meiosis requires two nuclear divisions and produces four haploid
daughter cells, each having one of each kind of chromosome and
therefore half the total number of chromosomes present in the
diploid parental nucleus. The parental cell has the diploid
number of chromosomes, while the daughter cells have the
haploid number of chromosomes. 

Recall that when a cell is 2n or diploid, the chromo-
somes occur in pairs. For example, the 46 chromosomes of
humans occur in 23 pairs of chromosomes. The members of
each pair are called homologous chromosomes or homo-
logues. 

Figure 5.9 presents an overview of meiosis, indicating
the two cell divisions, meiosis I and meiosis II. Prior to
meiosis I, DNA replication has occurred and the chromo-
somes are duplicated. Each chromosome consists of two
chromatids held together at a centromere. During meiosis I
the homologous chromosomes come together and line up
side by side. This so-called synapsis results in an association
of four chromatids that stay in close proximity during the
first two phases of meiosis I. 

Due to synapsis there are pairs of homologous chromo-
somes at the metaphase plate during meiosis I. Then, the
members of these pairs separate and each daughter cell
receives one member of each pair. Therefore, the daughter
cells have the haploid number of chromosomes, as you can
verify by counting the number of centromeres. Each chro-
mosome, however, is still duplicated. 

During meiosis I, homologous chromosomes pair
up and then separate. Each daughter cell receives
one copy of each kind of chromosome. 

No replication of DNA is needed between meiosis I and
meiosis II because the chromosomes are already duplicated:
they already have two sister chromatids. During meiosis II,
the centromeres divide and the sister chromatids separate,
becoming daughter chromosomes that are distributed to
daughter nuclei. In the end, each of four daughter cells has
the haploid number of chromosomes and each chromosome
consists of one chromatid.

Following meiosis II, there are four haploid
daughter cells and each chromosome consists of
one chromatid. 

In some life cycles, such as that of humans (see Fig.
5.15), the daughter cells mature into gametes (sex cells—
sperm and egg) that fuse during fertilization. Fertilization
restores the diploid number of chromosomes in a cell that
will develop into a new individual.
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Figure 5.9 Overview of meiosis.
Following DNA replication, each chromosome is duplicated. During
meiosis I, the homologous chromosomes pair during synapsis and
then separate. During meiosis II, the centromeres divide and the
sister chromatids separate, becoming daughter chromosomes that
move into the daughter nuclei.
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orientations are considered, the result will be 23 or eight
combinations of maternal and paternal chromosomes in the
resulting gametes from this cell. In humans, where there are
23 pairs of chromosomes, the possible chromosomal combi-
nations in the gametes is a staggering 223, or 8,388,608. And
this does not even consider the genetic variations that are
introduced due to crossing-over.  

During meiosis, crossing-over mixes the genetic
information of maternal and paternal
chromosomes and independent assortment leads
to different combinations of these chromosomes in
the gametes and offspring. 

Genetic Recombination
Meiosis helps ensure that genetic recombination occurs
through two key events: crossing-over and independent
assortment of homologous chromosomes. In order to
appreciate the significance of these events, it is necessary to
realize that the members of a homologous pair can carry
slightly different instructions for the same genetic trait. For
example, one homologue may carry instructions for brown
eyes while the corresponding homologue may carry
instructions for blue eyes. 

Crossing-over of Nonsister Chromatids
It’s often said that we inherit half our chromosomes from
our mother and half from our father, but this is not strictly
correct because of crossing-over. During synapsis, the
homologous chromosomes come together and line up side
by side. Now an exchange of genetic material may occur
between the nonsister chromatids of the homologous pair
(Fig. 5.10). Crossing-over means that the genetic instruc-
tions from a mother and father are mixed and the chro-
matids held together by a centromere are no longer
identical. When the chromatids separate during meiosis I,
the daughter cells receive chromosomes with recombined
genetic material. 

Independent Assortment of Homologous Chromosomes
Independent assortment means that the homologous chro-
mosomes separate independently or in a random manner.
When homologues align at the metaphase plate, the mater-
nal or paternal homologue may be orientated toward either
pole. Figure 5.11 shows four possible orientations for a cell
that contains only three pairs of chromosomes. Each orien-
tation results in gametes that have a different combination
of maternal and paternal chromosomes. Once all possible

sister chromatids

synapsis
crossing-over

between nonsister
chromatids

chromatids
after

exchange

recombinant
daughter

chromosomes

Figure 5.10 Synapsis and crossing-over.
During meiosis I, from left to right, duplicated homologous
chromosomes undergo synapsis; nonsister chromatids break and
then rejoin, so that two of the resulting daughter chromosomes have
a different combination of genes.

Figure 5.11 Independent assortment.
Four possible orientations of homologue pairs at the metaphase plate are shown. Each of these will result in daughter nuclei with a different
combination of parental chromosomes. When a cell has three pairs of homologous chromosomes, there are 23 possible combinations of parental
chromosomes in the daughter nuclei.
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5.4 Meiosis in Detail M

The same four phases seen in mitosis—prophase,
metaphase, anaphase, and telophase—occur during both
meiosis I and meiosis II.

The First Division
Phases of meiosis for an animal cell are diagrammed in Fig-
ure 5.12. During prophase I, the spindle appears while the
nuclear envelope fragments and the nucleolus disappears.
Due to DNA duplication during interphase, the homologous
chromosomes each have two sister chromatids. During
synapsis, crossing-over can occur. If so, the sister chromatids
of a duplicated chromosome are no longer identical. 

During metaphase I, homologous pairs are aligned at
the metaphase plate. The maternal homologue may be ori-
entated toward either pole, and the father homologue may
be aligned toward either pole. This means that all possible
combinations of chromosomes can occur in the daughter
nuclei. During anaphase I, homologous chromosomes sep-
arate and move to opposite poles of the spindle. Each chro-
mosome still consists of two chromatids. 

In some species, there is a telophase I phase at the end of
meiosis I. If so, the nuclear envelopes re-form and nucleoli
appear. This phase may or may not be accompanied by
cytokinesis, which is separation of the cytoplasm. 

No replication of DNA occurs during a period of time
between divisions called interkinesis.

The Second Division
Phases of meiosis II for an animal cell are diagrammed in
Figure 5.13. At the beginning of prophase II, a spindle
appears while the nuclear envelope dissembles and the
nucleolus disappears. Each duplicated chromosome is
attached to the spindle and lines up independently at the
metaphase plate during metaphase II. At the close of
metaphase II, the centromeres divide. During anaphase II,
sister chromatids separate, becoming daughter chromo-
somes that move into the daughter nuclei. In telophase II,
the spindle disappears as nuclear envelopes re-form. The
plasma membrane furrows to give two complete cells, each
of which has the haploid number of chromosomes. Each
chromosome consists of one chromatid. Since each cell from
meiosis I undergoes meiosis II, there are four daughter cells
altogether.

During meiosis I, crossing-over occurs.
Homologous chromosomes, each consisting of
two sister chromatids, separate, and the daughter
cells are haploid. Following meiosis II, there are
four haploid daughter cells, and each chromosome
has only one chromatid.

Prophase I
Homologous pairs
during synapsis.

Metaphase I
Homologous pairs
align at the metaphase
plate.

Anaphase I
Homologous chromosomes
separate, pulled to opposite
poles by centromeric
spindle fibers.

Telophase I
Daughter cells have
one chromosome from
each homologous pair.

Interkinesis
Chromosomes still
consist of
two chromatids.

DNA
replication

2n = 4

n = 2

Meiosis I

Figure 5.12 Meiosis I. 
The exchange of color between nonsister chromatids represents
crossing-over.
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Figure 5.13 Meiosis II.
During meiosis II sister chromatids separate, becoming daughter chromosomes that are distributed to the daughter nuclei. Following meiosis II,
there are four haploid daughter cells. Comparing the number of centromeres in the daughter cells with the number in the parental cell at the start
of meiosis I verifies that the daughter cells are haploid.

Meiosis II
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Daughter chromosomes
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daughter cells.
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5.5 Comparison of Meiosis with
Mitosis
Figure 5.14 compares mitosis to meiosis. The differences
between these cellular divisions can be categorized accord-
ing to occurrence and process.

Occurrence
Meiosis occurs only at certain times in the life cycle of sexu-
ally reproducing organisms. In humans, meiosis occurs only
in the reproductive organs and produces the gametes. Mito-
sis is more common because it occurs in all tissues during
growth and repair.

Process
We will compare both meiosis I and meiosis II to mitosis.

Comparison of Meiosis I to Mitosis 
The following are distinctive differences between the
processes of meiosis I and mitosis. 

3. Homologous chromosomes (with centromeres intact)
separate and move to opposite poles during anaphase I
in meiosis. Sister chromatids separate, becoming
daughter chromosomes that move to opposite poles
during anaphase in mitosis. 

Comparison of Meiosis II to Mitosis
The events of meiosis II are just like those of mitosis except that
in meiosis II, the nuclei contain the haploid number of chro-
mosomes. The following listing compares meiosis II to mitosis:
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Meiosis I

Prophase I
Pairing of chromosomes

Metaphase I
Homologous chromosomes
at metaphase plate

Anaphase I
Homologous chromosomes
separate 

Telophase I
Daughter cells are haploid 

Mitosis

Prophase
No pairing of chromosomes

Metaphase
Duplicated chromosomes at
metaphase plate

Anaphase
Sister chromatids separate,
becoming daughter chromo-
somes that move to the
poles 

Telophase
Daughter cells are diploid

Meiosis II

Prophase II
No pairing of chromosomes

Metaphase II
Haploid number of
duplicated chromosomes at
metaphase plate

Anaphase II
Sister chromatids separate,
becoming daughter
chromosomes that move to
the poles

Telophase II
Four daughter cells

Mitosis

Prophase
No pairing of chromosomes

Metaphase
Diploid number of
duplicated chromosomes at
metaphase plate

Anaphase
Sister chromatids separate,
becoming daughter
chromosomes that move to
the poles

Telophase
Two daughter cells

These events distinguish meiosis I from mitosis.

1. Homologous chromosomes pair and undergo crossing-
over during prophase I of meiosis but not during
mitosis.

2. Paired homologous chromosomes align at the
metaphase plate during metaphase I in meiosis.
Individual (duplicated chromosomes) align at the
metaphase plate during metaphase in mitosis.

The following are differences between meiosis and mitosis:

1. DNA replication takes place only once during both
meiosis and mitosis. There are two nuclear divisions
during meiosis and only one nuclear division during
mitosis.

2. Four daughter cells are produced by meiosis. Mitosis
results in two daughter cells.

3. The four daughter cells formed by meiosis are haploid.
The daughter cells produced by mitosis have the same
chromosome number as the parental cell.

4. The daughter cells from meiosis are not genetically
identical to each other or to the parental cell. The
daughter cells from mitosis are genetically identical to
each other and to the parental cell.

Meiosis is a specialized process that reduces the
chromosome number and occurs only during the
production of gametes. Mitosis is a process that
occurs during growth and repair of all tissues. 
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Meiosis Mitosis

homologues align
independently

synapsis and
crossing-over
occur

homologues separate sister chromatids
separate

chromosomes align
at the metaphase plate

daughter cells form

sister
chromatids
separate

daughter nuclei are not genetically
identical to parent cell

daughter nuclei are genetically
identical to parent cell

daughter
cells form

Figure 5.14 Meiosis compared to mitosis. 
Why does meiosis produce haploid daughter cells while mitosis produces diploid daughter cells? Compare metaphase I of meiosis to metaphase
of mitosis. Only in metaphase I are the homologous chromosomes paired at the metaphase plate. Members of the homologous chromosomes
separate during anaphase I, and therefore the daughter cells are haploid. The blue chromosomes were inherited from one parent and the red
chromosomes were inherited from the other parent. The exchange of color between nonsister chromatids represents crossing-over during
meiosis I. 
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5.6 The Human Life Cycle M

The human life cycle requires both meiosis and mitosis (Fig.
5.15). In human males, meiosis is a part of spermatogenesis
which occurs in the testes and produces sperm. In human
females, meiosis is a part of oogenesis which occurs in the
ovaries and produces eggs (Fig. 5.15). A haploid sperm and
a haploid egg join at fertilization and the resulting zygote
has the full or diploid number of chromosomes. During
development of the fetus, which is the stage of development
before birth, mitosis keeps the chromosome number con-
stant in all the cells of the body. After birth, mitosis is
involved in the continued growth of the child and repair of
tissues at any time. As a result of mitosis, each somatic cell in
the body has the same number of chromosomes. 

Spermatogenesis and Oogenesis in Humans
Spermatogenesis is the production of sperm in males, and
oogenesis is the production of eggs in females. In the testes
of human males, primary spermatocytes, which are diploid
(2n), divide during the first meiotic division to form two sec-

ondary spermatocytes, which are haploid (n). Secondary
spermatocytes divide during the second meiotic division to
produce four spermatids which are also haploid (n). What’s
the difference between the chromosomes in haploid sec-
ondary spermatocytes and those in haploid spermatids? The
chromosomes in secondary spermatocytes are duplicated
and consist of two chromatids, while those in spermatids
consist of only one chromatid. Spermatids mature into
sperm (spermatozoa). In human males,  sperm have 23 chro-
mosomes, which is the haploid number. The process of
meiosis in males always results in four cells that become
sperm. 

In ovaries of human females, a primary oocyte, which is
diploid (2n), divides during the first meiotic division into
two cells, each of which is haploid but the chromosomes are
duplicated. One of these cells, termed the secondary oocyte,
receives almost all the cytoplasm. The other is a polar body.
A polar body is a nonfunctioning cell that occurs during
oogenesis. It contains little cytoplasm and will eventually
disintegrate. The secondary oocyte begins the second meiot-
ic division but stops at metaphase II. The secondary oocyte
leaves the ovary and enters an oviduct where it may be
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mitosis

meiosis

meiosis

2n 2n

2n

n

n

fertilization

zygote
2n

mitosis

Figure 5.15 Life cycle of humans.
Meiosis in human males is a part of sperm production, and meiosis in human females is a part of egg production. When a haploid sperm fertilizes
a haploid egg, the zygote is diploid. The zygote undergoes mitosis as it develops into a newborn child. Mitosis continues after birth until the
individual reaches maturity; then the life cycle begins again.
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approached by a sperm. If a sperm does enter the oocyte, the
oocyte is activated to complete the second meiotic division.
The mature egg has 23 chromosomes, each consisting of one
chromatid. In human females, meiosis produces only one
egg and two polar bodies. The polar bodies are a way to dis-
card unnecessary chromosomes while retaining much of the
cytoplasm in the egg. The cytoplasm serves as a source of
nutrients for the developing embryo. 

Genetic Recombination in Humans
Notice that fertilization is another means by which chromo-
somes are recombined in the next generation. Because each
child receives both paternal and maternal chromosomes, no
child is exactly like either parent. Altogether there are three

ways in which meiosis ensures that a child has a different
combination of genes than either parent.

1. Independent assortment of chromosomes means that
all possible combinations of chromosomes occur in the
gametes.

2. Crossing-over recombines genetic material so that
sister chromatids are genetically dissimilar.

3. Upon fertilization, recombination of chromosomes
occurs.

Sexual reproduction ensures that each generation
has the same number of chromosomes, and that
each individual has a different genetic makeup
than either parent.
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Spermatogenesis

Oogenesis

primary
spermatocyte
(2n)

primary
oocyte
(2n)

secondary
oocyte
(n)

egg (n) zygote (2n)

first polar
body (n)

 meiosis I completion of
meiosis II

meiosis I

meiosis II

secondary
spermatocytes
(n)

spermatids
(n)

sperm
(n)

first polar
body (n)

second polar
body (n)

sperm
nucleus
(n)

fusion of
sperm nucleus (n)
and egg nucleus (n)

nucleus

fertilization

maturation

Figure 5.16 Spermatogenesis and oogenesis.
Spermatogenesis produces four viable sperm, whereas oogenesis produces one egg and two polar bodies. In humans, both sperm and egg have
23 chromosomes each; therefore, following fertilization, the zygote has 46 chromosomes.
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Summarizing the Concepts

5.1 Maintaining the Chromosome Number
Each species has a characteristic number of chromosomes. The total
number is the diploid number, and half this number is the haploid
number. Among eukaryotes, cell division involves nuclear division
and division of the cytoplasm (cytokinesis).

Replication of DNA precedes cell division. The duplicated chro-
mosome is composed of two sister chromatids held together at a cen-
tromere. During mitosis the centromeres divide, and daughter
chromosomes go into each new nucleus.

The cell cycle has four stages. During the G1 stage the organelles
increase in number; during the S stage, DNA replication occurs; during
the G2 stage, various proteins are synthesized; and during the M stage,
mitosis occurs. It is now known that regulation of the cell cycle
involves various proteins known as kinases and cyclins. 

5.2 Mitosis in Detail
Mitosis has the following phases: prophase—in early prophase chro-
mosomes have no particular arrangement, and in late prophase the
chromosomes are attached to spindle fibers; metaphase, when the
chromosomes are aligned at the metaphase plate; anaphase, when the
chromatids separate, becoming daughter chromosomes that move
toward the poles; and telophase, when new nuclear envelopes form
around the daughter chromosomes and cytokinesis begins.

5.3 Reducing the Chromosome Number
Meiosis is found in any life cycle that involves sexual reproduction.
During meiosis I, homologues separate, and this leads to daughter cells
with half or the haploid number of homologous chromosomes.
Crossing-over and independent assortment of chromosomes during
meiosis I ensure genetic recombination in daughter cells. During meio-
sis II, chromatids separate, becoming daughter chromosomes that are
distributed to daughter nuclei. In some life cycles, the daughter cells
become gametes, and upon fertilization, the offspring have the diploid
number of chromosomes, the same as their parents.

5.4 Meiosis in Detail
Meiosis utilizes two nuclear divisions. During meiosis I, homologous
chromosomes undergo synapsis, and crossing-over between nonsister
chromatids occurs. When the homologous chromosomes separate dur-
ing meiosis I, each daughter nucleus receives one member from each
pair of chromosomes. Therefore, the daughter cells are haploid. Distri-
bution of daughter chromosomes derived from sister chromatids dur-
ing meiosis II then leads to a total of four new cells, each with the
haploid number of chromosomes.

5.5 Comparison of Meiosis with Mitosis
Figure 5.14 contrasts the phases of mitosis with the phases of meiosis.

5.6 The Human Life Cycle
The human life cycle involves both mitosis and meiosis. Mitosis ensures
that each somatic cell will have the diploid number of chromosomes.

Meiosis is a part of spermatogenesis and oogenesis. Spermatogen-
esis in males produces four viable sperm, while oogenesis in females
produces one egg and two polar bodies. Oogenesis does not go on to
completion unless a sperm fertilizes the developing egg. 

Among sexually reproducing organisms, such as humans, meiosis
results in genetic recombination due to independent assortment of
homologous chromosomes and crossing-over. Fertilization also con-
tributes to genetic recombination.

Studying the Concepts

1. Describe the chromosome number using the terms diploid
and haploid. 84

2. Explain how mitosis maintains the chromosome number in
all the somatic cells of an individual. 84

3. Describe the cell cycle, including a description of interphase.
86

4. Describe the phases of animal mitosis, including in your
description the terms centrosome, nucleolus, spindle, and
cleavage furrow. 88–91
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Cloning is making exact multiple copies
of DNA or a cell or an organism. The

first two procedures have been around for
some time. Through biotechnology, bacte-
ria produce cloned copies of human DNA.
When a single bacterium reproduces asex-
ually on a petri dish, a colony results. Each
member of the colony is a clone of the orig-
inal cell. Now for the first time in our his-
tory, it is possible to produce a clone of a
vertebrate. No sperm and egg are
required. The DNA of an adult cell is
placed in an egg that undergoes develop-
ment to become an exact copy of the
organism that donated the DNA. Some
people fear that billionaires and celebrities
will hasten to make multiple copies of

themselves. Others feel that this is unlikely.
Rather, they fear a different type of
cloning.

Suppose it were possible to use the
DNA of a burn victim to produce embry-
onic cells that are cajoled to become skin
cells. These cells could be used to provide
grafts of brand new skin. Would this be a
proper use of cloning in humans?

Or suppose parents want to produce a
child free of a genetic disease. Scientists
produce a zygote through in vitro fertiliza-
tion, and then they clone the zygote to pro-
duce any number of cells. Genetic
engineering to correct the defect doesn’t
work on all the cells—only a few. They
implant just those few in the uterus where

development continues to term. Would
this be a proper use of cloning in humans?

Well, what if science progressed to
producing children with increased intelli-
gence or athletic prowess in the same
way? Would this be an acceptable use of
cloning in humans?

Questions
1. Presently, research in the cloning of

humans is banned. Should it be? Why or
why not?

2. Under what circumstances might cloning
in humans be acceptable? Explain.

3. Is cloning to produce improved breeds of
farm animals acceptable? Why or why
not?
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9. At the metaphase plate during metaphase I of meiosis, there
are
a. single chromosomes.
b. unpaired duplicated chromosomes.
c. homologous pairs.
d. always twenty-three chromosomes.

10. Crossing-over occurs between
a. sister chromatids of the same chromosomes.
b. two different bivalents.
c. nonsister chromatids of a homologous pair.
d. two daughter nuclei.

11. Which of these is not a difference between spermatogenesis
and oogenesis in humans?
Spermatogenesis Oogenesis
occurs in males. occurs in females.
produces four sperm produces one egg

per meiosis. per meiosis.
produces haploid eggs produces diploid cells
always goes to does not always go to

completion completion
12. Label this diagram of a cell in early prophase of mitosis.
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5. Name two differences between plant cell mitosis and animal
cell mitosis. 91

6. Give an overview of meiosis and the manner in which it
reduces the chromosome number. 92

7. How does meiosis ensure genetic recombination in the
daughter cells? Explain in detail. 93

8. Describe the phases of meiosis I and meiosis II in detail. 94
9. Compare meiosis I and meiosis II to mitosis. 96

10. Explain why spermatogenesis results in four sperm and
oogenesis produces one mature egg. 98–99

11. What are three events that ensure children have a different
combination of genes than their parents? 99

Testing Yourself

Choose the best answer for each question.
1. The cell cycle ensures that

a. the cell grows prior to cell division.
b. DNA replicates prior to cell division.
c. the chromatids separate, becoming the daughter chromo-

somes.
d. the cytoplasm divides.
e. All of these are correct.

2. In human beings, mitosis is necessary to
a. growth and repair of tissues.
b. formation of the gametes.
c. maintaining the chromosome number in all body cells.
d. the death of unnecessary cells.
e. Both b and c are correct.

For questions 3–5 match the descriptions that follow to the terms
in the key.
Key:
a. centriole
b. chromatid
c. chromosome
d. centromere

3. point of attachment for sister chromatids
4. found at a pole in the center of an aster
5. coiled and condensed chromatin
6. If a parent cell has fourteen chromosomes prior to mitosis,

how many chromosomes will the daughter cells have?
a. twenty-eight
b. fourteen
c. seven
d. any number between seven and twenty-eight

7. In which phase of mitosis are chromosomes moving toward
the poles?
a. prophase
b. metaphase
c. anaphase
d. telophase
e. Both b and c are correct.

8. If a parent cell has twelve chromosomes, then the daughter
cells following meiosis will have
a. twelve chromosomes.
b. twenty-four chromosomes.
c. six chromosomes.
d. Any one of these could be correct.

a.

b.
c.

d.

13. Which of these drawings represents metaphase I of meiosis?
How do you know?
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Match the terms to these definitions:
a. Production of sperm in males by the process of

meiosis and maturation.
b. In oogenesis, a nonfunctional product; two to

three meiotic products are of this type.
c. In oogenesis, the functional product of meiosis I;

becomes the egg.
d. Pairing of homologous chromosomes during

meiosis I.
e. Production of eggs in females by the process of

meiosis and maturation.

Understanding the Terms

anaphase 89
aster 88
cell cycle 86
cell plate 90
centromere 84
chromatin 84
chromosome 84
cleavage furrow 91
crossing-over 93
cyclin 86
cytokinesis 84
daughter chromosomes 84
diploid (2n) 84
fertilization 92
gamete 92
haploid (n) 84
homologous chromosome 92
homologue 92

independent assortment 93
interkinesis 94
interphase 86
kinase 86
meiosis 92
metaphase 89
mitosis 84
oogenesis 98
polar body 98
prophase 88
secondary oocyte 98
sister chromatid 84
somatic cell 84
spermatogenesis 98
spindle 88
synapsis 92
telophase 89
zygote 98

Thinking Scientifically

1. Concerning the genetic material:
a. Which form—chromatin or chromosomes—would you

expect to be metabolically active? Why? (page 84)
b. The genes are part of the chromosomes. Ordinarily, a per-

son inherits two copies of a gene—one from the mother
and one from the father. Does it seem reasonable that the
two copies of the gene might be different forms of the
gene?

c. The genes direct protein (enzyme) synthesis. Why do you
suppose a person with three chromosomes of the same
kind might suffer from various disorders?

d. Not all genes are active in all cells. For example, why
might a defective gene not adversely affect the maturation
of a sperm or an egg?

2. Concerning cell division (page 96):
a. The drug colchicine prevents cell division from finishing.

What part of a dividing cell do you suppose it disrupts?
b. Asexual reproduction ordinarily does not produce genetic

variation. Why not?
c. Sexual reproduction does produce genetic variation. Why?
d. Would you expect sexual reproduction to aid the evolu-

tionary process? Why?

Using Technology

Your study of cell division is supported by these available
technologies:

Essential Study Partner CD-ROM
Cells ££ Cell Division

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Life Science Animations 3D Video
10 Mitosis
11 Meiosis
12 Crossing Over

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com
http://www.mhhe.com/biosci/genbio/mader
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/chap05espactivities_s.html


103

Metabolism: Energy
and Enzymes

Chapter Concepts

6.1 Energy
• Energy cannot be created nor destroyed; energy

can be changed from one form to another but
there is always a loss of usable energy. 104

6.2 Metabolic Reactions and Energy
Transformations
• In cells the breakdown of ATP, which releases

energy, can be coupled to reactions that require
an input of energy. 106

• ATP goes through a cycle: energy from glucose
breakdown drives ATP buildup and then ATP
breakdown provides energy for cellular work.
107

6.3 Metabolic Pathways and Enzymes
• Cells have metabolic pathways in which every

reaction has a specific enzyme. 108
• Enzymes speed reactions because they have an

active site where a specific reaction occurs. 109
• Environmental factors like temperature and pH

affect the activity of enzymes. 110
• Inhibition of enzymes is a common way for cells

to control enzyme activity. 110
• Cofactors sometimes assist enzymes when

chemical reactions occur in cells. 111

6.4 Metabolic Pathways and Oxidation-Reduction
• Photosynthesis and cellular respiration are

oxidation-reduction pathways that allow a flow
of energy through all living things. 112

Plant cells carry on both photosynthesis in chloroplasts and
aerobic cellular respiration in mitochondria. These metabolic
pathways consist of a number of enzymatic reactions that involve
energy transformations. Without enzymes and energy, cells could
not continue to exist.
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Two Laws of Thermodynamics
Early researchers who first studied energy and its relation-
ships and exchanges formulated two laws of thermody-
namics. The first law, also called the “law of conservation of
energy,” says that energy cannot be created or destroyed but can
only be changed from one form to another. Think of the conver-
sions that occur when coal is used to power a locomotive.
First, the chemical energy of coal is converted to heat energy
and then heat energy is converted to kinetic energy in a
steam engine. Similarly, the potential energy of coal or gas is
converted to electrical energy by power plants. Do energy
transformations occur in the human body? As an example,
consider that the chemical energy in the food we eat is
changed to the chemical energy of ATP, and then this form of
potential energy is converted to the mechanical energy of
muscle contraction (Fig. 6.1).

The second law of thermodynamics says that energy cannot
be changed from one form to another without a loss of usable
energy. Only about 25% of the chemical energy of gasoline
is converted to the motion of a car; the rest is lost as heat.
Heat, of course, is a form of energy, but heat is the most
random form of energy and quickly dissipates into the
environment. When muscles convert the chemical energy
within ATP to the mechanical energy of contraction, some
of this energy becomes heat right away. With conversion
upon conversion, eventually all usable forms of energy
become heat that is lost to the environment. And because
heat dissipates, it can never be converted back to a form of
potential energy. The reading on the next page discusses
how ecosystems also obey the second law of thermody-
namics.

Entropy
Entropy is a measure of randomness or disorder. An orga-
nized, usable form of energy has a low entropy, whereas an
unorganized, less stable form of energy such as heat has a
high entropy. A neat room has a much lower entropy than a
messy room. We know that a neat room always tends
toward messiness. In the same way, energy conversions
eventually result in heat, and therefore the entropy of the
universe is always increasing.

How does an ordered system such as a neat room or
an organism come about? You know very well that it
takes an input of usable energy to keep your room neat. In
the same way, it takes a constant input of usable energy
from the food you eat to keep you organized. This input
of energy goes through many energy conversions, and the
output is finally heat, which increases the entropy of the
universe.

The laws of thermodynamics explain why the
entropy of the universe spontaneously increases
and why organisms need a constant input of
usable energy to maintain their organization.

6.1 Energy
Living things can’t grow, reproduce, or exhibit any of the
characteristics of life without a ready supply of energy.
Energy, which is the capacity to do work, occurs in many
forms: light energy comes from the sun; electrical energy
powers kitchen appliances; and heat energy warms our
houses. Kinetic energy is the energy of motion. All moving
objects have kinetic energy. Thrown baseballs, falling water,
and contracting muscles have kinetic energy. Potential ener-
gy is stored energy. Water behind a dam, or a rock at the top
of a hill, or ATP, has potential energy that can be converted
to kinetic energy. Chemical energy is in the interactions of
atoms, one to the other, in a molecule. Molecules have vary-
ing amounts of potential energy. Glucose has much more
energy than its breakdown products, carbon dioxide and
water.
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Take a look around the room you're in. How many
things are powered by batteries or plugged into elec-
trical outlets? Just as electricity drives all those appli-

ances, lights, etc., a versatile molecule called ATP provides
cells with the energy to move, build proteins, perform
chemical reactions, and carry out any other necessary
duties. ATP doesn't work solo in the cell, however. Assis-
tants known as enzymes help molecules interact with each
other, speeding the cell's chemistry and making it more
energy-efficient. Together, ATP and enzymes govern a cell's
metabolism, as this chapter will explain.

Figure 6.1 Energy for life.
All of the energy needed to move this athlete is provided by the food
he has eaten. Once food has been processed in the digestive tract,
nutrients are transported about the body, including to the muscles.
The energy of nutrient molecules is converted to that of ATP
molecules which power muscle contraction.
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A cell converts the energy of one chemical molecule into anoth-
er but so do ecosystems. In an ecosystem, the energy stored in
the members of one population is used by another to maintain
the organization of its members. Because of this, energy flows
through an ecosystem (Fig. 6A). As transformations of energy
occur, useful energy is lost to the environment in the form of
heat, until finally useful energy is completely used up. Since
energy cannot recycle, there is a need for an ultimate source of
energy. This source, which continually supplies almost all living
things with energy, is the sun. The entire universe is tending
toward disorder, but in the meantime, solar energy is sustaining
living things. 

Human beings are also a population that feeds on other
organisms. We feed directly on plants, such as corn, or on ani-
mals like poultry and cattle that have fed on corn. In the United
States, however, much supplemental energy in addition to solar
energy is used to produce food. Even before planting time, there
is an input of fossil fuel energy for the processing of seeds, and
the making of tools, fertilizers, and pesticides. Then, fossil fuel
energy is used to transport these materials to the farm. At the
farm, fuel is needed to plant the seeds, to apply fertilizers and
pesticides, and to irrigate, harvest, and dry the crops. After har-
vesting, still more fuel is used to process the crops to make the
neatly packaged products we buy in the supermarket. Most of
the food we eat today has been processed in some way. Even
farm families now buy at least some of their food from super-
markets in nearby towns. 

Since 1940 the amount of supplemental fuel used in the
American food system has greatly increased until now the
amount of supplemental energy is at least three or four times
that of the caloric content of the food produced! This is partially
due to the trend toward producing more food on less land by
using high-yielding hybrid wheat and corn plants. These plants
require more care and about twice as much supplemental ener-
gy as the traditional varieties of wheat and corn. Cattle confined
to feedlots and fed grain that has gone through the whole pro-
duction process require about twenty times the amount of sup-
plemental energy as do range-fed cattle. Our food system has
been labeled energy-intensive because it requires such a large
input of supplemental energy.

Our energy-intensive food system is a matter for concern
because it increases the cost of food and the burning of fossil
fuels adds pollutants to the atmosphere. What can be done?
First of all, we could grow crops that do not require so much
supplemental energy. And second, we could eat primarily veg-
etables and grains. It is estimated that only about 10% of the
energy contained in one population is actually taken up by the
next population. (About 90% is lost as heat.) This means that
about ten times the number of people can be sustained on a diet
of vegetables and grain rather than a diet of meat. And when we

do eat meat we could depend more on range-fed cattle. Cattle
kept close to farmland supply manure that can substitute, in
part, for chemical fertilizer. Biological control, the use of natural
enemies to control pests, would cut down on pesticide use.
Solar and wind energy could be used instead of fossil fuel ener-
gy, particularly on the farm. For example, wind-driven irriga-
tion pumps are feasible.

Finally, of course, consumers could help matters. We could
overcome our prejudice against vegetables that have slight
blemishes. We could consume less processed foods and buy
cheaper cuts of beef, which have come from range-fed cattle.
And we could avoid using electrically powered gadgets when
preparing food at home.
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Figure 6A Energy loss in an ecosystem.
Ordinarily about 2% of the solar energy reaching the earth is taken
up by photosynthesizers (plants and algae). This is the energy that
allows them to make their own food. Herbivores obtain their food
by eating plants, and carnivores obtain food by eating other
animals. Whenever the energy content of food is used by
organisms, it is eventually converted to heat. With death and decay
by decomposers, all the energy temporarily stored in organisms
returns as heat to the atmosphere. In order to support a very large
population, human beings supplement solar energy with fossil fuel
energy to grow crops. Usually, humans feed on crops directly or on
animals (herbivores) that have been fed on crops.
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6.2 Metabolic Reactions and Energy
Transformations M

Metabolism is the sum of all the reactions that occur in a
cell. Reactants are substances that participate in a reaction,
while products are substances that form as a result of a
reaction. In the reaction A � B £ C � D, A and B are the
reactants while C and D are the products. How would you
know that this reaction will occur spontaneously—that is,
without an input of energy? Using the concept of entropy,
it is possible to state that a reaction will occur sponta-
neously if it increases the entropy of the universe. But this
is not very helpful in cell biology because we don’t wish to
consider the entire universe. We simply want to consider
this reaction. In such instances, cell biologists use the con-
cept of free energy. Free energy is the amount of
energy available—that is, energy that is still “free”
to do work after a chemical reaction has occurred.
Free energy is denoted by the symbol G after
Josiah Gibbs who first developed the concept. A
negative ∆G (change in free energy) means that
the products have less free energy than the reac-
tants and the reaction will occur spontaneously. In
our reaction, if C and D have less free energy than
A and B, then the reaction will “go.”

Exergonic reactions are ones in which ∆G is
negative and energy is released, while endergonic
reactions are ones in which the products have more
free energy than the reactants. Endergonic reactions
can only occur if there is an input of energy.

If the change in free energy in both directions is
just about zero, the reaction is reversible and the
reaction is at equilibrium. How could you make a
reversible reaction “go” in one direction or the oth-
er? Very often in cells, as soon as a product is
formed, the product is used as a reactant in another
reaction. Such occurrences cause the reaction to go
in the direction of the product.

Coupled Reactions
Can the energy released by an exergonic reaction be
used to “drive” an endergonic reaction? In the body
many reactions such as protein synthesis, nerve
conduction, or muscle contraction are endergonic:
they require an input of energy. On the other hand,
the breakdown of ATP to ADP � P� is exergonic
and energy is released (Fig. 6.2).

In coupled reactions, the energy released by an
exergonic reaction is used to drive an endergonic
reaction. ATP breakdown is often coupled to cellu-
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Figure 6.2 Coupled reactions.
a. The breakdown of ATP is exergonic. b. Muscle contraction is endergonic and
therefore cannot occur without an input of energy. c. Muscle contraction is
coupled to ATP breakdown, making the overall process exergonic. Now muscle
contraction can occur.

exergonic

ATP

ADP  +   P   +  energy

ADP  +   P  

ATP

a.

b.

c.

muscle contraction

Muscle contraction
is endergonic

lar reactions that require an input of energy. Coupling,
which requires that the exergonic reaction and the ender-
gonic reaction be closely tied, can be symbolized like this:

How is a cell assured of a supply of ATP? Recall that glu-
cose breakdown during aerobic cellular respiration provides
the energy for the buildup of ATP in mitochondria. Only

ATP

C + D A + B

ADP + P

Coupling
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39% of the free energy of glucose is transformed to ATP; the
rest is lost as heat. When ATP breaks down to drive the reac-
tions mentioned, some energy is lost as heat and the overall
reaction becomes exergonic.

ATP: Energy for Cells
ATP (adenosine triphosphate) is the common energy cur-
rency of cells: when cells require energy, they “spend” ATP.
You may think that this causes our bodies to produce a lot of
ATP, and it does; however, the amount on hand at any one
moment is minimal because ATP is constantly being gener-
ated from ADP (adenosine diphosphate) and P� (Fig. 6.3).

The use of ATP as a carrier of energy has some advan-
tages: (1) It provides a common energy currency that can be
used in many different types of reactions. (2) When ATP
becomes ADP � P�, the amount of energy released is just
about enough for the biological purposes mentioned in the
following section, and so little energy is wasted. (3) ATP
breakdown is coupled to endergonic reactions in such a way
that it minimizes energy loss.

Function of ATP
Recall that at various times we have mentioned at least three
uses for ATP.

Chemical work. Supplies the energy needed to
synthesize macromolecules that make up the cell.

Transport work. Supplies the energy needed to pump
substances across the plasma membrane.

Mechanical work. Supplies the energy needed to
permit muscles to contract, cilia and flagella to
beat, chromosomes to move, and so forth.

Structure of ATP
ATP is a nucleotide composed of the base adenine and the
sugar ribose (together called adenosine) and three phos-
phate groups. ATP is called a “high-energy” compound
because a phosphate group is easily removed. Under cellu-
lar conditions, the amount of energy released when ATP is
hydrolyzed to ADP � P� is about 7.3 kcal per mole.1

ATP is a carrier of energy in cells. It is the common
energy currency because it supplies energy for
many different types of reactions.

1A mole is the number of molecules present in the molecular weight of a substance
(in grams).
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ADP +
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endergonic reactions
(e.g., protein synthesis,
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muscle contraction)
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(e.g., cellular respiration)

P P

P

P P P

ATP

Figure 6.3 The ATP cycle.
In cells, the exergonic breakdown of glucose is coupled to the buildup of ATP, and then the exergonic breakdown of ATP is coupled to endergonic
reactions in cells. When a phosphate group is removed by hydrolysis, ATP releases the appropriate amount of energy for most metabolic
reactions. The high-energy content of ATP comes from the complex interaction of the atoms within the molecule.
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6.3 Metabolic Pathways and 
Enzymes M

Reactions do not occur haphazardly in cells; they are usually a
part of a metabolic pathway, a series of linked reactions.
Metabolic pathways begin with a particular reactant and ter-
minate with an end product. While it is possible to write an
overall equation for a pathway as if the beginning reactant
went to the end product in one step, there are actually many
specific steps in between. In the pathway, one reaction leads to
the next reaction, which leads to the next reaction, and so forth
in an organized, highly structured manner. This arrangement
makes it possible for one pathway to lead to several others,
because various pathways have several molecules in common.
Also, metabolic energy is captured and utilized more easily if
it is released in small increments rather than all at once.

A metabolic pathway can be represented by the follow-
ing diagram:

In this diagram, the letters A–F are reactants and letters B–G
are products in the various reactions. The letters E1–E6 are
enzymes.

An enzyme is a protein molecule2 that functions as an
organic catalyst to speed a chemical reaction. In a crowded
ballroom, a mutual friend can cause particular people to
interact. In the cell, an enzyme brings together particular
molecules and causes them to react with one another.

A            B            C            D            E            F            G

E1          E2           E3          E4          E5          E6

The reactants in an enzymatic reaction are called the
substrates for that enzyme. In the first reaction, A is the sub-
strate for E1 and B is the product. Now B becomes the sub-
strate for E2, and C is the product. This process continues
until the final product G forms.

Any one of the molecules (A–G) in this linear pathway
could also be a substrate for an enzyme in another pathway.
A diagram showing all the possibilities would be highly
branched.

Energy of Activation
Molecules frequently do not react with one another unless
they are activated in some way. In the absence of an enzyme,
activation is very often achieved by heating the reaction flask
to increase the number of effective collisions between mole-
cules. The energy that must be added to cause molecules to
react with one another is called the energy of activation (Ea).
Figure 6.4 compares Ea when an enzyme is not present to
when an enzyme is present, illustrating that enzymes lower
the amount of energy required for activation to occur.

In baseball, a home-run hitter must not only hit the ball
to the fence, but over the fence. When enzymes lower the
energy of activation, it is like removing the fence; then it is
possible to get a home run by simply hitting the ball as far as
the fence was.

Enzyme-Substrate Complexes
The following equation, which is pictorially shown in Figure
6.5, is often used to indicate that an enzyme forms a complex
with its substrate:
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2Catalytic RNA molecules are called ribozymes and are not enzymes.
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Figure 6.4 Energy of activation (Ea).
Enzymes speed the rate of chemical reactions because they lower the amount of energy required to activate the reactants. a. Energy of activation
when an enzyme is not present. b. Energy of activation when an enzyme is present. Even spontaneous reactions like this one speed up when an
enzyme is present.
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In most instances only one small part of the enzyme,
called the active site, complexes with the substrate(s). It is
here that the enzyme and substrate fit together, seemingly
like a key fits a lock; however, it is now known that the
active site undergoes a slight change in shape in order to
accommodate the substrate(s). This is called the induced-fit
model because the enzyme is induced to undergo a slight
alteration to achieve optimum fit. 

The change in shape of the active site facilitates the reac-
tion that now occurs. After the reaction has been completed,
the product(s) is released, and the active site returns to its
original state, ready to bind to another substrate molecule.
Only a small amount of enzyme is actually needed in a cell
because enzymes are not used up by the reaction.

Some enzymes do more than simply complex with
their substrate(s); they actually participate in the reaction.
Trypsin digests protein by breaking peptide bonds. The
active site of trypsin contains three amino acids with R
groups that actually interact with members of the peptide
bond—first to break the bond and then to introduce the
components of water. This illustrates that the formation of
the enzyme-substrate complex is very important in speed-
ing up the reaction.

Sometimes it is possible for a particular reactant(s) to
produce more than one type of product(s). The presence or
absence of an enzyme determines which reaction takes

enzyme substrate enzyme-substrate
complex

product

place. If a substance can react to form more than one prod-
uct, then the enzyme that is present and active determines
which product is produced.

Every reaction in a cell requires its specific enzyme.
Because enzymes only complex with their substrates, they
are named for their substrates, as in the following examples:

Substrate Enzyme

Lipid Lipase
Urea Urease
Maltose Maltase
Ribonucleic acid Ribonuclease
Lactose Lactase

Most enzymes are protein molecules. Enzymes
speed chemical reactions by lowering the energy
of activation. They do this by forming an enzyme-
substrate complex.

Factors Affecting Enzymatic Speed
Enzymatic reactions proceed quite rapidly. Consider, for
example, the breakdown of hydrogen peroxide (H2O2) as
catalyzed by the enzyme catalase: 2 H2O2 £ 2 H2O + O2.
The breakdown of hydrogen peroxide can occur 600,000
times a second when catalase is present. To achieve maxi-
mum product per unit time, there should be enough sub-
strate to fill active sites most of the time. Temperature and
optimal pH also increase the rate of an enzymatic reaction. 

Chapter 6 Metabolism: Energy and Enzymes 1096-7

a. Degradative reaction

substrate

enzyme enzymeenzyme-substrate complex

active site

products

substrates

enzyme enzymeenzyme-substrate complex

product

b. Synthetic reaction

active site

Figure 6.5 Enzymatic action.
An enzyme has an active site, which is where the substrates and enzyme fit together in such a way that the substrates are oriented to react.
Following the reaction, the products are released and the enzyme is free to act again. a. Some enzymes carry out degradative reactions in which
the substrate is broken down to smaller molecules. b. Other enzymes carry out synthetic reactions in which the substrates are joined to form a
larger molecule.
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Substrate Concentration
Generally, enzyme activity increases as substrate concen-
tration increases because there are more collisions
between substrate molecules and the enzyme. As more
substrate molecules fill active sites, more product results
per unit time. But when the enzyme’s active sites are filled
almost continuously with substrate, the enzyme’s rate of
activity cannot increase anymore. Maximum rate has been
reached. 

Temperature and pH 
As the temperature rises, enzyme activity increases (Fig.
6.6a). This occurs because as the temperature rises there are
more effective collisions between enzyme and substrate.
However, if the temperature rises beyond a certain point,
enzyme activity eventually levels out and then declines
rapidly because the enzyme is denatured. An enzyme’s
shape changes during denaturation, and then it can no
longer bind its substrate(s) efficiently.

Each enzyme also has an optimal pH at which the rate of
the reaction is highest. Figure 6.6b shows the optimal pH for
the enzymes pepsin and trypsin. At this pH value, these
enzymes have their normal configurations. The globular
structure of an enzyme is dependent on interactions, such as
hydrogen bonding, between R groups. A change in pH can
alter the ionization of these side chains and disrupt normal
interactions, and under extreme conditions of pH, de-
naturation eventually occurs. Again, the enzyme has an
altered shape and is then unable to combine efficiently with
its substrate.

Enzyme Concentration 
Since enzymes are specific, a cell regulates which enzymes
are present and/or active at any one time. Otherwise
enzymes may be present that are not needed, or one path-
way may negate the work of another pathway. 

Genes must be turned on to increase the concentration
of an enzyme and must be turned off to decrease the con-
centration of an enzyme. 

Another way to control enzyme activity is to activate or
deactivate the enzyme. Phosphorylation is one way to acti-
vate an enzyme. Molecules received by membrane receptors
often turn on kinases, which then activate enzymes by phos-
phorylating them:

Enzyme Inhibition
Actually, enzyme inhibition is a common means by which
cells regulate enzyme activity. In competitive inhibition,
another molecule is so close in shape to the enzyme’s sub-
strate that it can compete with the true substrate for the
enzyme’s active site. This molecule inhibits the reaction
because only the binding of the true substrate results in a
product. In noncompetitive inhibition, a molecule binds to an
enzyme, but not at the active site. The other binding site is
called the allosteric site. In this instance, inhibition occurs

protein protein

kinase
PPPPP
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Figure 6.6 Rate of an enzymatic reaction as a function of temperature and pH.
a. At first, as with most chemical reactions, the rate of an enzymatic reaction doubles with every 10°C rise in temperature. In this graph, the
rate of reaction is maximum at about 40°C; then it decreases until the reaction stops altogether, because the enzyme has become denatured.
b. Pepsin, an enzyme found in the stomach, acts best at a pH of about 2, while trypsin, an enzyme found in the small intestine, performs
optimally at a pH of about 8. The shape that enables these proteins to bind with their substrates is not properly maintained at other pHs.
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Enzymes speed a reaction by forming a complex
with the substrate. Various factors affect enzymatic
speed, including substrate concentration,
temperature, pH, enzyme concentration, the
presence of inhibitors or necessary cofactors.

when binding of a molecule causes a shift in the three-
dimensional structure so that the substrate cannot bind to
the active site.

The activity of almost every enzyme in a cell can be
regulated by its product. When a product is in abundance,
it binds competitively with its enzyme’s active site; as the
product is used up, inhibition is reduced and more prod-
uct can be produced. In this way, the concentration of the
product is always kept within a certain range. Most meta-
bolic pathways are regulated by feedback inhibition, but
the end product of the pathway binds at an allosteric site
on the first enzyme of the pathway (Fig. 6.7). This binding
shuts down the pathway, and no more product is
produced.

In inhibition, a product binds to the active site or
binds to an allosteric site on an enzyme.

Poisons are often enzyme inhibitors. Cyanide is an
inhibitor for an essential enzyme (cytochrome c oxidase) in
all cells, which accounts for its lethal effect on humans.
Penicillin blocks the active site of an enzyme unique to bac-
teria. When penicillin is taken, bacteria die but humans are
unaffected.

Enzyme Cofactors
Many enzymes require an inorganic ion or organic but non-
protein molecule to function properly; these necessary ions
or molecules are called cofactors. The inorganic ions are
metals such as copper, zinc, or iron. The organic, nonprotein
molecules are called coenzymes. These cofactors assist the
enzyme and may even accept or contribute atoms to the
reactions. 

It is interesting that vitamins are often components of
coenzymes. Vitamins are relatively small organic molecules
that are required in trace amounts in our diet and in the diet
of other animals for synthesis of coenzymes that affect
health and physical fitness. The vitamin becomes a part of
the coenzyme’s molecular structure. These vitamins are nec-
essary to formation of the coenzymes listed:

Vitamin Coenzyme

Niacin NAD�

B2 (riboflavin) FAD
B1 (thiamine) Thiamine pyrophosphate
Pantothenic acid Coenzyme A (CoA)
B12 (cobalamin) B12 coenzymes

A deficiency of any one of these vitamins results in a lack of
the coenzyme listed and therefore a lack of certain enzymat-
ic actions. In humans, this eventually results in vitamin-
deficiency symptoms: niacin deficiency results in a skin
disease called pellagra, and riboflavin deficiency results in
cracks at the corners of the mouth.
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Figure 6.7 Feedback inhibition.
This hypothetical metabolic pathway is regulated by feedback
inhibition. When reactant A binds to the active site of E1, the pathway
is active and the end product is produced. Once there is sufficient
end product, some binds to the allosteric site of E1. Now a change of
shape prevents reactant A from binding to the active site of E1 and
the end product is no longer produced.
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Since glucose is a high-energy molecule and water is a low-
energy molecule, energy has been released. You will remem-
ber that mitochondria in cells use the energy released from
glucose breakdown to build ATP molecules. 

In metabolic pathways, most oxidations such as those
that occur during aerobic cellular respiration involve a coen-
zyme called NAD (nicotinamide adenine dinucleotide).
NAD is a coenzyme of oxidation-reduction that accepts elec-
trons from glucose products and then later passes them on
to a metabolic pathway that reduces oxygen to water. NAD
carries a positive charge and therefore is represented as
NAD�. During oxidation reactions, NAD� accepts two elec-
trons but only one hydrogen ion. The reaction is:

NAD� � 2H £ NADH � H�

The Cycling of Matter and the Flow of
Energy
During photosynthesis, chloroplasts, present in plants, cap-
ture solar energy and use it to convert water and carbon
dioxide into carbohydrates which serve as food for all living
things. Oxygen is a by-product of photosynthesis (Fig. 6.8). 

Mitochondria, present in both plants and animals, com-
plete the breakdown of carbohydrates and use the released
energy to build ATP molecules. Aerobic cellular respiration
consumes oxygen and produces carbon dioxide and water,
the very molecules taken up by chloroplasts. 

This cycling of molecules between chloroplasts and
mitochondria allows a flow of energy from the sun through
all living things. This flow of energy maintains the levels of
biological organization from molecules to ecosystems. In
keeping with the laws of thermodynamics, energy is dissi-
pated with each chemical transformation and eventually the
solar energy captured by plants is lost in the form of heat.
Therefore, most living things are dependent upon an input
of solar energy. 

Human beings are also involved in the cycling of mole-
cules between plants and animals and in the flow of energy
from the sun. We inhale oxygen and eat plants and their
stored carbohydrates, or we eat other animals that have eat-
en plants. Oxygen and nutrient molecules enter our mito-
chondria which produce ATP and release carbon dioxide
and water, the molecules used by plants to produce carbo-
hydrates. Without a supply of energy-rich molecules pro-
duced by plants, we could not produce the ATP molecules
needed to maintain our bodies. 

Oxidation-reduction reactions are involved in the
pathways of photosynthesis, which take place in
chloroplasts, and of aerobic cellular respiration,
which take place in mitochondria. These pathways
permit a flow of energy from the sun through all
living things. 

6.4 Metabolic Pathways and
Oxidation-Reduction
As we have noted, chemical reactions can involve energy
transformations from one molecule to another, as when
the potential energy stored in ATP molecules is used to
synthesize macromolecules. In oxidation-reduction
(redox) reactions, electrons also pass from one molecule to
another. Oxidation is the loss of electrons and reduction is
the gain of electrons. Oxidation and reduction always
takes place at the same time because one molecule accepts
the electrons given up by another. Oxidation-reduction
reactions occur during photosynthesis and aerobic cellular
respiration.

Photosynthesis 
In living things, hydrogen ions often accompany electrons,
and if so, oxidation is a loss of hydrogen atoms
(e� � H�) and reduction is a gain of hydrogen atoms. For
example, the overall reaction for photosynthesis can be writ-
ten like this:

6CO2 � 6H2O � Energy £ C6H12O6 � 6 O2
Carbon Water Glucose Oxygen
dioxide

This equation shows that during photosynthesis hydrogen
atoms are transferred from water to carbon dioxide and
glucose is formed. Therefore, water has been oxidized and
carbon dioxide has been reduced. Since water is a low-
energy molecule and glucose is a high-energy molecule,
energy is needed to form glucose. This energy is supplied
by solar energy. Chloroplasts are able to capture solar
energy, and convert it to chemical energy of ATP mole-
cules that are used along with hydrogen atoms to reduce
glucose. 

A coenzyme of oxidation-reduction called NADP
(nicotinamide adenine dinucleotide phosphate) is active
during photosynthesis. NADP carries a positive charge and,
therefore, is written as NADP�. During photosynthesis,
NADP� accepts electrons and hydrogen ions derived from
water and passes by way of a metabolic pathway to carbon
dioxide. 

Aerobic Cellular Respiration
The overall equation for aerobic cellular respiration is the
opposite of the one we used to represent photosynthesis: 

C6H12O6 � 6 O2 £ 6CO2 � 6H2O � Energy
Glucose Oxygen Carbon Water

dioxide

In this reaction glucose has lost hydrogen atoms (been oxi-
dized) and oxygen has gained hydrogen atoms (been
reduced). When oxygen gains electrons it becomes water.
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In the United States, solar energy to grow
food is greatly supplemented by fossil

fuel energy. Even before crops are sowed,
there is an input of fossil fuel energy for
the production of seeds, tools, fertilizers,
pesticides, and their transportation to the
farm. At the farm, fuel is needed to plant
the seeds, to apply fertilizers and pesti-
cides, to irrigate, and to harvest and dry
crops. After harvesting, still more fuel is
used to process crops and put it in those
neatly packaged products we buy in the
supermarket. 

At this time, the supplemental energy
to grow food is several hundred times its
caloric content because we devote a limit-
ed amount of land to agriculture, and we
use high-yielding plants that require more
care anyway. It takes about twenty times
the amount of energy to keep cattle in

feedlots and feed them grain as it does to
range-feed them. Because the combustion
of fossil fuel energy contributes to environ-
mental problems such as global warming
and air pollution, it behooves us to take
steps to cut down on supplemental energy
to grow food. What can be done? First of
all we could devote as much land as possi-
ble to farming and animal husbandry.
Plant breeders could sacrifice some yield
to develop plants that would require less
supplemental energy. And we could
range-feed cattle. If cattle are kept close to
farmland, manure can substitute in part
for chemical fertilizers. Biological control,
the use of natural enemies to control pests,
would cut down on pesticide use and pos-
sibly improve the health of farm families.
Solar and wind energy could be used
instead of fossil fuel energy; for example,

wind-driven irrigation pumps are feasible. 
Finally. consumers could help. We

could overcome our prejudices against
slight blemishes on our fruits and vegeta-
bles. We could cut down on our consump-
tion of processed foods, eat less meat, and
buy cheaper cuts. And we could avoid
using electrically powered gadgets when
preparing food at home. 

Questions
1. Are you in favor of taking all possible

steps to reduce the input of supplemental
energy to grow food? Why or why not?

2. The way we grow food contributes to air,
water, and land pollution. Should this
become common knowledge? Why or
why not? 

3. Are you willing to make sacrifices to
improve the quality of the environment?
Why or why not? 

ATP

Chloroplast

carbohydrate

Photosynthesis Cellular respiration

CO2 + H2O

Mitochondrion

heat

heat

heat

for synthetic
reaction, active
transport, muscle
contraction,
nerve impulse

O2

Figure 6.8 Relationship of chloroplasts to mitochondria.
Chloroplasts produce energy-rich carbohydrates. These carbohydrates are broken down in mitochondria, and the energy released is used for the
buildup of ATP. There is a loss of usable energy due to the energy conversions of photosynthesis and aerobic respiration; and then, when ATP is
used as an energy source, all usable energy is converted to heat.
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There is a cycling of molecules between plants and animals
and a flow of energy through all living things. Photosynthesis is a
metabolic pathway in chloroplasts that transforms solar energy to
the chemical energy within carbohydrates, and aerobic respiration
is a metabolic pathway completed in mitochondria that transforms
this energy into that of ATP molecules. Eventually the energy with-
in ATP molecules becomes heat. The world of living things is
dependent on a constant input of solar energy.

Studying the Concepts

1. State the first law of thermodynamics and give an example.
104

2. State the second law of thermodynamics and give an exam-
ple. 104

3. Explain why the entropy of the universe is always increasing
and why an organized system like an organism requires a
constant input of useful energy. 104

4. What is the difference between exergonic reactions and
endergonic reactions? Why can exergonic but not endergonic
reactions occur spontaneously? 106

5. Define coupling and write an equation that shows an ender-
gonic reaction being coupled to ATP breakdown. 106

6. Why is ATP called the energy currency of cells? What is the
ATP cycle? 107

7. Diagram a metabolic pathway. Label the reactants, products,
and enzymes. 108

8. Why is less energy needed for a reaction to occur when an
enzyme is present? 108

9. Why are enzymes specific, and why can’t each one speed up
many different reactions? 109

10. Name and explain the manner in which at least three factors
can influence the speed of an enzymatic reaction. How do
cells regulate the activity of enzymes? 110–11

11. What are cofactors and coenzymes? 111
12. Describe how oxidation-reduction occurs in cells and discuss

the overall equations for photosynthesis and aerobic cellular
respiration in terms of oxidation-reduction. 112 

13. How do chloroplasts and mitochondria permit a flow of
energy through the world of living things? 112
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Summarizing the Concepts

6.1 Energy
There are two energy laws that are basic to understanding energy-
use patterns at all levels of biological organization. The first law
states that energy cannot be created or destroyed, but can only be
transferred or transformed. The second law states that one usable
form of energy cannot be completely converted into another usable
form. As a result of these laws, we know that the entropy of the uni-
verse is increasing and that only a constant input of energy main-
tains the organization of living things.

6.2 Metabolic Reactions and Energy Transformations
Metabolism is a term that encompasses all the chemical reactions
occurring in a cell. Considering individual reactions, only those
that result in a negative free energy difference—that is, the prod-
ucts have less usable energy than the reactants—occur sponta-
neously. Such reactions, called exergonic reactions, release energy.
Endergonic reactions, which require an input of energy, occur only
in cells because it is possible to couple an exergonic process with an
endergonic process. For example, glucose breakdown is an exer-
gonic metabolic pathway that drives the buildup of many ATP
molecules. These ATP molecules then supply energy for cellular
work. Thus, ATP goes through a cycle in which it is constantly
being built up from, and then broken down, to ADP + P�.

6.3 Metabolic Pathways and Enzymes
A metabolic pathway is a series of reactions that proceed in an
orderly, step-by-step manner. Each reaction requires a specific
enzyme. Reaction rates increase when enzymes form a complex
with their substrates. Generally, enzyme activity increases as sub-
strate concentration increases; once all active sites are filled, maxi-
mum rate has been achieved.

Any environmental factor, such as temperature and pH,
affects the shape of a protein and, therefore, also affects the ability
of an enzyme to do its job. Cellular mechanisms regulate enzyme
quantity and activity. The activity of most metabolic pathways is
regulated by feedback inhibition. Many enzymes have cofactors or
coenzymes that help them carry out a reaction.

6.4 Metabolic Pathways and Oxidation-Reduction 
The overall equation for photosynthesis is the opposite of that for
aerobic respiration. Both processes involve oxidation-reduction
reactions. During photosynthesis, NADP� is a coenzyme that
reduces carbon dioxide to glucose, and during aerobic respiration,
NAD� is a coenzyme that oxidizes glucose products so that carbon
dioxide is released. Redox reactions are a major way in which ener-
gy transformation occurs in cells. 
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Testing Yourself

Choose the best answer for each question.
1. When ATP becomes ADP + P�,

a. some usable energy is lost to the environment.
b. energy is created according to the first law of thermody-

namics.
c. an enzyme is required because the reaction does not occur

spontaneously.
d. the entropy of the universe is increased.
e. All of these are correct.

2. If A � B £ C � D � energy occurs in a cell, 
a. this reaction is exergonic.
b. an enzyme could still speed the reaction.
c. ATP is not needed to make the reaction go.
d. A and B are reactants; C and D are products.
e. All of these are correct.

3. Which of these does not utilize ATP?
a. synthesis of molecules in cells 
b. active transport of molecules across the plasma membrane 
c. muscle contraction 
d. nerve conduction
e. sweating to lose excess heat 

4. Energy of activation
a. is the amount of entropy in a system.
b. is the amount of energy given off by a reaction.
c. converts kinetic energy to potential energy.
d. is the energy needed to start a reaction.
e. is a way for cells to compete with one another.

5. The active site of an enzyme is
a. similar to that of any other enzyme.
b. the part of the enzyme where its substrate can fit.
c. can be used over and over again.
d. not affected by environmental factors like pH and temper-

ature.
e. Both b and c are correct.

6. If you wanted to increase the amount of product per unit
time of an enzymatic reaction, do not increase
a. the amount of substrate.
b. the amount of enzyme.
c. the temperature somewhat.
d. the pH.
e. All of these are correct.

7. An allosteric site on an enzyme is 
a. the same as the active site.
b. nonprotein in nature.
c. where ATP attaches and gives up its energy.
d. often involved in feedback inhibition.
e. All of these are correct.

8. Coenzymes
a. have specific functions in reactions.
b. have an active site just like enzymes do.
c. can be a carrier for proteins.
d. always have a phosphate group.
e. are used in photosynthesis but not cellular respiration.
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9. During photosynthesis, carbon dioxide
a. is oxidized to oxygen.
b. is reduced to glucose.
c. gives up water to the environment.
d. is a coenzyme of oxidation-reduction.
e. All of these are correct.

10. The oxygen given off by photosynthesis
a. is used by animal cells, but not plant cells, to carry on

cellular respiration.
b. is used by both plant and animal cells to carry on cellular

respiration.
c. is an example of the flow of energy through living things.
d. is an example of the cycling of matter through living

things.
e. Both b and d are correct.

11. Use these terms to label this diagram: substrates, enzyme
(used twice), active site, product, and enzyme-substrate com-
plex. Explain the importance of an enzyme’s shape to its
activity.

a.

b. c.

f.d. e.

Thinking Scientifically

1. Pepsin is an enzyme that breaks down protein. 
a. A student has a test tube that contains pepsin, egg white,

and water. What optimal conditions would you recom-
mend to ensure digestion of the egg white? (page 110)

b. If all the conditions are optimal, how could you increase
the yield (i.e., amount of product—amino acids—per unit
of time)? (page 110)

c. The instructor adds an inhibitor to the test tube. How
could the student tell if inhibition is reversible or
irreversible? (page 110)

2. A lack of oxygen causes death. Explain why by referring to
a. the overall equation for aerobic cellular respiration. (page

112)
b. the necessity of ATP for muscle contraction.
c. the needs of ordinary body cells.
d. brain activity as a test of death. 
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Understanding the Terms

active site 109
ADP (adenosine

diphosphate) 107
ATP (adenosine

triphosphate) 107
chemical energy 104
coenzyme 111
cofactor 111
coupled reactions 106
denatured 110
endergonic reaction 106
energy 104
energy of activation 108
entropy 104
enzyme 108
enzyme inhibition 110
exergonic reaction 106

feedback inhibition 111
free energy 106
induced-fit model 109
kinetic energy 104
laws of thermodynamics 104
metabolic pathway 108
metabolism 106
NAD 112
NADP 112
oxidation 112
potential energy 104
product 106
reactant 106
reduction 112
substrate 108
vitamin 111

Match the terms to these definitions:
a. All of the chemical reactions that occur in a cell

during growth and repair. 
b. Nonprotein adjunct required by an enzyme in

order to function; many are metal ions, others are coenzymes. 
c. Energy associated with motion.
d. Essential requirement in the diet, needed in small

amounts. They are often part of coenzymes.
e. Loss of an enzyme’s normal shape so that it no

longer functions; caused by an extreme change in pH and
temperature.

Using Technology

Your study of Metabolism: Energy and Enzymes is supported by
these available technologies:

Essential Study Partner CD-ROM
Cells ££Metabolism

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Virtual Physiology Laboratory CD-ROM
Enzyme Characterisitics

Life Science Animations 3D Video
7 Enzyme Action
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Cellular Respiration

Chapter Concepts

7.1 Aerobic Cellular Respiration
• During aerobic cellular respiration, the

breakdown of glucose drives the synthesis of
ATP. 118

• Aerobic cellular respiration requires a number of
reactions within three metabolic pathways. 119

7.2 Outside the Mitochondria: Glycolysis
• Glycolysis is a metabolic pathway that partially

breaks down glucose outside the mitochondria.
120

7.3 Inside the Mitochondria
• The transition reaction and the Krebs cycle,

which occur inside the mitochondria, continue
the breakdown of glucose until carbon dioxide
and water result. 122

• The electron transport system, which receives
electrons from NAD� and FAD, produces most
of the ATP during aerobic cellular respiration.
124

7.4 Metabolic Pool and Biosynthesis
• A number of molecules in addition to glucose

can be broken down to drive ATP synthesis.
127

7.5 Fermentation
• Fermentation is a metabolic pathway that

partially breaks down glucose under anaerobic
conditions. 129

The well-developed muscles of these swimmers give them
strength. Muscles are powered by the energy of ATP, and
mitochondria are the organelles that convert the energy of various
organic compounds to the energy of ATP.
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and reduction is the gain of electrons, glucose breakdown is
an oxidation-reduction reaction. Glucose is oxidized and O2

is reduced.
The buildup of ATP is an endergonic reaction, that is,

it requires energy. The overall equation for aerobic cellu-
lar respiration (Fig. 7.1) shows the coupling of glucose
breakdown to ATP buildup. As glucose is broken down,
ATP is built up, and this is the reason the ATP reaction is
drawn using a curved arrow above the glucose reaction
arrow. The breakdown of one glucose molecule results in
a maximum of 36 or 38 ATP molecules. This represents
about 40% of the potential energy within a glucose mole-
cule; the rest of the energy is lost as heat. This conversion
is more efficient than many others; for example, only
about 25% of the energy within gasoline is converted to
the motion of a car.

Phases of Aerobic Cellular Respiration
Aerobic cellular respiration does not occur all at once as in-
dicated by the overall reaction. If it did, all of the energy
within glucose would be given off at once and much of it
would be lost as heat. Instead, glucose breakdown involves
the four phases shown in Figure 7.2. Three of these are meta-
bolic pathways and one is an individual reaction:

• Glycolysis is the breakdown of glucose to two
molecules of pyruvate. Oxidation by removal of
hydrogen atoms provides enough energy for the
immediate buildup of two ATP. Glycolysis takes
place outside the mitochondria and does not utilize

7.1 Aerobic Cellular Respiration
Aerobic cellular respiration includes all the various
metabolic pathways by which carbohydrates and other
molecules are broken down with the concomitant buildup
of ATP. The expression refers to pathways that require
oxygen, as indicated by the word aerobic, and results in a
complete breakdown of molecules to carbon dioxide (CO2)
and water (H2O). Figure 7.1 shows an overall equation for
aerobic cellular respiration, when glucose is the first
reactant.

Glucose is a high-energy molecule, and its breakdown
products, CO2 and H2O, are low-energy molecules. There-
fore, we would expect the process to be exergonic, that is,
releases energy:

As breakdown occurs, electrons are removed from sub-
strates and eventually are received by O2, which then com-
bines with H� and becomes H2O. The equation shows
changes in regard to hydrogen atom (H) distribution. A hy-
drogen atom consists of a hydrogen ion plus an electron
(H� + e�). When hydrogen atoms are removed from glu-
cose, so are electrons. Since oxidation is the loss of electrons,

C6H12O6

glucose
6 O2 6CO2+ 6H2O+ energy+

Oxidation

Reduction
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The long-distance runner breathes deeply and rhyth-
mically as his legs keep up a steady beat along the
track. Internally, his body responds smoothly to

match the pace of his motions. Oxygen flowing into his lungs
enters the blood, passes through the heart and then ever
smaller blood vessels, until it is delivered to the cells of his
tissues. The intake of oxygen by the lungs and delivery by
the blood has been enhanced by his previous training. His
lung capacity is greater, his blood contains more red blood
cells, and the blood supply to his muscles is greater than in
those who do not train. His muscle cells are ready to receive
oxygen; they contain an abundance of mitochondria, which
start producing ATP as soon as oxygen has appeared.
Mitochondria are fueled by glucose breakdown. Glucose is
present because it has been stored in his muscle cells as
glycogen—the runner loaded up on carbohydrates a couple
of days before the race. 

Respiration involves breathing and the transport of oxy-
gen to cells, but this chapter concerns only the use of energy
from the breakdown of organic molecules for the production
of ATP.

ATP

energywater

6CO2 6H2O++ +

carbon
dioxide

6O2

oxygen

C6H12O6

glucose

ADP +  P ATP

O2

O2land water

Figure 7.1 Aerobic cellular respiration.
Almost all organisms, whether they reside on land or in the water,
carry on aerobic cellular respiration, which is most often glucose
breakdown coupled to ATP buildup.
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oxygen. The other stages of aerobic cellular
respiration take place inside the mitochondria,
where oxygen is utilized.

• During the transition reaction, pyruvate is oxidized
to an acetyl group carried by CoA, and CO2 is
removed. Since glycolysis ends with two molecules
of pyruvate, the transition reaction occurs twice per
glucose molecule.

• The Krebs cycle is a cyclical series of oxidation
reactions that give off CO2 and produce one ATP.
The Krebs cycle turns twice because two acetyl
CoA molecules enter the cycle per glucose
molecule. Altogether then, the Krebs cycle accounts
for two immediate ATP molecules per glucose
molecule.
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Krebs
cycle

acetyl group
C2

pyruvate
C3

Transition
reaction

Glycolysis

Krebs
cycle

Electron
transport
system

glucose
C6

e–

CO2

CO2

H2O

O2

ATP

ATP

ATP

Krebs
cycle

e–

Figure 7.2 Steps of aerobic cellular respiration.
Glycolysis, the transition reaction, the Krebs cycle, and the electron transport system are the four phases of aerobic cellular respiration which
results in 36 or 38 ATP per glucose molecule.

• The electron transport system is a series of carriers
that accept the electrons removed from glucose and
pass them along from one carrier to the next until
they are finally received by O2. As the electrons pass
from a higher energy to a lower energy state, energy
is released and used for ATP buildup. The electrons
from one glucose result in 32 or 34 ATP, depending
on certain conditions. 

Aerobic cellular respiration involves (1) glycolysis;
(2) the transition reaction; (3) the Krebs cycle; and
(4) the electron transport system. A total of 36 or
38 ATP molecules are produced per glucose
molecule in aerobic cellular respiration.
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7.2 Outside the Mitochondria:
Glycolysis

Glycolysis, which takes place within the cytoplasm outside
the mitochondria, is the breakdown of glucose to two pyru-
vate molecules. Since glycolysis is universally found in or-
ganisms, it most likely evolved before the Krebs cycle and
the electron transport system. This may be why glycolysis
occurs in the cytoplasm and does not require oxygen. 

Energy Investment Steps
As glycolysis begins, two ATP are used to activate glucose, a
C6 (six-carbon) molecule that splits into two C3 molecules,
each of which carries a phosphate group. From this point on,
each C3 molecule undergoes the same series of reactions. Note
that the left and right sides of Figure 7.3 are exactly the same.

Energy Harvesting Steps
During glycolysis, oxidation of substrates occurs by the re-
moval of electrons. However, these electrons are accompa-
nied by a hydrogen ion, so in effect two hydrogen atoms 
(2e� � 2H�) are removed. These are picked up by the coen-
zyme NAD� (nicotinamide adenine dinucleotide): 

NAD� + 2H £ NADH � H�

Later, when NADH passes two electrons on to another elec-
tron carrier, it becomes NAD� again. Only a small amount
of NAD� need be present in a cell, because like other coen-
zymes it is used over and over again. 

Oxidation results in high-energy phosphate molecules
that allow the formation of four ATP. This is called
substrate-level phosphorylation because a substrate passes
a high-energy phosphate to ADP, and ATP results. Subtract-
ing the two ATP that were used to get started, there is a net
gain of two ATP from glycolysis (Fig. 7.3). 

When glycolysis is a part of aerobic cellular respiration,
the end product pyruvate enters the mitochondria, where
oxygen is utilized. However, glycolysis does not need to be
a part of aerobic cellular respiration and can occur even
when oxygen is not present in cells. As we will see on page
129, glycolysis is also a part of fermentation. Fermentation is
an anaerobic process; it does not require oxygen.

Altogether the inputs and outputs of glycolysis are as
follows:

glucose
2 NAD+

2 ATP 
4 ADP + 2

Glycolysis

P

inputs outputs 

2 pyruvate
2  NADH

4 (net 2 ATP)ATP
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Cytoplasm

Figure 7.3 Glycolysis.
(a) Glycolysis takes place in cytoplasm. (b) This pathway begins with
glucose and ends with two pyruvate molecules; there is a gain of two
NADH, and a net gain of two ATP from glycolysis.

a.
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H2O

ADP

P

1. Two ATP are used
    to activate glucose.

2. A resulting C6 molecule breaks 
    down to 2 PGAL (glyceraldehyde
    -2-phosphate) molecules. 

3. Oxidation and phosphorylation of 2 
    PGAL results in 2 NADH and 2 high- 
    energy PGAP (1,3-bisphosphoglycerate) 
    molecules.

5. Oxidation of 2 PGA by removal of
    water results in 2 high-energy PEP
    (phosphoenolpyruvate) molecules.

4. Removal of high-energy phosphate from 
    2 PGAL by 2 ADP produces 2 ATP and
    2 PGA (3-phosphoglycerate) molecules.

6. Removal of high-energy phosphate
    from 2 PGA by 2 ADP produces 2
    ATP and 2 pyruvate molecules.

Energy Investment Steps

Energy Harvesting Steps

+2 ATP

–2 ATP

+2 ATP

2 ATP
(net gain)

pyruvate

C3

pyruvate

C3

ATP ATP

ADP

ATP ATP

ADP

H2O

ADP

NADHNADH

NAD+NAD+

glucose

C6

C6

PGAL

C3

PP

P

PGAP

C3P P

PGAL

C3 P

PP

PGAP

C3P P

PEP

C3

PEP

C3P

PGA

C3 P P

PGA

C3

ATP ATP

ADP ADP

b.
b.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


7.3 Inside the Mitochondria M

Whereas glycolysis takes place in the cytoplasm, the transi-
tion reaction, the Krebs cycle, and the electron transport sys-
tem all take place inside the cellular organelle called a
mitochondrion. A mitochondrion has a double membrane,
with an intermembrane space (between the outer and inner
membrane). Cristae are folds of inner membrane that jut out
into the matrix, the innermost compartment, which is filled
with a gel-like fluid (Fig. 7.4). The transition reaction and the
Krebs cycle enzymes are located in the matrix, and the elec-
tron transport system is located in the cristae. Most of the
ATP produced during cellular respiration is produced in mi-
tochondria; therefore, mitochondria are often called the
powerhouses of the cell.

It is interesting to think about how our bodies provide
the reactants for aerobic cellular respiration. The air we
breathe contains oxygen, and the food we eat contains glu-
cose. These enter the bloodstream, which carries them about
the body, and they move into each and every cell. The end
product of glycolysis, pyruvate, enters the mitochondria,
where the transition reaction, the Krebs cycle, and electron
transport system occur. Eventually, pyruvate is completely
broken down to CO2 and H2O as ATP is produced. The CO2

and ATP diffuse out of mitochondria into the cytoplasm. The
ATP is utilized in the cell for energy-requiring processes.

Carbon dioxide diffuses out of the cell and enters the blood-
stream. The bloodstream takes the CO2 to the lungs, where it
is exchanged. The H2O can remain in the mitochondria, or
the cell, or enter the blood and be excreted by the kidneys as
need be.

Transition Reaction
The transition reaction is so-called because it connects glycol-
ysis to the Krebs cycle. In this reaction, pyruvate is converted
to a two-carbon acetyl group attached to coenzyme A, or CoA,
and CO2 is given off. This is an oxidation reaction in which
electrons are removed from pyruvate by an enzyme that uses
NAD� as a coenzyme. NAD� goes to NADH � H� as acetyl-
CoA forms. This reaction occurs twice per glucose molecule.
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cristae

outer
membrane

intermembrane
space

inner
membrane

cytosol: location of glycolysis

matrix: location of the transition
reaction and the Krebs cycle

cristae: location of the electron
transport system

matrix
200 nm

Figure 7.4 Mitochondrion structure and function.
A mitochondrion is bounded by a double membrane, with an intermembrane space. The inner membrane invaginates to form the shelflike cristae.
The matrix is the fluid-filled interior of the mitochondrion. Note that glycolysis occurs outside the mitochondrion, whereas the Krebs cycle occurs
in the matrix and the electron transport system is located on the cristae, both within the mitochondrion.

2 acetyl-CoA + 2 carbon
   dioxide

2 NAD+ 2 NADH + H+

2   C3 H4 O3  + 2 CoA 2   C2 H3 O     CoA + 2 CO2

2 pyruvate + 2 CoA
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Krebs Cycle 
The Krebs cycle is a cyclical metabolic pathway located in
the matrix of mitochondria. The Krebs cycle, named for Sir
Hans Krebs, a British scientist, begins with the molecule cit-
rate. For this reason, it is also known as the citric acid cycle
(Fig. 7.5). During the Krebs cycle, the acetyl group that re-
sults from the transition reaction undergoes oxidation by the
removal of hydrogen atoms as two molecules of CO2 are
given off.

At the start of the Krebs cycle, the C2 acetyl group car-
ried by CoA joins with a C4 molecule, and citrate results.
Oxidation occurs during the cycle not only by NAD� but
also by FAD. FAD (flavin adenine dinucleotide) is another
coenzyme of oxidation-reduction which is sometimes
used instead of NAD�. After FAD accepts two electrons, it
becomes FADH2. During the Krebs cycle, electrons are ac-
cepted by NAD� in three instances; FAD is used only
once.

The two carbons of the acetyl group come off as CO2 as
a part of the oxidation process. Substrate-level phosphoryla-

tion is an important event of the Krebs cycle. When a high-
energy phosphate molecule gives up its phosphate group,
ATP eventually results.

The Krebs cycle turns twice for each original glucose
molecule. Therefore, the inputs and outputs of the Krebs
cycle per glucose molecule are as follows: 

We have now accounted for six carbon dioxide mole-
cules—two from the transition reaction and four from the
Krebs cycle. Carbon dioxide is one of the end products of
aerobic cellular respiration.

2 acetyl groups
2 ADP + 2
6 NAD+

2 FAD 

Krebs Cycle

inputs outputs 

ATP

4 CO2

2 

6 NADH
2 FADH2 

P
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ATP

CO2

FADH2

FAD

CO2

NADH

NADH NADH

NAD+

NAD+

NAD+

CoA

citrate
C6

ketoglutarate
C5

oxaloacetate
C4

succinate
C4

fumarate
C4

1. The cycle begins when
    an acetyl group carried by
    CoA combines with a C4
    molecule to form citrate.

5. Once again a substrate
    is oxidized and NAD+ 
    is reduced to NADH.

2. Twice over, substrates 
    are oxidized, NAD+ is 
    reduced to NADH, 
    and CO2 is released.

3. ADP becomes ATP as a 
    high-energy phosphate is
    removed from a substrate.

4. Again a substrate
    is oxidized but this 
    time FAD is reduced 
    to FADH2.

Krebs cycle
Acetyl-CoA

Figure 7.5 Krebs cycle.
The net result of this cycle of reactions is the oxidation of an acetyl group to two molecules of CO2 along with a transfer of electrons to NAD� and
FAD and a gain of one ATP. The Krebs cycle turns twice per glucose molecule.
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Electron Transport System 
The electron transport system located in the cristae of the
mitochondria is a series of carriers that pass electrons from
one to the other. Some of the electron carriers of the system
are cytochromes; therefore, the system is also termed a cy-
tochrome system. Cytochromes are protein molecules with a
heme group that contains an iron atom (Fe) capable of being
reduced and oxidized in a reversible manner.

The electrons that enter the electron transport system
are carried by NAD� and FAD. Figure 7.6 is arranged to
show that high-energy electrons enter the system, and low-
energy electrons leave the system. When NADH gives up its
electrons, it becomes NAD�; the next carrier gains the elec-
trons and is reduced. This oxidation-reduction reaction
starts the process, and each of the carriers in turn becomes
reduced and then oxidized as the electrons move down the
system. As the pair of electrons is passed from carrier to car-
rier, energy is released and used to form ATP molecules.
Oxygen receives the energy-spent electrons from the last of
the carriers. After receiving electrons, oxygen combines with
hydrogen ions and water forms:

This manner of producing ATP is sometimes called oxida-
tive phosphorylation because O2 must be present to re-
ceive electrons or the electron transport system does not
work.

When NADH delivers electrons to the first carrier of the
electron transport system, enough energy is released by the
time the electrons are received by O2 to permit the pro-
duction of three ATP molecules. When FADH2 delivers elec-
trons to the electron transport system, only two ATP are
produced.

The cell needs only a limited supply of the coenzymes
NAD� and FAD because they are constantly being recycled
and reused. Therefore, once NADH has delivered electrons
to the electron transport system, it is “free” to return and
pick up more hydrogen atoms. In the same manner, the com-
ponents of ATP are recycled in cells. Energy is required to
join ADP + P�, and then when ATP is used to do cellular
work, ADP and P� result once more. The recycling of coen-
zymes and ADP increases cellular efficiency since it does
away with the necessity to synthesize NAD�, FAD, and
ADP anew.

As electrons pass down the electron transport
system, energy is released and ATP is produced.
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Figure 7.6 Overview of the electron transport system.
NADH and FADH2 bring electrons to the electron transport system.
As the electrons move down the system, energy is released and used
to form ATP. For every pair of electrons that enters by way of NADH,
three ATP result. For every pair of electrons that enters by way of
FADH2, two ATP result. Oxygen, the final acceptor of the electrons,
becomes a part of water.
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Organization of Cristae
Figure 7.6 is a simplified overview of the electron transport
system. Figure 7.7 shows how the electron transport system
consists of three protein complexes and two mobile carriers.
The mobile carriers transport electrons between the com-
plexes, which also contain electron carriers.

Thus far we have been stressing that the carriers accept
electrons, which they pass from one to the other. What hap-
pens to the hydrogen ions (H�) carried by NADH and
FADH2? The carriers of the electron transport system use
the energy released by electrons as they move down the
electron transport system to pump hydrogen ions into the

intermembrane space of a mitochondrion. The vertical ar-
rows in Figure 7.8 show that the first complex, called the
NADH dehydrogenase complex, the cytochrome b–c1 com-
plex, and the cytochrome c oxidase complex all pump H�

into the intermembrane space. This establishes a very
strong electrochemical gradient; there are many hydrogen
ions in the intermembrane space and few in the matrix of a
mitochondrion.

The cristae also contain an ATP synthase complex through
which hydrogen ions flow down their gradient from the
intermembrane space into the matrix. As hydrogen ions
flow from high to low concentration, energy is released,
allowing the enzyme ATP synthase to synthesize ATP from
ADP +  P�. Just how H� flow drives ATP synthesis is not

known; perhaps the hydrogen ions
participate in the reaction, or perhaps
they cause a change in the shape of ATP
synthase and this brings about ATP syn-
thesis. Mitochondria produce ATP by
chemiosmosis, so-called because ATP
production is tied to an electrochemical
gradient that is an H� gradient.

Once formed, ATP molecules dif-
fuse out of the mitochondrial matrix by
way of a channel protein.
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Figure 7.7 Organization of cristae.
The electron transport system is located in the cristae. As electrons (e�) move from one
complex to the other, hydrogen ions (H�) are pumped from the matrix into the intermembrane
space. As hydrogen ions flow down their concentration gradient from the intermembrane
space into the matrix, ATP is synthesized by an ATP synthase. ATP leaves the matrix by way
of a channel protein.

Mitochondria utilize ATP
synthesis by chemiosmosis.
ATP production is dependent
upon an electrochemical
gradient established by the
pumping of H� into the
intermembrane space.
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Energy Yield From Glucose Metabolism
Figure 7.8 calculates the ATP yield for the complete break-
down of glucose to CO2 and H2O. Notice that the diagram in-
cludes the number of ATP produced directly by glycolysis and
the Krebs cycle and the number that is produced as a result of
electrons passing down the electron transport system.

Per glucose molecule, there is a net gain of two ATP
from glycolysis, which takes place in the cytoplasm. The
Krebs cycle, which occurs in the matrix of mitochondria, ac-
counts for two ATP per glucose molecule. This means that
there is a total of four ATP formed outside the electron trans-
port system.

Most ATP is produced by the electron transport system.
Per glucose molecule, ten NADH and two FADH2 take elec-
trons to the electron transport system. For each NADH
formed inside the mitochondria by the Krebs cycle, three
ATP result, but for each FADH2, there are only two ATP pro-
duced. Figure 7.6 explains the reason for this difference:
FADH2 delivers its electrons to the transport system after
NADH, and therefore these electrons cannot account for as
much ATP production. 

What about the ATP yield of NADH generated outside
the mitochondria by the glycolytic pathway? NADH cannot
cross mitochondrial membranes, but there is a “shuttle”
mechanism that allows its electrons to be delivered to the
electron transport system inside the mitochondria. The shut-
tle consists of an organic molecule, which can cross the outer
membrane, accept the electrons, and in most but not all cells,
deliver them to a FAD molecule in the inner membrane. If
FAD is used, only two ATP result because the electrons have
not entered the start of the electron transport system.

Efficiency of Aerobic Respiration 
It is interesting to calculate how much of the energy in a glu-
cose molecule eventually becomes available to the cell. The
difference in energy content between the reactants (glucose
and O2) and the products (CO2 and H2O) is 686 kcal. An ATP
phosphate bond has an energy content of 7.3 kcal, and 36 of
these are usually produced during glucose breakdown; 36
phosphates are equivalent to a total of 263 kcal. Therefore,
263/686, or 39%, of the available energy is usually trans-
ferred from glucose to ATP. The rest of the energy is lost in
the form of heat.
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Figure 7.8 Accounting of energy yield per glucose molecule breakdown.
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7.4 Metabolic Pool and Biosynthesis
Degradative reactions, which participate in catabolism,
break down molecules and tend to be exergonic. Synthetic
reactions, which participate in anabolism, tend to be ender-
gonic. It is correct to say that catabolism drives anabolism
because catabolism results in an ATP buildup that is used by
anabolism.

Catabolism 
We already know that glucose is broken down during aero-
bic cellular respiration. However, other molecules can also
undergo catabolism. When a fat is used as an energy source,
it breaks down to glycerol and three fatty acids. As Figure

7.9 indicates, glycerol is converted to PGAL, a metabolite in
glycolysis. The fatty acids are converted to acetyl-CoA,
which enters the Krebs cycle. An 18-carbon fatty acid results
in nine acetyl-CoA molecules. Calculation shows that respi-
ration of these can produce a total of 216 ATP molecules. For
this reason, fats are an efficient form of stored energy—there
are three long fatty acid chains per fat molecule.

The carbon skeleton of amino acids can also be broken
down. The carbon skeleton is produced in the liver when an
amino acid undergoes deamination, or the removal of the
amino group. The amino group becomes ammonia (NH3),
which enters the urea cycle and becomes part of urea, the
primary excretory product of humans. Just where the carbon
skeleton begins degradation is dependent on the length of
the R group, since this determines the number of carbons
left after deamination.

Anabolism 
We have already mentioned that the ATP produced
during catabolism drives anabolism. But there is an-
other way catabolism is related to anabolism. The
substrates making up the pathways in Figure 7.9 can
be used as starting materials for synthetic reactions.
In other words, compounds that enter the pathways
are oxidized to substrates that can be used for biosyn-
thesis. This is the cell’s metabolic pool, in which one
type of molecule can be converted to another. In this
way, carbohydrate intake can result in the formation
of fat. PGAL can be converted to glycerol, and acetyl
groups can be joined to form fatty acids. Fat synthesis
follows. This explains why you gain weight from eat-
ing too much candy, ice cream, and cake.

Some substrates of the Krebs cycle can be con-
verted to amino acids through transamination, the
transfer of an amino group to an organic acid, form-
ing a different amino acid. Plants are able to synthe-
size all of the amino acids they need. Animals,
however, lack some of the enzymes necessary for syn-
thesis of all amino acids. Adult humans, for example,
can synthesize 11 of the common amino acids, but
they cannot synthesize the other 9. The amino acids
that cannot be synthesized must be supplied by the
diet; they are called the essential amino acids. The
nonessential amino acids can be synthesized. It is
quite possible for animals to suffer from protein defi-
ciency if their diets do not contain adequate quanti-
ties of all the essential amino acids.
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Figure 7.9 The metabolic pool concept.
Carbohydrates, fats, and proteins can be used as energy sources, and they
enter degradative pathways at specific points. Catabolism produces molecules
that can also be used for anabolism of other compounds.
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All the reactions involved in aerobic cellular
respiration are a part of a metabolic pool;
the molecules from the pool can be used for
catabolism or for anabolism.
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Exercise: A Test of Homeostatic Control

Exercise is a dramatic test of the body’s homeostatic control sys-
tems—there is a large increase in muscle oxygen (O2) require-
ment, and a large amount of carbon dioxide (CO2) is produced.
These changes must be countered by increases in breathing and
blood flow to increase O2 delivery and remove the metabolically
produced CO2. Also, heavy exer-
cise can produce a large amount of
lactic acid due to the utilization of
fermentation, an anaerobic process.

Both the accumulation of CO2

and lactic acid can lead to an in-
crease in intracellular and extracel-
lular activity. Further, during heavy
exercise, the working muscles pro-
duce large amounts of heat that
must be removed to prevent over-
heating. In a strict sense, the body
rarely maintains true homeostasis
while performing intense exercise
or during prolonged exercise in a
hot or humid environment. How-
ever, a better maintenance of home-
ostasis is observed in those who
have had endurance training.

The number of mitochondria in-
creases in the muscles of persons
who train; therefore, there is
greater reliance on the Krebs cycle
and the electron transport system
to generate energy. Muscle cells
with few mitochondria must have a
high ADP concentration to stimu-
late the limited number of mito-
chondria to start consuming O2.
After an endurance training pro-
gram, the large number of mito-
chondria start consuming O2 as
soon as the ADP concentration
starts rising due to muscle contrac-
tion and subsequent breakdown of
ATP. Therefore, a steady state of O2

intake by mitochondria is achieved
earlier in the athlete. This faster rise
in O2 uptake at the onset of work
means that the O2 deficit is less,
and the formation of lactate due to
fermentation is less. Further, any
lactate that is produced is removed
and processed more quickly.

Training also results in greater reliance on the Krebs cycle
and increased fatty acid metabolism, because fatty acids are bro-
ken down to acetyl-CoA, which enters the Krebs cycle. This pre-
serves plasma glucose concentration and also helps the body
maintain homeostasis.

In athletes, there is:

a smaller O2 deficit due to a more rapid increase in O2 uptake at the onset of work;

an increase in fat metabolism that spares blood glucose;

a reduction in lactate and H+ formation;

an increase in lactate removal.
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7.5 Fermentation
Fermentation consists of glycolysis plus one other
reaction—the reduction of pyruvate to either lactate or alco-
hol and CO2 (Fig. 7.10). The pathway operates anaerobically
because after NADH transfers its electrons to pyruvate, it is
“free” to return and pick up more electrons during the ear-
lier reactions of glycolysis.

Certain anaerobic bacteria such as lactic-acid bacteria,
which help us manufacture cheese, consistently produce lac-
tate in this manner. Other bacteria anaerobically produce
chemicals of industrial importance: isopropanol, butyric
acid, propionic acid, and acetic acid. Yeasts are good exam-
ples of organisms that generate alcohol and CO2. Yeast is
used to leaven bread; the CO2 produced makes bread rise.
Yeast is also used to ferment wine; in that case, it is the ethyl
alcohol that is desired. Eventually yeasts are killed by the
very alcohol they produce.

Animal, including human, cells are similar to lactic
acid bacteria in that pyruvate, when produced faster than
it can be oxidized through the Krebs cycle, is reduced to
lactate.

Advantages and Disadvantages of
Fermentation
Despite its low yield of only two ATP, fermentation is essen-
tial to humans because it can provide a rapid burst of ATP;
muscle cells more than other cells are apt to carry on fer-
mentation. When our muscles are working vigorously over
a short period of time, as when we run, fermentation is a
way to produce ATP even though oxygen is temporarily in a
limited supply.

Lactate, however, is toxic to cells. At first, blood carries
away all the lactate formed in muscles. Eventually, however,
lactate begins to build up, changing the pH and causing the
muscles to fatigue so that they no longer contract. When we
stop running, our bodies are in oxygen debt, as signified by
the fact that we continue to breathe very heavily for a time. Re-
covery is complete when the lactate is transported to the liver,
where it is reconverted to pyruvate. Some of the pyruvate is
respired completely, and the rest is converted back to glucose.

Efficiency of Fermentation 
The two ATP produced per glucose molecule during fer-
mentation is equivalent to 14.6 kcal. Complete glucose
molecule breakdown to CO2 and H2O represents a possible
energy yield of 686 kcal per molecule. Therefore, the effi-
ciency for fermentation is only 14.6/686, or 2.1%. This is
much less efficient than the complete breakdown of glu-
cose. The inputs and outputs of fermentation are as shown
in the illustration to the right.
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Summarizing the Concepts

7.1 Aerobic Cellular Respiration
During aerobic cellular respiration, glucose is oxidized to CO2 and
H2O. This exergonic reaction drives ATP buildup, an endergonic reac-
tion. Four phases are required: glycolysis, the transition reaction, the
Krebs cycle, and the electron transport system. Oxidation occurs by the
removal of hydrogen atoms (e� + H�) from substrate molecules.

7.2 Outside the Mitochondria: Glycolysis
Glycolysis, the breakdown of glucose to two pyruvate, is a series of en-
zymatic reactions that occur in the cytoplasm. Oxidation by NAD� re-
leases enough energy immediately to give a net gain of two ATP by
substrate-level phosphorylation. Two NADH are formed.

7.3 Inside the Mitochondria
Pyruvate from glycolysis enters a mitochondrion, where the transition
reaction takes place. During this reaction, oxidation occurs as CO2 is re-
moved. NAD� is reduced, and CoA receives the C2 acetyl group that
remains. Since the reaction must take place twice per glucose, two
NADH result.

The acetyl group enters the Krebs cycle, a cyclical series of reac-
tions located in the mitochondrial matrix. Complete oxidation follows,
as two CO2, three NADH, and one FADH2 are formed. The cycle also
produces one ATP. The entire cycle must turn twice per glucose mole-
cule.

The final stage of glucose breakdown involves the electron trans-
port system located in the cristae of the mitochondria. The electrons re-
ceived from NADH and FADH2 are passed down a chain of carriers
until they are finally received by O2, which combines with H� to pro-
duce H2O. As the electrons pass down the chain, ATP is produced. The
term oxidative phosphorylation is sometimes used for ATP production
by the electron transport system.

The carriers of the electron transport system are located in protein

complexes on the cristae of the mitochondria. Each protein complex re-
ceives electrons and pumps H� into the intermembrane space, setting
up an electrochemical gradient. When H� flows down this gradient
through the ATP synthase complex, energy is released and used to
form ATP molecules from ADP and P�. This is ATP synthesis by
chemiosmosis.

To calculate the total number of ATP per glucose breakdown, con-
sider that for each NADH formed inside the mitochondrion, three ATP
are produced. In most cells, each NADH formed in the cytoplasm results
in only two ATP. This is because the carrier that shuttles the hydrogen
atoms across the mitochondrial outer membrane usually passes them to
an FAD. Each molecule of FADH2 results in the formation of only two
ATP because the electrons enter the electron transport system at a lower
energy level than NADH. Of the 36 or 38 ATP formed by aerobic cellular
respiration, four occur outside the electron transport system: two are
formed directly by glycolysis and two are formed directly by the Krebs
cycle. The rest are produced by the electron transport system.

7.4 Metabolic Pool and Biosynthesis
Carbohydrate, protein, and fat can be broken down by entering the
degradative pathways at different locations. These pathways also pro-
vide molecules needed for the synthesis of various important sub-
stances. Catabolism and anabolism, therefore, both utilize the same
metabolic pool of reactants.

7.5 Fermentation
Fermentation involves glycolysis, followed by the reduction of pyru-
vate by NADH to either lactate or alcohol and CO2. The reduction
process “frees” NAD� so that it can accept more electrons during gly-
colysis.

Although fermentation results in only two ATP, it still serves a
purpose: In humans, it provides a quick burst of ATP energy for short-
term, strenuous muscular activity. The accumulation of lactate puts the
individual in oxygen debt because oxygen is needed when lactate is
completely metabolized to CO2 and H2O.
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Feeling tired and run down? Want to
jump start your mitochondria? If you

have iron deficiency anemia, you could
take iron tablets to encourage your body to
build more hemoglobin, the substance that
carries oxygen in your blood. If you are di-
abetic, medications are available to make
sure glucose is entering your cells. How-
ever, if you seem to have no specific ail-
ment, you might be tempted to turn to
what is now called alternative medicine.
Alternative medicine includes such non-
conventional therapies as herbal supple-
ments, acupuncture, chiropractic therapy,
homeopathy, osteopathy, and therapeutic
touch (e.g., the laying on of hands). 

Advocates of alternative medicine
have made some headway in having alter-
native medicine practices accepted by
most anyone. In 1992, congress established

what is now called the National Center for
Complementary and Alternative Medicine
(NCCAM), whose budget has grown from
$2 million to its present $50 million for
1999. Then in 1994, the Dietary Supple-
ment Health and Education Act allowed
the marketing of vitamins, minerals, and
herbs without the requirement that they
be approved by the Food and Drug Ad-
ministration (FDA). 

Many scientists feel that alternative
medicine should be subjected to the same
rigorous clinical testing as traditional
medicine. They approve of a study that is
now testing the efficacy of the herb St.
John’s wort, for example. In the study, 336
patients diagnosed with moderate depres-
sion will be divided into three groups. One
group will receive the herb St. John’s wort;
another will be given sertraline, a tradi-

tional medicine, and a third group will re-
ceive a placebo. The results are expected to
tell whether St. John’s wort, a relatively in-
expensive remedy, works just as well as a
relatively expensive drug produced by
pharmaceutical firms. 

Questions
1. Do you believe that alternative medical

practices should be subjected to clinical
testing, or do you believe the public
should simply rely on “word of mouth”
recommendations?

2. What changes do you anticipate if
alternative medical practices were to
become a regular part of traditional
medicine?

3. Would it be acceptable to you if it could be
shown that alternative medical practices
succeed simply for psychological reasons
rather than for their physical benefits?
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Studying the Concepts

1. What is the equation for aerobic cellular respiration? Explain
how this is an oxidation-reduction reaction. Why is the reac-
tion able to drive ATP buildup? 118

2. What are the four phases occurring during aerobic cellular
respiration? 119

3. Define glycolysis; what are its inputs and outputs? 120
4. What portions of aerobic cellular respiration occur inside

mitochondria? How does a human being acquire the needed
substrates, and what happens to the products? 122

5. Give the substrates and products of the transition reaction.
Where does it take place? 122

6. What happens to the acetyl group that enters the Krebs cycle?
What are the other steps in this cycle? 123

7. What are NAD� and FADH2, and what role do they play in
aerobic cellular respiration? 120, 123

8. What is the electron transport system, and what are its func-
tions? 124

9. Describe the organization of protein complexes within the
cristae. 125

10. Calculate the energy yield of aerobic cellular respiration per
glucose molecule. 126

11. Give examples to support the concept of the metabolic pool.
127

12. What is fermentation and how does it differ from glycolysis?
Mention the benefit of pyruvate reduction during fermenta-
tion. What types of organisms carry out lactate fermentation,
and what types carry out alcoholic fermentation? 129

Testing Yourself

Choose the best answer for each question. For questions 1–3, iden-
tify the pathway involved by matching them to the terms in the
key.

Key:
a. glycolysis
b. Krebs cycle
c. electron transport system

1. carbon dioxide (CO2) given off
2. PGAL
3. cytochrome carriers
4. The greatest contributor of electrons to the electron transport

system is
a. oxygen. d. the transition reaction.
b. glycolysis. e. fermentation.
c. the Krebs cycle.

5. Substrate-level phosphorylation takes place in
a. glycolysis and the Krebs cycle.
b. the electron transport system and the transition reaction.
c. glycolysis and the electron transport system.
d. the Krebs cycle and the transition reaction.

6. Fatty acids are broken down to
a. pyruvate molecules, which take electrons to the electron

transport system.
b. acetyl groups, which enter the Krebs cycle.
c. glycerol, which is found in fats.
d. amino acids, which excrete ammonia.
e. All of these are correct.

7. Which of these is not true of fermentation?
a. net gain of only two ATP d. begins with glucose
b. occurs in cytoplasm e. carried on by yeast
c. NADH donates electrons to electron transport system

For questions 8–10, match the items below to one of the locations in the
key.

Key:
a. matrix of the mitochondrion
b. cristae of the mitochondrion
c. the intermembrane space of mitochondrion
d. in the cytoplasm
e. None of these are correct.

8. electron transport system
9. glycolysis

10. accumulation of hydrogen ions (H�)
11. Label this diagram of a mitochondrion.
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c.

d. e.

b.a.

Understanding the Terms

acetyl-CoA 122
aerobic 118
aerobic cellular respiration

118
anabolism 127
anaerobic 120
catabolism 127
chemiosmosis 125
cytochrome 124
deamination 127
electron carrier 124
electron transport system 119
FAD (flavin adenine dinu-

cleotide) 123

fermentation 129
glycolysis 119
Krebs cycle 119
metabolic pool 127
mitochondrion 122
NAD� (nicotinamide adenine

dinucleotide) 120
oxidative phosphorylation

124
oxygen debt 129
pyruvate 119
substrate-level phosphoryla-

tion 120
transition reaction 119

Match the terms to these definitions:
a. Cycle of reactions in mitochondria that begins

with citric acid; it produces CO2, ATP, NADH, and FADH2;
also called the citric acid cycle.  

b. Growing or metabolizing in the absence of oxygen.
c. Anaerobic breakdown of glucose that results in a

gain of two ATP and end products such as alcohol and lactate.
d. End product of glycolysis; pyruvic acid.
e. Passage of electrons along a series of membrane-

bounded carrier molecules from a higher to lower energy
level; the energy released is used for the synthesis of ATP.
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Thinking Scientifically

1. Considering aspects of cellular respiration (page 118)
a. The body breathes in oxygen (O2). What exact function

does oxygen perform in the body?
b. The body breathes out carbon dioxide (CO2). Exactly how

does the body produce carbon dioxide?
c. Just before a competition, athletes eat carbohydrates. Why

does the intake of carbohydrates ensure them a supply of
energy for the athletic event?

2. The drug dinitrophenol makes the inner mitochondrial mem-
brane leaky to hydrogen ions (H+),
a. In which direction would you expect the H+ to leak, from

the intermembrane space to the matrix or the reverse? Why?
b. What effect would this drug have on ATP production?

Why?
c. What effect would this drug have on stored glycogen and

lipid supplies?
d. Would you recommend this drug for weight loss? Why or

why not?

Using Technology

Your study of cellular respiration is supported by these available
technologies:

Essential Study Partner CD-ROM
Cells ££ Respiration

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Life Science Animations 3D Video
9 Electron Transport Chain

http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/chap07espactivities_s.html
http://www.mhhe.com/biosci/genbio/mader
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http://www.mhhe.com


133

By the end of the nineteenth cen-

tury, scientists knew the overall

reaction for photosynthesis. In the

presence of sunlight, a plant uses

carbon dioxide and water to pro-

duce carbohydrate—oxygen is

given off as a by-product. The

modern uses of cell fractionation,

radioactive tracers, and electron

microscopy have added to our

knowledge of how algae and

plants produce the food that feeds

the biosphere. The human popula-

tion is sustained by the crops we

plant. As sources of fabrics, paper,

lumber, fuel, and pharmaceuti-

cals, plants make our modern so-

ciety possible. And let us not

forget the very many ways plants

bring beauty into our lives. 

Plant Biology

8 Photosynthesis 135
Plants and algae use solar energy to
produce nutrients that are used by
themselves and all other living things. 

10 Plant Physiology and
Reproduction 169

Flowering plants are adapted to a land
existence; they have a transport system
and carry on sexual reproduction in a
way that does not require external water. 

9 Plant Organization and
Growth 151

Plants are organized to carry on
photosynthesis. Water absorbed from
roots is transported up the stem to the
leaves, which absorb carbon dioxide and
solar energy.
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Plant physiologists may work in laboratories and use green-
house plants, electron microscopes, computers, electronic instru-
ments, or a wide variety of other equipment to conduct their
research. A good deal of research, however, is performed outside
of laboratories. Physiologists may specialize in functions such as
growth, reproduction, photosynthesis, respiration, or in the phys-
iology of a certain structure or system of the plant.

Botanists study plants and their environments. Some study all
aspects of plant life; others specialize in areas such as identifica-
tion and classification of plants, the structure and function of plant
parts, the biochemistry of plant processes, or the causes and cures
of plant diseases.

Agricultural scientists study farm crops and animals and
develop ways of improving their quantity and quality. They look
for ways to increase crop yield and quality with less labor, control
pests and weeds more safely and effectively, and conserve soil and
water.

Another important area of agricultural science is plant science,
which includes the disciplines of agronomy, crop science, and soil
science. Agronomists and crop scientists not only help increase
productivity, they also study ways to improve the nutritional value
of crops and the quality of seed. Some crop scientists study the
breeding, physiology, and management of crops and use genetic
engineering to develop crops which are resistant to insects and
drought.

Foresters manage, develop, and help protect forest resources.
They advise on the type, number, and placement of trees to be
planted. Foresters monitor the trees to ensure healthy growth and
to determine the best time for harvesting. If foresters detect signs
of disease or harmful insects, they decide on the best course of
treatment to prevent contamination or infestation of healthy trees.

Horticulturists and florists grow and care for plants and flowers
for retail and wholesale marketing. On horticultural specialty
farms, operators oversee the production of ornamental plants,
nursery products (such as flowers, bulbs, shrubbery, and sod), and
fruits and vegetables grown in greenhouses.

Plant physiologist examining a plant.

Botanist working in a greenhouse.

Agricultural scientist inspecting crops.

Careers in Plant Physiology
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Photosynthesis

Chapter Concepts

8.1 Radiant Energy
• Plants make use of solar energy in the visible

light range when they carry on photosynthesis.
136

8.2 Structure and Function of Chloroplasts
• Photosynthesis takes place in chloroplasts,

organelles that have two parts: membranous
thylakoids are surrounded by a fluid-filled
stroma. 138

• Photosynthesis has two sets of reactions: the
light-dependent reactions and the light-
independent reactions. 138–39

8.3 Solar Energy Capture
• Solar energy energizes electrons and permits a

buildup of ATP. 140

8.4 Carbohydrate Synthesis
• Carbon dioxide reduction requires energized

electrons and ATP. 143

8.5 Other Aspects of Photosynthesis
• Photosynthesis provides virtually all the food for

the biosphere. 145
• Plants use either C3, C4, or CAM photosynthesis,

named for the manner in which CO2 is fixed.
146

8.6 Photosynthesis Versus Aerobic Cellular
Respiration
• In photosynthesis, carbon dioxide is reduced to

glucose and water is oxidized, releasing oxygen
gas. In aerobic cellular respiration, carbohydrate
is oxidized to carbon dioxide, and oxygen is
reduced to water. 147

The sun provides the energy that allows photosynthesizers, like
trees, to produce their own organic food.
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other way to express this idea is to say that autotrophs,
which have the ability to synthesize organic molecules
from inorganic raw materials, not only feed themselves
but also heterotrophs, which must take in preformed
organic molecules. After food is eaten and digested by het-
erotrophs, they use the resulting small molecules either as
building blocks for growth and repair or as a source of
chemical energy. Plants also supply energy in another
sense—their bodies become coal that is a fossil fuel
resource today.

For the following reasons, then, it is correct to say that
almost all life is ultimately dependent on solar energy (the
energy of the sun).

1. Solar energy is used for photosynthesis.
2. Photosynthetic organisms produce food for the

biosphere. This food is used not only for growth, but
also as an energy source.

3. The bodies of plants become the fossil fuel coal, upon
which we are still dependent today.

4. Solar energy can be captured to heat buildings and
produce electricity.

8.1 Radiant Energy
The food produced through photosynthesis eventually
becomes the food for the rest of the living world (Fig. 8.1).
For example, humans and all other animals either eat
plants directly or eat animals that have eaten plants. An-
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Silently, the trees stand with limbs outstretched to a sun
that radiates back heat and light energy. Unseen, oxy-
gen gas floats away from leaves that are soaking up

carbon dioxide. The picnickers enjoying a respite from the
rush of the summer do not know that the trees are absorbing
their carbon dioxide and returning to them the oxygen they
require. The very food the picnickers eat is due to photosyn-
thesis, a process that uses the energy of the sun to convert
carbon dioxide and water into complex organic molecules.
In the winter, the tree that has given sojourners shade in the
summer may be cut down to serve as firewood to keep them
warm. No wonder there are bumper stickers that read “Have
You Thanked a Green Plant Today?”

a. Autotrophs b. Herbivores c. Carnivores d. Omnivores

Figure 8.1 Methods of acquiring organic food.
Autotrophs (a), represented by green plants, algae, and a few types of bacteria (the latter two presented in circles) produce food for themselves
and for (b) herbivores, which feed directly on plants or plant products, (c) carnivores, which feed on herbivores or other carnivores, and
(d) omnivores, which feed on all of these.
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Sunlight
Radiant energy from the sun can be described in terms of its
wavelength and its energy content. Figure 8.2a lists the dif-
ferent types of radiant energy, from the shortest wavelength,
gamma rays, to the longest, radio waves. The shorter wave-
lengths contain more energy than the longer ones. White or
visible light is only a small portion of this spectrum. Visible
light itself contains various wavelengths of light, as can be
proven by passing it through a prism; then we see all the dif-
ferent colors that make up visible light. (Actually, of course,
it is our eyes that interpret these wavelengths as colors.) The
colors in visible light range from violet (the shortest wave-
length) to blue, green, yellow, orange, and red (the longest
wavelength). The energy content is highest for violet light
and lowest for red light.

Only about 42% of the solar radiation that hits the
earth’s atmosphere ever reaches the surface, and most of
this radiation is within the visible-light range. Higher

energy wavelengths are screened out by the ozone layer in
the atmosphere, and lower energy wavelengths are
screened out by water vapor and carbon dioxide (CO2) be-
fore they reach the earth’s surface. The conclusion is, then,
that both the organic molecules within organisms and cer-
tain life processes, such as vision and photosynthesis, are
chemically adapted to the radiation that is most prevalent
in the environment.

The pigments found within photosynthesizing cells, the
chlorophylls and carotenoids, are capable of absorbing var-
ious portions of visible light. The absorption spectrum for
chlorophyll a and chlorophyll b is shown in Figure 8.2b. Both
chlorophyll a and chlorophyll b absorb violet, blue, and red
light better than the light of other colors. Because green light
is only minimally absorbed, leaves appear green to us. Ac-
cessory pigments such as the carotenoids are yellow or or-
ange and are able to absorb light in the violet-blue-green
range. These pigments and others become noticeable in the
fall when chlorophyll breaks down.
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action spectrum of
photosynthesis

chlorophyll a
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Figure 8.2 The electromagnetic spectrum and chlorophylls a and b.
a. The electromagnetic spectrum contains forms of energy that differ according to wavelength. Visible light is only a small portion of the
electromagnetic spectrum. b. Chlorophylls a and b absorb certain wavelengths within visible light, which accounts for the absorption spectrum of
(wavelengths necessary for) photosynthesis.
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Structure of Chloroplasts 
Chloroplasts primarily occur in leaves, whose structure is
shown in Figure 8.4. The mesophyll cells in the center of a
leaf receive water from vessels that extend from the leaves to
the roots. Mesophyll cells are protected from drying out by
epidermal tissue that is covered by a waxy cuticle. Pores
called stomates allow passage of CO2 and O2 through this
barrier. The many chloroplasts within mesophyll cells are
bounded by double membranes. The inner membrane en-
closes a large central space called the stroma. The stroma
contains an enzyme-rich solution in which CO2 is reduced,
converting it to an organic compound. A membranous sys-
tem within the stroma forms flattened sacs called thy-
lakoids, which in some places are stacked to form grana. All
thylakoids are believed to be connected so that there is a sin-
gle inner compartment within chloroplasts called the thy-
lakoid space. Chlorophyll and other pigments are found
within the membranes of the thylakoids. These pigments ab-
sorb the solar energy, which will energize the electrons prior
to reduction of CO2 in the stroma.

Chlorophyll within thylakoids absorbs solar energy
so that energized electrons are sent to stroma,
where CO2 is reduced.

Function of Chloroplasts
The word photosynthesis suggests that the process is di-
vided into two sets of reactions: photo, which means light,
refers to the reactions that capture solar energy, and synthe-
sis, which means building-up, refers to the reactions that
produce carbohydrate. The first set of reactions is called the
light-dependent reactions because the reactions cannot take
place unless light is present. Electrons are energized when
chlorophyll located within the thylakoid membranes ab-
sorbs solar energy. These high-energy electrons move from
chlorophyll down an electron transport system, which pro-
duces ATP from ADP and P�. Energized electrons are also
taken up by NADP� (nicotinamide adenine dinucleotide

phosphate), an electron carrier similar to
NAD�, the coenzyme active during cellu-
lar respiration. After NADP� accepts
electrons, it becomes NADPH. 

The second set of reactions which
take place in the stroma is called the

light-independent reactions because they do not
require light. The light-dependent reactions con-
sist of the Calvin cycle, a series of reactions that

8.2 Structure and Function of
Chloroplasts

Chloroplasts are the organelles found in a plant cell that
carry on photosynthesis. The overall equation for photosyn-
thesis is sometimes written in this manner:

In this equation, (CH2O) represents a generalized carbohy-
drate, the organic food produced by photosynthesis. The
parentheses indicate that CH2O is not a specific molecule.
Water (H2O) appears on both sides of the equation because
H2O is both utilized and produced during photosynthesis.
This equation also has the advantage of keeping the chemi-
cal arithmetic correct because it is known that the oxygen
given off by photosynthesis comes from water. This was proven
experimentally by exposing plants first to CO2 and then to
H2O that contained an isotope of oxygen called heavy oxy-
gen (18O). Only when heavy oxygen was a part of water
(indicated by the color red in the equation) did this isotope
appear in O2 given off by the plant (Fig. 8.3). Therefore, O2 re-
leased by chloroplasts comes from H2O, and not from CO2.

The overall equation of photosynthesis can also be writ-
ten in this manner:

This equation has the advantage of being the exact opposite
of the equation for aerobic cellular respiration. During pho-
tosynthesis, water molecules are oxidized; they lose elec-
trons (e�) along with hydrogen ions (H�). On the other
hand, CO2 is reduced; this molecule gains electrons given up
by H2O. But in the meantime, these electrons have been en-
ergized by the sun!

energy  +  6 CO2  +  6 H2O C6H12O6  +  6 O2

energy  +  CO2  +  2H2O (CH2O)  +  H2O  +  O2

Oxidation

Reduction
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Figure 8.3 Photosynthesis releases oxygen.
Oxygen gas is making these bubbles you see about this sprig of Elodea, an aquatic
plant. Release of O2 can be used as a criterion that photosynthesis is occurring.

The light-dependent reactions
capture solar energy.
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produce carbohydrate (CH2O) before returning to the starting
point once more. The cycle is named for Melvin Calvin, who,
with colleagues, used the radioactive isotope 14C to label CO2

and thereby discovered the light-independent reactions. Dur-
ing the Calvin cycle, carbon dioxide is fixed (taken up) by a
substrate and then reduced by the ATP and NADPH formed
in the thylakoids. After ATP becomes ADP + P� and NADPH

becomes NADP�, they return and are energized once again
during the light-dependent reactions.

The light-independent reactions synthesize
carbohydrate.
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Figure 8.4 Leaf anatomy and photosynthesis.
a. Photosynthesis occurs in the leaves of plants. b. The mesophyll cells, which occur in the middle of a leaf, contain many chloroplasts, the
organelles that carry on photosynthesis. Leaves carry on gas exchange, and they receive water from leaf veins. c. Within the chloroplasts, solar
energy is absorbed by pigments within thylakoid membranes. During the light-dependent reactions, water is split, releasing oxygen; the energy
carrier ATP and the electron carrier NADPH are formed. In the stroma of a chloroplast, during the light-independent reactions, the Calvin cycle
uses ATP and NADPH to reduce CO2 to a carbohydrate (PGAL). Then ADP and NADP� return to the thylakoid membrane to be recharged.
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8.3 Solar Energy Capture M

The light-dependent reactions require the participation of
two light-gathering units called photosystem I (PS I) and
photosystem II (PS II). The photosystems are named for the
order in which they were discovered and not for the order in
which they occur in the thylakoid membrane. Each photo-
system has a pigment complex composed of green pigments
(chlorophyll a and chlorophyll b) and accessory pigments,
especially the yellow and orange carotenoids. The closely
packed pigment molecules in the photosystems serve as an
“antenna” for gathering solar energy. Solar energy is passed
from one pigment to the other until it is concentrated into
one particular chlorophyll a molecule, the reaction-center
chlorophyll. Electrons in the reaction-center chlorophyll a mol-
ecule become so excited that they escape and move to a
nearby electron-acceptor molecule.

In a photosystem, the light-gathering antenna
absorbs solar energy and funnels it to a reaction-
center chlorophyll a molecule, which then sends
energized electrons to an electron-acceptor
molecule.

Cyclic Electron Pathway
The cyclic electron pathway generates only ATP (Fig. 8.5).
This pathway begins after the PS I pigment complex absorbs
solar energy. In this pathway, high-energy electrons (e�)
leave the PS I reaction-center chlorophyll a molecule but
eventually return to it. Before they return, however, the elec-
trons enter an electron transport system, a series of carriers
that pass electrons from one to the other. Some of the carri-
ers are cytochrome molecules; for this reason, the electron
transport system is sometimes called a cytochrome system. As
the electrons pass from one carrier to the next, energy that
will be used to produce ATP molecules is released and
stored.

Some photosynthetic bacteria utilize the cyclic electron
pathway only; therefore, this pathway probably evolved
early in the history of life. It is possible that in plants, the
cyclic flow of electrons is utilized only when CO2 is in such
limited supply that carbohydrate is not being produced. At
this time, there would be no need for additional NADPH,
which is produced in addition to ATP by the noncyclic elec-
tron pathway.

It should also be noted that the second phase of
photosynthesis, which occurs in the stroma, requires a larger
number of ATP than NADPH. Perhaps the cyclic electron
pathway routinely provides the extra ATP molecules re-
quired by reactions that occur throughout the cell.

The cyclic electron pathway, from PS I back to
PS I, has only this one effect: production of ATP.

Noncyclic Electron Pathway
The noncyclic electron pathway results in both ATP and
NADPH molecules (Fig. 8.6). In this pathway, electrons
move from H2O through PS II to PS I and then on to
NADP�. This pathway begins when the PS II pigment com-
plex absorbs solar energy and high-energy electrons (e�)
leave the reaction-center chlorophyll a molecule. PS II takes
replacement electrons from water, which splits, releasing
oxygen:

This oxygen evolves from the chloroplast and the plant
as O2 gas. The hydrogen ions (H�) temporarily stay in the
thylakoid space.

The high-energy electrons that leave PS II are captured
by an electron acceptor, which sends them to an electron
transport system. As the electrons pass from one carrier to
the next, energy that will be used to produce ATP molecules

H2O 2 H+  +  2 e–  +  1/2   O2
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Figure 8.5 The light-dependent reactions: the cyclic
electron pathway.
Energized electrons (e�) leave the photosystem I (PS I) reaction-
center chlorophyll a and are taken up by an electron acceptor, which
passes them down an electron transport system before they return to
PS I. Only ATP production results from this pathway.
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is released and stored. Low-energy electrons leaving the
electron transport system enter PS I, replacing e� in the
reaction center of PS I.

The PS I pigment complex absorbs solar energy, and
high-energy electrons leave the reaction-center chlorophyll a
and are captured by an electron acceptor. This time, the elec-
tron acceptor passes the electrons on to NADP�. NADP�

now takes on an H� and becomes NADPH:

Results of noncyclic electron flow: Water is split,
yielding H�, e�, and O2. ATP is produced and
NADP� becomes NADPH.

The NADPH and ATP produced by the noncyclic flow
of electrons in the thylakoid membrane are used in the
stroma during the light-independent reactions.
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Figure 8.6 The light-dependent reactions: the noncyclic electron pathway.
Electrons, taken from water, move from photosystem II (PS II) to photosystem I (PS I) to NADP�. The ATP at an electron transport system and
NADPH produced by receiving the electrons will be used by the light-independent reactions to reduce carbon dioxide (CO2) to a carbohydrate
(CH2O).

NADP+ + 2e– + H+ NAPDH
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ATP Production
The thylakoid space acts as a reservoir for
hydrogen ions (H�). First, each time water
is split, two H� remain in the thylakoid
space. Second, as the electrons move from
carrier to carrier in the electron transport
system, they give up energy, which is used
to pump H� from the stroma into the thy-
lakoid space. Therefore, there is a large
number of H� in the thylakoid space com-
pared to the number in the stroma. The
flow of H� from high to low concentration
across the thylakoid membrane provides
the energy that allows an ATP synthase en-
zyme to enzymatically produce ATP from
ADP � P�. This method of producing ATP
is called chemiosmosis because ATP produc-
tion is tied to an electrochemical gradient.

The Thylakoid Membrane 
Both biochemical and structural tech-
niques have been used to determine that
there are intact complexes (particles) in the
thylakoid membrane (Fig. 8.7):

PS II consists of a protein complex 
and the light-gathering pigment
complex shown to one side.
PS II splits water and produces
oxygen.

The cytochrome complex acts as the
transporter of electrons between
PS II and PS I. The pumping of
H� occurs during electron
transport.

PS I consists of a protein complex and
a light-gathering pigment
complex to one side. Notice that
PS I is associated with the enzyme
that reduces NADP� to NADPH.

ATP synthase complex has a H�

channel and a protruding ATP
synthase. As H� flows down its
concentration gradient through
this channel from the thylakoid
space into the stroma, ATP is
produced from ADP � P�.
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Figure 8.7 Organization of thylakoid.
Protein complexes within the thylakoid membrane pump hydrogen ions from the stroma into
the thylakoid space. When hydrogen ions flow back out of the space into the stroma
through the ATP synthase complex, ATP is produced from ADP + P�.

The light-dependent reactions
that occur in the thylakoid
membrane produce ATP and
NADPH and oxidize water so that
oxygen is given off.
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8.4 Carbohydrate Synthesis M

The light-independent reactions are the second stage of pho-
tosynthesis. In this stage of photosynthesis, the NADPH and
ATP produced during the light-dependent reactions are
used to reduce carbon dioxide (CO2): CO2 becomes CH2O, a
carbohydrate molecule. Electrons and energy are needed for
this reduction synthesis and these are supplied by NADPH
and ATP.

The reduction of CO2 occurs in the stroma of a chloro-
plast by means of a series of reactions known as the Calvin
cycle. Although this cycle does not require light, it is most
likely to occur during the day, when a plant is producing
high levels of ATP and NADPH.

Overview of Calvin Cycle 
Figure 8.8 is a simplified diagram of the reactions that occur
as CO2 is fixed and reduced. Carbon dioxide is taken up by
a five-carbon sugar, RuBP (ribulose bisphosphate). The
six-carbon molecule resulting from carbon dioxide fixation
immediately breaks down to two PGA1 (C3) molecules.

Now each PGA is reduced to PGAL2 using the NADPH and
some of the ATP formed in the thylakoid membrane. These
reductions represent the reduction of CO2 and its conver-
sion to a high-energy molecule. In other words, PGAL con-
tains more hydrogen atoms than does PGA. Some of the
PGAL is used within the chloroplast to re-form RuBP. This
reaction also uses some of the ATP produced by light-
dependent reactions.

PGAL Is a Reactant
PGAL (glyceraldehyde-3-phosphate), the product of the
Calvin cycle, is converted to all sorts of organic molecules.
Compared to animal cells, algae and plants have enormous
biochemical capabilities. They use PGAL for the purposes
described in Figure 8.9. As shown, glucose phosphate is
among the organic molecules that result from PGAL metabo-
lism. This is of interest to us because glucose is the molecule
that plants and animals most often metabolize to produce
the ATP molecules they require for their energy needs.

Glucose can be combined with fructose (and the phos-
phate removed) to form sucrose, the molecule that plants
use to transport carbohydrates from one part of the body to
the other. Starch is the storage form of glucose. Some starch
is stored in chloroplasts, but most starch is stored in the
plant roots. Cellulose is the molecule which is present in
plant cell walls and becomes fiber in our diet because we are
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6 PGA 6 ATP

3 ATP

C6
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3 RuBP

6 ADP  + 6   P

3 ADP + 3   P

6 NADPH

6 NADP+

Calvin
Cycle

other organic
molecules

glucose
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sucrose  glucose  starch

3

Figure 8.8 The light-independent reactions: the Calvin
cycle (simplified).
RuBP accepts CO2, forming a six-carbon molecule which
immediately breaks down to two PGA. NADPH and ATP from the
light-dependent reactions are used to reduce PGA to PGAL, the end
product of the Calvin cycle, which can be converted to glucose.
PGAL is also used to regenerate RuBP.

fructose phosphate

glucose phosphate

PGAL

cellulosestarchsucrose

fatty acid
synthesis

amino acid
synthesis

Figure 8.9 Fate of PGAL.
PGAL is the first reactant in a number of plant cell metabolic
pathways. Two PGALs are needed to form glucose phosphate;
glucose is often considered the end product of photosynthesis.
Sucrose is the transport sugar in plants, starch is the storage form of
glucose, and cellulose is a major constituent of plant cell walls.

13-phosphoglycerate
2glyceraldehyde-3-phosphate
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unable to digest it. A plant can utilize the hydrocarbon
skeleton of PGAL to form fatty acids and glycerol, which are
combined in plant oils. We are all familiar with corn oil, sun-
flower oil, or olive oil, which we use in cooking. Also, when
nitrogen is added to the hydrocarbon skeleton derived from
PGAL, amino acids are formed.

Stages of the Calvin Cycle 
The reactions of the Calvin cycle are the light-independent
reactions during which carbohydrate is synthesized. The
Calvin cycle can be divided into: (1) CO2 fixation; (2) CO2 re-
duction; and (3) regeneration of RuBP.

Fixation of Carbon Dioxide
Carbon dioxide fixation, the attachment of CO2 to an organic
compound, is the first event in the Calvin cycle (Fig. 8.10). At

that time, RuBP, a five-carbon molecule, combines with CO2.
The enzyme that speeds up this reaction is called RuBP car-
boxylase, a protein that makes up about 20–50% of the pro-
tein content in chloroplasts. The reason for its abundance
may be that it is unusually slow (it processes only about
three molecules of substrate per second, compared to about
one thousand per second for a typical enzyme), and so there
has to be a lot of it to keep the Calvin cycle going.

Carbon dioxide fixation occurs when CO2

combines with RuBP.
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3 ADP + 3   P

6 ADP + 6   P

RuBP    ribulose bisphosphate

PGA      3-phosphoglycerate

PGAP    1,3-bisphosphoglycerate

PGAL    glyceraldehyde-3-phosphate

These ATP and NADPH
molecules were
produced by the light-
dependent reactions.

These ATP molecules
were produced by the
light-dependent reactions.

There is a net gain of one PGAL.

Glucose phosphate
and other organic
compounds

Calvin cycle

CO2
Fixation

CO2
Reduction

Regeneration
of RuBP

Metabolites of the Calvin Cycle

3 
ATP

(intermediate)

6 ATP

6 NADPH

6 NADP+

3 RuBP
C5

6 PGA
C3

3 C6

5 PGAL
C3

6 PGAL
C3

6 PGAP
C3

3 CO2

Figure 8.10 The light-independent reactions: the Calvin cycle (in detail).
The Calvin cycle is divided into three portions: CO2 fixation, CO2 reduction, and regeneration of RuBP. Because five PGAL are needed to re-form
three RuBP, it takes three turns of the cycle to have a net gain of one PGAL, which can be used to form glucose.
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Reduction of Carbon Dioxide
The six-carbon molecule resulting from CO2 fixation imme-
diately breaks down to form two PGA, which are C3 mole-
cules. Each of the two PGA molecules undergoes reduction
to PGAL in two steps:

8.5 Other Aspects of Photosynthesis
Figure 8.11 reviews the overall equation for photosynthesis.
Animals and even plants themselves are dependent upon
the oxygen produced during the light-dependent reactions.
Most organisms are aerobic and need a constant supply of
oxygen in order to exist. Oxygen produced by photosynthe-
sis forms an ozone shield (O3) in the upper atmosphere
which filters out damaging ultraviolet (UV) rays of the sun.
Living things wouldn’t be able to live on land without the
ozone shield, so there is much concern today that various
pollutants have reduced the shield, particularly over the
poles. You may have heard the expression ozone holes which
refers to this reduction. 

PGAL, which is produced during the light-independent
reactions of photosynthesis, provides the hydrocarbon
backbone and the energy necessary to allow plants to pro-
duce glucose (C6H12O6) and all the organic molecules they
require. These molecules are the ultimate food source for all
living things. Consider that even when we eat meat, these
animals have fed on plants. The light-independent reac-
tions soak up carbon dioxide molecules that otherwise
would contribute to global warming. Global warming
threatens to drastically redistribute life on land due to its
many effects.
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ATP
ADP +  

PGA PGAP PGAL

NADPH + H+ NADP+

As PGA becomes PGAL, ATP becomes
ADP +    and NADPH becomes NADP .+

P

P

5 PGAL

3 ATP 3 ADP

3 RuBP

+ 

P

P

As five molecules of PGAL become three 
molecules of RuBP, three molecules of ATP 
become three molecules of ADP +      . 

This is the actual reaction that uses NADPH and ATP
from the light-dependent reactions, and it signifies the re-
duction of CO2 to a carbohydrate (CH2O). Hydrogen atoms
and energy are needed for this reduction reaction, and these
are supplied by NADPH and ATP, respectively. The reduc-
tion of CO2 is a synthetic process because it requires the for-
mation of new bonds. 

Regeneration of RuBP
For every three turns of the Calvin cycle, five molecules of
PGAL are used to re-form three molecules of RuBP so that
the cycle can continue:

The net gain from the incorporation of 3 CO2 in the
Calvin cycle is one PGAL molecule. This reaction also
utilizes some of the ATP produced by the light-dependent
reactions.

Five out of six PGAL molecules of the Calvin cycle
are used to regenerate three RuBP molecules and
the cycle begins again.

energy  +  6 CO2  +  6 H2O C6H12O6  +  6 O2

Figure 8.11 Importance of photosynthesis.
Nearly all living things, including humans, are dependent on
photosynthesis.
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C3 Versus C4 Photosynthesis
The photosynthesis we have been discussing is called C3

photosynthesis because a C3 molecule is detectable immedi-
ately following CO2 fixation. In C3 plants like wheat, rice,
and oats, the mesophyll cells contain well-formed chloro-
plasts and are arranged in parallel layers. In C4 plants, the
bundle sheath cells also contain chloroplasts. Further, the mes-
ophyll cells are arranged concentrically around the bundle
sheath cells:

the Calvin cycle. In C4 leaves, CO2 is delivered to the
Calvin cycle in the bundle sheath cells that are sheltered
from leaf air spaces.

When the weather is moderate, C3 plants like Kentucky
bluegrass and creeping bent grass predominate in lawns in
the cooler parts of the United States; but by midsummer,
crabgrass, which is a C4 plant, begins to take over.

CAM Photosynthesis 
CAM plants also fix CO2 by forming a C4 molecule, but this
occurs at night when stomates can open without much loss
of water. CAM plants form a C4 molecule, which is stored in
large vacuoles in their mesophyll cells until the next day.
CAM stands for crassulacean-acid metabolism; the Crassu-
laceae is a family of flowering succulent plants that live in
warm, arid regions of the world. Now it is known that CAM
photosynthesis is prevalent among most succulent plants
that grow in desert environments, including the cactuses. 

Whereas a C4 plant represents partitioning in space—
carbon dioxide fixation occurs in mesophyll cells and the
Calvin cycle occurs in bundle sheath cells—CAM is an ex-
ample of partitioning by the use of time. The C4 formed at
night releases CO2 during the day to the Calvin cycle within
the same cell. The primary reason for this partitioning has to
do with the conservation of water. CAM plants open their
stomates only at night to acquire CO2. During the day, the
stomates close to conserve water.

In C4 plants, the Calvin cycle is located in bundle
sheath cells where O2 cannot accumulate when
stomates close. CAM plants carry on carbon
dioxide fixation at night and release CO2 to the
Calvin cycle during the day.
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Figure 8.12 Carbon dioxide fixation.
Plants can be categorized according to the type of carbon dioxide fixation.

C3 Plant C4 Plant

bundle
sheath
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mesophyll
cells

vein

stomate

C4 plants fix CO2 by forming a C4 molecule prior to the in-
volvement of the Calvin cycle (Fig. 8.12). In C4 plants like
sugarcane and corn, CO2 is taken up in mesophyll cells,
and then a C4 molecule, called oxaloacetate, is pumped
into the bundle sheath cells, where it releases CO2 to the
Calvin cycle. It takes energy to pump molecules, and you
would think that the C4 pathway would be disadvanta-
geous. Not so, however, if the weather is hot and dry.
When stomates close in order to conserve water, the con-
centration of O2, a by-product of photosynthesis, increases
in leaf air spaces. In C3 plants, this O2 competes with CO2

for the active site of RuBP carboxylase, the first enzyme of
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8.6 Photosynthesis Versus Aerobic
Cellular Respiration

Both plant and animal cells carry on aerobic cellular respi-
ration, but only plant cells photosynthesize. The cellular
organelle for aerobic respiration is the mitochondrion,
while the cellular organelle for photosynthesis is the
chloroplast.

The overall equation for photosynthesis is the opposite
of that for aerobic cellular respiration. The reaction in the
forward direction represents photosynthesis, and the word
energy stands for solar energy. The reaction in the opposite
direction represents aerobic cellular respiration, and the
word energy then stands for ATP.

Obviously, photosynthesis is the building up of glucose,
while aerobic cellular respiration is the breaking down of
glucose.

Both photosynthesis and aerobic cellular respiration are
metabolic pathways within cells and therefore consist of a
series of reactions that the overall reaction does not indicate.
Both pathways, which make use of an electron transport

energy  +  6 CO2  +  6 H2O C6H12O6  +  6 O2

photosynthesis

aerobic
cellular respiration

system located in membranes (Fig. 8.13), produce ATP by
chemiosmosis. Both make use of an electron carrier—photo-
synthesis uses NADP�, and aerobic cellular respiration uses
NAD�.

Both pathways utilize this reaction, but in opposite di-
rections. For photosynthesis, read the reaction in the for-
ward direction; and for aerobic cellular respiration, read the
reaction in the opposite direction.

Both photosynthesis and aerobic cellular respiration oc-
cur in plant cells. While both of these occur during the day-
light hours, only aerobic cellular respiration occurs at night.
During daylight hours, the rate of photosynthesis exceeds
the rate of aerobic cellular respiration, resulting in a net in-
crease and storage of glucose. The stored glucose is used for
cellular metabolism, which continues during the night. Also
during daylight hours, the release of O2 is greater than the
release of CO2, whereas at night the release of O2 ceases and
the release of CO2 increases.

PGAL

NAD(P)H NAD(P)+

PGA

ADP +   P
ATP
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Photosynthesis Aerobic Cellular Respiration

H2O O2
membranes H2OO2

ADP ATP

enzymes
NADPH NADP+

CO2
CH2O

NADHNAD+

CO2
CH2O

Figure 8.13 Photosynthesis versus aerobic cellular respiration.
Both processes have an electron transport system located within membranes where ATP is produced by chemiosmosis. In photosynthesis, water
is oxidized and oxygen is released; in aerobic cellular respiration, oxygen is reduced to water. Both have enzyme-catalyzed reactions within the
fluid interior. In photosynthesis, CO2 is reduced to a carbohydrate; in aerobic cellular respiration, a carbohydrate is oxidized to CO2.
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Summarizing the Concepts

8.1 Radiant Energy
During photosynthesis, solar energy is converted to chemical energy
within carbohydrate. Photosynthesis uses solar energy in the visible-
light range; specifically, chlorophylls a and b largely absorb violet,
blue, and red wavelengths and reflect green wavelengths. This causes
chlorophyll to appear green to us.

8.2 Structure and Function of Chloroplasts
The overall equation for photosynthesis indicates that H2O is oxidized
with the release of O2, and CO2 is reduced to a carbohydrate. A chloro-
plast contains two main portions: membranous grana made up of thy-
lakoid sacs where chlorophyll absorbs solar energy, and a fluid-filled
stroma where CO2 is reduced.

Photosynthesis has two sets of reactions. The light-dependent re-
actions, which occur in the thylakoids, drive the light-independent re-
actions, which occur in the stroma. 

8.3 Solar Energy Capture
In the cyclic electron pathway of the light-dependent reactions, elec-
trons energized by the sun leave PS I and enter an electron transport
system that produces ATP by chemiosmotic ATP synthesis and then the
energy-spent electrons return to PS I. In the noncyclic electron path-
way, electrons are energized in PS II before they enter the electron
transport system and replace e� lost in PS I. The electrons are then
reenergized in PS I and then are passed to NADP�, which becomes
NADPH. Electrons from H2O replace those lost in PS II.

8.4 Carbohydrate Synthesis
During the light-independent reactions, ATP and NADPH from the
light-dependent reactions are used during the Calvin cycle to reduce
PGA to PGAL. PGAL is metabolized to various molecules including
carbohydrates (Fig. 8.9).

8.5 Other Aspects of Photosynthesis
Photosynthesis provides food and oxygen for the biosphere. Plants uti-
lizing C4 photosynthesis have a different construction than plants us-
ing C3 photosynthesis. C4 plants fix CO2 in mesophyll cells and then
deliver the CO2 to the Calvin cycle in bundle sheath cells. Now O2 can-
not compete for the active site of RuBP carboxylase when stomates are
closed due to hot and dry weather. CAM plants fix carbon dioxide at
night when their stomates remain open.

8.6 Photosynthesis Versus Aerobic Cellular Respiration
Both photosynthesis and aerobic cellular respiration utilize an electron
transport system and chemiosmotic ATP synthesis. However, aerobic cel-
lular respiration oxidizes carbohydrate, and CO2 is given off. Photosyn-
thesis reduces CO2 to a carbohydrate. The oxidation of H2O releases O2.

Studying the Concepts

1. Why are almost all living things dependent upon the process
of photosynthesis and solar energy? 136

2. Which light rays are most important for photosynthesis? 137
3. Give two possible overall equations for photosynthesis and

discuss the significance of each. 138
4. Describe the anatomy of the chloroplast, and associate the

absorption of solar energy and the reduction of CO2 with a
particular portion of the organelle. 138–39

5. What are the two sets of reactions that occur during photo-
synthesis and how are the two pathways related? 140–41

6. What role do PS I and PS II play during the light-dependent
reactions? 140–41

7. Trace the cyclic and noncyclic electron pathways. 140–41
8. Explain what is meant by chemiosmosis, and relate this

process to the electron transport system present in the thy-
lakoid membrane. 142
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Whether there will be enough food to
feed the increase in population ex-

pected by the middle of the 21st century is
unknown. Over the past 40 years, the
world’s food supply has expanded faster
than the population, due to the develop-
ment of high-yielding plants, and the in-
creased use of irrigation, pesticides, and
fertilizers. Unfortunately, modern farming
techniques result in pollution of the air,
water, and land. One of the most worri-
some threats to food security is an increas-
ing degradation of agricultural land. Soil
erosion in particular is robbing the land of
its top soil and reducing its productivity. 

In 1986, it was estimated that humans
already use nearly 40% of the Earth’s ter-
restrial photosynthetic production and
therefore we should reach maximum ca-
pacity in the middle of the 21st century
when the population is projected to dou-

ble its 1986 size. Most population growth
will occur in the less developed countries
which are countries in Africa, Asia, and
Latin America that are only now becoming
industrialized. Even the United States will
face an increased drain on its economic re-
sources and increased pollution problems
due to population growth. In the develop-
ing countries the technical gains needed to
prevent a disaster will be enormous. 

Some people feel that technology will
continue to make great strides for many
years to come. They maintain science and
technology hasn’t begun to reach the lim-
its of performance and therefore, they will
solve the problems of increased popula-
tion growth. Others feel that technology’s
successes are self defeating. The newly de-
veloped hybrid crops that led to enormous
increases in yield per acre also cause pollu-
tion problems that degrade the environ-

ment. These scientists are in favor of call-
ing a halt to an increasing human popula-
tion by all possible measures and as
quickly as possible. Which of these ap-
proaches do you favor?

Questions
1. The present population could very well

double from 6 billion to 12 billion or
higher in your lifetime. Do you approve
of measures to limit population growth?
Why or why not?

2. Do you believe we should continue to
depend on technology to supply all the
goods and services we need to maintain
our present standard of living? Why or
why not?

3. Do you believe the problems of the
developing countries are their problems
and nothing to do with us? Why or why
not?
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9. Describe the three stages of the Calvin cycle. Mention which
stage utilizes the ATP and NADPH from the light-dependent
reactions. 143–44

10. What is the difference between C3, C4, and CAM photosyn-
thesis? 146

11. What are some major differences and similarities between
photosynthesis and aerobic cellular respiration? 147

Testing Yourself

Choose the best answer for each question.
1. The absorption spectrum of chlorophyll a and chlorophyll b

a. is not the same as that of carotenoids.
b. approximates the action spectrum of photosynthesis.
c. explains why chlorophyll is a green pigment.
d. shows that some colors of light are absorbed more than

others.
e. All of these are correct.

2. The final acceptor of electrons during the noncyclic electron
pathway is
a. PS I.
b. PS II.
c. water.
d. ATP.
e. NADP�.

3. A photosystem contains
a. pigments, a reaction center, and an electron acceptor.
b. ADP, P�, and hydrogen ions (H�).
c. protons, photons, and pigments.
d. cytochromes only.
e. Both b and c are correct.

4. Which of these should not be associated with the electron
transport system?
a. chloroplasts
b. cytochromes
c. movement of H� into the thylakoid space
d. formation of ATP
e. absorption of solar energy

5. C4 photosynthesis
a. is the same as C3 photosynthesis because it takes place in

chloroplasts.
b. occurs in plants whose bundle sheath cells contain chloro-

plasts.
c. takes place in plants like wheat, rice, and oats.
d. is an advantage when the weather is hot and dry.
e. Both b and d are correct.

6. The NADPH and ATP from the light-dependent reactions are
used to
a. split water.
b. cause rubisco to fix CO2.
c. re-form the photosystems.
d. cause electrons to move along their pathways.
e. convert PGA to PGAL.

7. CAM photosynthesis
a. stands for chloroplasts and mitochondria.
b. is the same as C4 photosynthesis.
c. is an adaptation to cold environments in the Southern

Hemisphere.
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b.a.

c. d.e.

light-
dependent
reactions

light-
independent

reactions

a. c.

b. d.

f.

e.

f. The light-dependent reactions occur in which part of a
chloroplast?

g. The light-independent reactions occur in which part of a
chloroplast?

10. Label this diagram using these labels: water, carbohydrate,
carbon dioxide, oxygen, ATP, ADP +  P�, NADPH, and
NADP�.

d. is prevalent in desert plants that close their stomates dur-
ing the day.

e. occurs in plants that live in marshy areas.
8. Chemiosmosis depends on

a. protein complexes in thylakoid membrane.
b. a difference in H� concentration between the thylakoid

space and the stroma.
c. ATP breaking down to ADP +  P�.
d. the absorption spectrum of chlorophyll.
e. Both a and b are correct.

9. Label this diagram of a chloroplast.
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Understanding the Terms

autotroph 136
C3 plant 146
C4 plant 146
Calvin cycle 138
carbon dioxide

fixation 144
carotenoid 137
chlorophyll 137
chloroplast 138
cyclic electron

pathway 140
electron transport

system 140
heterotroph 136

light-dependent
reaction 138

light-independent
reaction 138

noncyclic electron
pathway 140

PGAL (glyceraldehyde-3-
phosphate) 143

photosynthesis 136
photosystem 140
RuBP (ribulose

bisphosphate) 143
stroma 138
thylakoid 138

Match the terms to these definitions:
a. Energy-capturing portion of photosynthesis that

takes place in thylakoid membranes of chloroplasts and can-
not proceed without solar energy; it produces ATP and
NADPH. 

b. Flattened sac with a granum whose membrane
contains chlorophyll and where the light-dependent reactions
of photosynthesis occur.

c. Plant that directly uses the Calvin cycle; the first
detected molecule during photosynthesis is PGA, a three-
carbon molecule.

d. Green pigment that absorbs solar energy and is
important in photosynthesis.

e. Photosynthetic unit where solar energy is ab-
sorbed and high-energy electrons are generated; contains a
pigment complex and an electron acceptor.

Thinking Scientifically

1. Considering the cycling of materials in the biosphere (page
147):
a. A plant exchanges materials with its environment (sur-

roundings). What substances does it take from the environ-
ment, and what substances does it give to the
environment?

b. What part of a chloroplast gives off O2? What is the source
of this oxygen? What part of a chloroplast takes up CO2?
What happens to the carbon dioxide.?

c. How do plants and animals use the oxygen given off by a
plant?

d. In what ways does a plant use newly formed glucose?

2. Considering the flow of energy in the biosphere (page 147):
a. How much energy do you suppose it takes to reduce car-

bon dioxide (CO2) to glucose? From where does this en-
ergy ultimately come?

b. Energy is needed to maintain cellular and organismal
organization. The oxidation of glucose releases 686
kcal/mole. Specifically, what do cells do with the energy of
glucose breakdown?

c. Why would it be correct to say that photosynthesis drives
cellular respiration?

d. In general, what role is played by glucose in all organisms?

Using Technology

Your study of photosynthesis is supported by these available
technologies:

Essential Study Partner CD-ROM
Plants ££ Photosynthesis

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Life Science Animations 3D Video
8 Photosynthesis
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Plant Organization
and Growth

Chapter Concepts

9.1 The Flowering Plant
• In a plant, the roots anchor, the stems support, and

the leaves photosynthesize. 152
• Flowering plants are classified into two groups,

the monocots and the dicots. 153

9.2 Plant Tissues and Cells
• In a plant, dermal tissue protects, ground tissue

fills spaces, and vascular tissue transports water
and nutrients. 154

9.3 Organization of Roots
• A dicot root tip has a zone where new cells are

produced, another where they elongate, and
another where they mature. 157

• Dicot roots (both woody and nonwoody) and
monocot (only nonwoody) differ in the
organization of their vascular tissue. 157

9.4 Organization of Stems
• All stems grow in length and experience primary

growth. 158
• Dicot and monocot herbaceous stems differ in the

organization of their vascular tissue. 158
• Woody stems also grow in girth and experience

secondary growth. 160

9.5 Organization of Leaves
• The major portion of a leaf is composed of cells

that perform gas exchange and carry on
photosynthesis. 163

9.6 Modified Roots, Stems, and Leaves
• Among the modifications of roots, stems, and

leaves are those that help plants store food,
asexually reproduce, and capture food. 164

An onion plant with soil removed illustrates the three major
organs of a plant: root, stem, and leaf.
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Leaves 
A leaf is that part of a plant that usually carries on photo-
synthesis, a process that requires water, carbon dioxide, and
sunlight (Fig. 9.1). Leaves receive water from the root system
by way of the stem. Broad, thin leaves have a maximum sur-
face area for the absorption of carbon dioxide and the collec-
tion of solar energy. The wide portion of a leaf is called the
leaf blade; the petiole is a structure that attaches the blade to
the stem.

A flowering plant has three vegetative organs:
roots anchor plants, and stems support leaves
which carry on photosynthesis.

9.1 The Flowering Plant
We will be studying angiosperms, the flowering plants, in
this chapter. Nonflowering plants, such as mosses and ferns,
are discussed in a later chapter.

The vegetative organs of a flowering plant—the root,
the stem, and the leaf (Fig. 9.1)—allow a plant to live and
grow and are not involved in reproduction. 

Roots
The root system of a dicot flowering plant includes the main
root and any and all of its lateral (side) branches. As a rule of
thumb, the root system (the part of the plant below ground) is
at least equivalent in size and extent to the shoot system (the
part of the plant above ground). The root system of a plant
anchors it in the soil and gives it support. It also provides an
extensive surface area for the absorption of water and minerals
from the soil. The products of photosynthesis are stored in the
roots of some plants; for example, in carrots and sweet potatoes.

Stems
A stem is the main aboveground axis of a plant along with
its lateral branches. The stem of a flowering plant supports
leaves and, if upright as most are, supports leaves in such a
way that each one is exposed to as much sunlight as possi-
ble. A node occurs where leaves are attached to the stem,
and an internode is the region between two successive
nodes. The presence of nodes and internodes identifies a
stem, even if the stem happens to grow underground.

Aside from supporting the leaves, a stem has vascular
tissue that transports water and minerals generally from the
roots to the leaves and transports the products of photosyn-
thesis generally in the opposite direction. Some stems also
function in storage. The stem stores water in cactuses and in
other plants. Tubers are horizontal stems that store nutrients.
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The evergreen black bean tree (Castanospermum aus-
trale), whose glossy black leaves reach into the
canopy of Australia’s tropical rain forest, produces

chestnutlike seeds. Used formerly as a source of timber to
make prized furniture, its numbers are severely depleted. Its
seeds, which have long been prized by aborigines as a food
source, contain a toxic substance that kills insects. Who
would have guessed that this substance would also dramat-
ically affect the AIDS virus so that it cannot infect cells? An
important research tool, the substance may become a med-
icine for various immunological ills. Such stories are now
commonplace as we begin to learn more about various trop-
ical rain forest plants. 

Various types of plants, and not just those from tropical
rain forest plants, supply us with food, medicines, spices,
building materials, fabrics, and all sorts of chemicals. The
study of plants, which we introduce in this chapter, is a mat-
ter of importance to us all. 

flowers within
an inflorescence

petiole

blade

leaf

root
system

node

node

internode

stem

Figure 9.1 Organization of plant body.
Roots, stems, and leaves are vegetative organs. A flower is a
reproductive structure.
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Monocot Versus Dicot Plants
The structure of flowering plants differs according to
whether they are monocots or dicots. Figure 9.2 gives you
an overview of the topics we will be discussing in detail.

The term monocot and dicot refers to the number of
cotyledons there are in the seed (Fig. 9.2). Cotyledons pro-
vide nutrient molecules for immature plants before the
true leaves begin photosynthesizing. Plants, known as
monocotyledons or monocots, have one cotyledon. From
experience you know that a corn kernel has only one
cotyledon because it cannot be taken apart. Other embryos
have two cotyledons, and these plants are known as
dicotyledons, or dicots. From experience you know that a
peanut has two major parts. These parts are the cotyledons;
the immature plant is found between the two halves of a
peanut.

There is a different arrangement of vascular (transport)
tissue in monocot and dicot roots. In the monocot root,
xylem, the vascular tissue that transports water, occurs side
by side in a ring; but in the dicot, it has a star shape. Vas-
cular bundles contain vascular tissue surrounded by sup-
port tissue. In a monocot stem, the vascular bundles are
scattered; in a dicot stem, they occur side by side in a ring.
Figure 9.2 shows cross sections of stems; but keep in mind

that vascular bundles extend lengthwise in the stem. Leaf
veins are vascular bundles within a leaf. The veins in a
monocot leaf are parallel, whereas in a dicot they have a
net pattern.

Monocots and dicots also differ in their flower parts.
Monocots have flower parts in threes and multiples of three,
such as six or nine. Notice that the flower shown has three
petals and three sepals (the whorl just beneath the petals).
Dicots have flower parts in fours or fives and their multi-
ples. Notice that the flower shown has five petals. Monocots
and dicots have other structural differences, such as the
number of apertures (thin areas in the wall) of pollen grains.
Dicot pollen grains usually have three apertures and mono-
cot pollen grains usually have one aperture.

Among angiosperms, the dicots are the larger group
and include some of our most familiar flowering plants—
from dandelions to oak trees. The monocots include grasses,
lilies, orchids and palm trees, among others. Some of our
most significant food sources are monocots, including rice,
wheat, and corn.

Flowering plants are classified into monocots and
dicots on the basis of structural differences.
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Monocots  

Dicots

one
cotyledon
in seed

two
cotyledons
in seed

root xylem and
phloem in a ring

root phloem
between arms
of xylem

vascular bundles
in a distinct ring

vascular bundles
scattered in stem

leaf veins
form a
net pattern

leaf veins form a
parallel pattern

flower parts in fours or
fives and their multiples

flower parts in threes
and multiples of three

Figure 9.2 Flowering plants are either monocots or dicots.
Three features used to distinguish monocots from dicots are the number of cotyledons, the arrangement of vascular tissue in roots, stems, and
leaves, and the number of flower petals.
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9.2 Plant Tissues and Cells
A plant grows during its entire life because it has a tissue
called meristem located in the stem and root tips. Meristem
continually produces the three types of specialized tissue
systems in the body of a plant: dermal tissue, ground tissue,
and vascular tissue (Fig. 9.3).

Dermal Tissue 
The entire body of a nonwoody (herbaceous) and young
woody plant is protected and covered by a layer of epider-
mis, which contains closely packed epidermal cells (Fig.
9.4). The walls of epidermal cells that are exposed to air are
covered with a waxy cuticle to minimize water loss. In roots,

certain epidermal cells have long, slender projections called
root hairs (see Figure 9.7). Root hairs increase the surface
area of the root for absorption of water and minerals; they
also help to anchor the plant firmly in place. In leaves, the
lower epidermis in particular contains specialized cells,
such as guard cells, which surround microscopic pores
called stomates (see Figure 9.4). When stomates are open,
gas exchange can occur. During the day, carbon dioxide dif-
fuses in and oxygen diffuses out along with other gases. 

In older woody plants, the epidermis of the stem is
replaced by cork tissue. Cork, the outer covering of the bark
of trees, is made up of dead cork cells that may be sloughed
off (see Fig. 9.13). New cork cells are made by a meristem
called cork cambium. As new cork cells mature, they
become encrusted with suberin, a waterproof lipid material,
and then the cells die. These nonliving cells protect the plant
and make it resistant to attack by fungi, bacteria, animals,
and environmental factors such as fire.

Ground Tissue  
The ground tissue system forms the bulk of a plant and con-
tains parenchyma, collenchyma, and sclerenchyma cells.
Parenchyma cells correspond best to the typical plant cell;
they have a primary wall but no secondary wall (Fig. 9.5a).
These are the least specialized of plant cell types and are
found in all plant organs. They may contain chloroplasts
and carry on photosynthesis, or they may contain colorless
plastids that store the products of photosynthesis.

Collenchyma cells are like parenchyma cells except
they have thicker primary walls. The thickness is uneven
and usually involves the corners of the cell. They give flexi-
ble support to immature regions of a plant body. The famil-
iar strands in celery stalks are composed mostly of
collenchyma cells.

Sclerenchyma cells have thick secondary cell walls,
usually impregnated with lignin, an organic substance that
makes the walls tough and hard. Sclerenchyma cells are typ-
ically dead; their primary function is to support mature
plant regions (Fig. 9.5b). Two types of sclerenchyma cells are
sclereids and fibers. Sclereids are found in seed coats and
nut shells; they give pears their gritty texture. Fibers can be
commercially important: hemp fibers are used to make rope;
flax fibers can be woven into linen.

Vascular Tissue 
The vascular (transport) tissue system conducts water and
nutrients in a plant. Xylem transports water and minerals
from the roots up the stems to the leaves. Xylem contains
two types of conducting cells, tracheids and vessel ele-
ments (Fig. 9.6a). Both of these types of conducting cells are
hollow and nonliving at maturity. Water flows from tracheid
to tracheid through pits, depressions where the secondary
wall does not form. Water flows even more freely from one
vessel element to the next because the elements have no end
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Dermal
Tissue
System

Ground
Tissue
System

epidermal
cell

meristem 
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sclerenchyma
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with
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sieve
plate

Vascular
Tissue
System

Figure 9.3 Some plant cell types.
Meristem produces new cells, and these cells differentiate into the
specialized cells shown. The dermal tissue system consists of the
epidermal cells of epidermis, the outermost tissue in all organs of the
plant. The ground tissue system contains parenchyma and
sclerenchyma cells found in cortex and pith, for example. The
vascular tissue system contains the vessel elements and the
tracheids found in xylem and the sieve-tube elements found in
phloem.
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companion cell (Fig. 9.6b). Sieve-tube elements, which have
perforated end walls called sieve plates, contain cytoplasm
but no nuclei. Strands of cytoplasm called plasmodesmata

extend from one cell to the next
through the sieve plates. Com-
panion cells are much smaller
than sieve-tube elements, but
each has all the cellular com-
ponents, including a nucleus.
A companion cell most likely
helps a sieve-tube element
perform its function of trans-
porting organic nutrients.

It is important to realize
that vascular tissue (xylem
and phloem) extends from
the root to the leaves and vice
versa. In the roots, the vascu-
lar tissue is usually located in
the vascular cylinder; in the
stem, it forms vascular bun-
dles; and in the leaves, it is
found in leaf veins.

walls. Phloem transports organic nutrients, usually from the
leaves to the rest of the plant. Phloem contains sieve-tube
elements, each of which is associated with at least one
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Figure 9.4 Dermal tissue. 
Epidermis covers all parts of a plant. In leaves, epidermis contains
stomates, bordered by guard cells, for gas exchange.

Figure 9.5 Ground tissue.
a. Parenchyma cells are the least specialized of the plant cells. 
b. Sclerenchyma cells have very thick walls and are nonliving—
their only function is to give strong support.
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Figure 9.6 Vascular tissue.
a. Xylem contains vessel elements and tracheids, both of which transport water and minerals.
b. Phloem contains sieve-tube elements and companion cells. Sieve-tube elements transport
organic nutrients, and companion cells assist sieve-tube elements.

The body of a plant is
composed of tissues
specialized to perform
various functions.
Meristem remains
undifferentiated and is
capable of continually
dividing and producing
new cells.

a. b.
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9.3 Organization of Roots
The shape of a root (Fig. 9.7) allows it to burrow through the
soil and anchor a plant. The extensive branching of a root

facilitates the absorption of water and minerals from the soil
and anchors the plant. Some roots also store the products of
photosynthesis received from the leaves.
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Figure 9.7 Dicot root tip.
a. The root tip is divided into three zones, best seen in a longitudinal section such as this. b. Cross section of root tip. The vascular cylinder
contains the vascular tissue. Xylem is typically star-shaped, and phloem lies between the points of the star. c. Endodermis showing the
Casparian strip, a layer of impermeable lignin and suberin in cell walls. Because of the Casparian strip, water and minerals must pass through the
cytoplasm of endodermal cells. In this way, endodermal cells regulate the passage of minerals into the vascular cylinder.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Zones of a Dicot Root
Figure 9.7, a longitudinal section of a dicot root, reveals
zones where cells are in various stages of differentiation as
primary growth occurs. The root apical meristem is in the
zone of cell division. Here cells are continuously added to
the root cap below and the zone of elongation above. The
root cap is a protective cover for the root tip. The cells in the
root cap have to be replaced constantly, because they are
ground off as the root pushes through rough soil particles. In
the zone of elongation, the cells become longer as they become
specialized. In the zone of maturation, the cells become
mature and fully differentiated. This zone is recognizable
even in a whole root because root hairs project from many
epidermal cells.

Tissues of a Dicot Root
Figure 9.7 also shows a cross section of a root at the zone of
maturation. The vascular cylinder consists of conductive
tissues and one or more layers of cells called the pericycle.
These specialized tissues are identifiable:

Epidermis The epidermis, which forms the outer
layer of the root, consists of only a single layer of
thin-walled and rectangular cells. In the zone of
maturation, many epidermal cells have root hairs
that project as far as 5–8 mm into the soil particles.

Cortex Moving inward, large, thin-walled
parenchyma cells make up the cortex, which
functions in food storage. Here, irregularly shaped
cells are loosely packed and contain starch
granules.

Endodermis The endodermis is a single layer of
rectangular endodermal cells that form the
innermost layer of the cortex. These cells fit snugly
together and are bordered on four sides (but not
the two sides that contact the cortex and the
vascular cylinder) by a layer of impermeable lignin
and suberin known as the Casparian strip (Fig.
9.7c). This strip does not permit water and mineral
ions to pass between adjacent cell walls. Therefore,
the only access to the vascular cylinder is through
the endodermal cells themselves, as shown by the
arrow in Figure 9.7c. It is said that the endodermis
regulates the entrance of minerals and water into
the vascular cylinder.

Vascular Tissue The pericycle, the first layers of cells
within the vascular cylinder, has retained its
capacity to divide and can start the development of
branch (or secondary) roots (Fig. 9.8). The main
portion of the vascular cylinder, though, contains
vascular tissue. The xylem appears star-shaped in
dicots because several arms of tissue radiate from a
common center (Fig. 9.7b). The phloem is found in
separate regions between the arms of the xylem.

Vascular Ring of a Monocot Root 
Monocot roots have the same growth zones as a dicot root,
but the organization of their tissues is slightly different. In a
monocot root, pith, a ground tissue, is surrounded by a vas-
cular ring composed of alternating xylem and phloem tis-
sues (Fig. 9.9). They also have pericycle, endodermis, cortex,
and epidermis.

In the root of a dicot, the endodermis surrounds
the vascular cylinder. In the root of a monocot, a
vascular ring surrounds a central pith.
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Figure 9.8 Organization of branch root.
Branch roots originate from the pericycle, a band of cells located
inside the endodermis of the vascular cylinder.

Figure 9.9 Cross section of monocot root.
In monocot roots, a vascular ring surrounds a central pith.
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9.4 Organization of Stems
A stem supports leaves, flowers, and fruits; it conducts sub-
stances to and from the roots and the leaves; and it helps to
store water and the products of photosynthesis. Growth of a
stem can be compared to the growth of a root. During primary
growth, the apical meristem at the stem tip called shoot apical
meristem produces new cells that elongate and thereby
increase the length of the stem. The shoot apical meristem,
however, is protected within a terminal bud by leaf primordia
(immature leaves), which envelop it (Fig. 9.10a). In the tem-
perate zone, a terminal bud stops growing in the winter and is
then protected by modified leaves called bud scales. In the
spring, when growth resumes, these scales fall off and leave
scars. The bud scale scars form a ring around the stem. You can
tell the age of a stem by counting the bud scale scar rings.

Leaf primordia are produced by the apical meristem at
regular intervals called nodes. The portion of a stem
between two sequential nodes is called an internode. As a
stem grows, the internodes increase in length. Axillary
buds, which are usually dormant but may develop into
branch shoots or flowers, are seen at the axes of the leaf pri-
mordia.

In addition to leaf primordia, three specialized types of
primary meristem develop from shoot apical meristem (Fig.
9.10b). These primary meristems contribute to the length of
a shoot. The protoderm, the outermost primary meristem,
gives rise to epidermis. The ground meristem produces two
tissues composed mostly of parenchyma cells—pith occurs
in the center of the stem and cortex is located inside the epi-
dermis. The procambium, seen as an obvious strand of tissue
in Figure 9.10a, produces the first xylem cells, called primary

xylem, and the first phloem cells, called primary phloem.
Differentiation continues as certain cells become the first tra-
cheids or vessel elements of the xylem within a vascular
bundle. The first sieve-tube elements of the phloem do not
have companion cells and are short-lived (some live only a
day before being replaced). Mature phloem, consisting of
sieve-tube elements and companion cells, then develops.
Vascular cambium, a type of meristem tissue, occurs
between the xylem and phloem of a vascular bundle.

Herbaceous Stems 
Mature nonwoody stems, called herbaceous stems, exhibit
only primary growth. The outermost tissue of herbaceous
stems is the epidermis, which is covered by a waxy cuticle to
prevent water loss. These stems have distinctive vascular
bundles, where xylem and phloem are found. In each bundle,
xylem is typically found toward the inside of the stem and
phloem is found toward the outside.

In the herbaceous dicot stem, the vascular bundles are
arranged in a distinct ring that separates the cortex from the
central pith (Fig. 9.11). The cortex is sometimes green and
carries on photosynthesis, and the pith may function as a
storage site. In the monocot stem, the vascular bundles are
scattered throughout the stem, and there is no well-defined
cortex or pith (Fig. 9.12).

As a stem grows, the shoot apical meristem
produces new leaves and primary meristems.
The primary meristems produce the other tissues
found in herbaceous stems.
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Figure 9.10 Stem tip and primary meristems.
a. The shoot apical meristem within a terminal bud is
surrounded by leaf primordia (immature leaves). b. The shoot
apical meristem produces the primary meristems: protoderm
gives rise to epidermis, ground meristem gives rise to pith and
cortex, and procambium gives rise to xylem and phloem.
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Figure 9.11 Herbaceous dicot stem
anatomy.
a. A cross section of an alfalfa stem shows
that the vascular bundles are in a ring. b. The
drawing of a section of the stem identifies the
tissues in the vascular bundle and the stem.
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Figure 9.12 Monocot stem anatomy.
a. A cross section of a corn plant stem shows that the vascular
bundles are scattered. b. An enlargement of the stem shows a
vascular bundle in more detail. c. An enlargement of this vascular
bundle shows the arrangement of tissues in a bundle. Sieve-tube
elements and companion cells are part of phloem; vessel elements
are part of xylem.
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Woody Stems
A woody plant has both primary and secondary tissues. Pri-
mary growth continues for only a short distance behind api-
cal meristem; then secondary growth begins. Primary
growth increases the length of a plant and secondary growth
increases its girth. Trees and some shrubs are woody. Shrubs,
and almost all trees other than conifers, are dicot flowering
plants. As a result of secondary growth, a woody dicot stem
has an entirely different type of organization than that of a
herbaceous dicot stem. After secondary growth has contin-
ued for a time, it is no longer possible to make out individual
vascular bundles. Instead, a woody stem has three distinct
areas: the bark, the wood, and the pith (Fig. 9.13a).

Trees undergo secondary growth because of the vascular
cambium. Recall that vascular cambium is a type of meristem
between the xylem and phloem of each vascular bundle. In
woody plants, the vascular cambium develops to form a ring
of meristem that divides parallel to the surface of the plant.
The secondary tissues produced by the vascular cambium,
called secondary xylem and secondary phloem, therefore
add to the girth of the stem instead of to its length. Wood con-
sists of secondary xylem (Fig. 9.14). Another change is the
presence of rays—both phloem rays and xylem rays—that
store materials and conduct them radially for a short distance.

In trees that have a growing season, vascular cambium is
dormant during the winter. In the spring, when moisture is
plentiful, the xylem contains wide vessel elements with thin
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Figure 9.13 Woody dicot stem.
a. A three-year-old stem showing bark, vascular cambium, wood,
and pith. The wood consists of secondary xylem, which accumulates
and becomes the annual rings. b. A cross section of a 39-year-old
larch tree. The xylem within the lighter sapwood is active. c. The
relationship of bark, vascular cambium, and wood is retained in a
mature stem. Sapwood transports water; heartwood no longer
transports water.
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walls. In this so-called spring wood or early wood, wide ves-
sels transport sufficient water to the growing leaves. Later in
the season, when moisture is scarce, the wood at this time,
called summer wood or late wood, has a lower proportion of
vessels. Instead, summer wood contains numerous fibers
and thick-walled tracheids. At the end of the growing season,
just before the cambium becomes dormant again, only heavy
fibers with especially thick secondary walls may develop.
When the trunk of a tree has spring wood followed by sum-
mer wood, the two together make up one year’s growth, or
an annual ring (Fig. 9.13a). You can tell the age of a tree by
counting the annual rings. The outer annual rings, where
most transport occurs, is called sapwood (Fig. 9.13b, c).

In older trees, the inner annual rings are called the heart-
wood. The cells become plugged with deposits, such as
resins, gums, and other substances that inhibit the growth of
bacteria and fungi. Heartwood may help support a tree,
although some trees stand erect and live for many years
after the heartwood has rotted away.

The bark of a tree contains cork, cork cambium, and
phloem. Although secondary phloem is produced each year
by vascular cambium, the soft cells are crushed, and there-
fore phloem does not build up for many seasons. The
phloem tissue is soft, making it possible to remove the bark
of a tree; however, this is very harmful because without
phloem there is no conduction of organic nutrients.

Cork cambium is meristem located beneath the epider-
mis. When cork cambium begins to divide, it produces tis-
sue that disrupts the epidermis and replaces it with cork

cells. Cork cells, you will recall, are impregnated with
suberin, a lipid material that makes them waterproof but
also causes them to die. This is protective because now there
is nothing nutritious for an animal to eat. But an impervious
barrier means that gas exchange is impeded except at
lenticels, which are pockets of loosely arranged cork cells not
impregnated with suberin.

The first flowering plants to evolve may have been woody
shrubs, and if so, herbaceous plants evolved later. Is it advan-
tageous to be woody? If there is adequate rainfall, woody
plants can grow taller and have more growth because they
have adequate vascular tissue to support and service leaves.
However, it takes energy to produce secondary growth and
prepare the body for winter if the plant lives in the temperate
zone. Also, there is a greater need for defense mechanisms,
because a long-lasting plant that stays in one spot is likely to be
attacked by herbivores and parasites. Then, too, trees don’t
usually reproduce until they have grown several seasons, by
which time they may have succumbed to an accident or dis-
ease. Perhaps it is more advantageous for a plant to put most of
its energy into simply reproducing rather than being woody.

Woody plants grow in girth due to the presence
of vascular cambium and cork cambium. Their
bodies have three main parts: bark (which contains
cork, cork cambium, and phloem), wood (which
contains xylem), and pith.
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Figure 9.14 Secondary growth in a stem.
a. A dicot herbaceous stem before secondary growth begins. b. Secondary growth has begun. Cork replaces the epidermis. Vascular cambium
produces secondary xylem and secondary phloem. c. A three-year-old stem. Cork cambium produces new cork. The primary phloem and cortex
will eventually disappear and only the secondary phloem (within the bark), produced by vascular cambium, will be active that year. The secondary
xylem, also produced by vascular cambium, builds up to become the annual rings.
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The word paper takes its origin from papyrus, the plant Egyp-
tians used to make the first form of paper. The Egyptians manu-
ally made sheets from the treated stems of papyrus grass and
then strung them together into scrolls. From that beginning
some 5,500 years ago, the production of paper is now a world-
wide industry of major importance. The process is fairly simple.
Plant material is ground up mechanically and chemically treat-
ed to form a pulp that contains “fibers,” which biologists know
are the tracheids and vessel elements of a plant. The fibers auto-
matically form a sheet when they are screened from the pulp.
Today a revolving wire-screen belt is used to deliver a continu-
ous wet sheet of paper to heavy rollers and heated cylinders that
remove most of the remaining moisture and press the paper flat.

Each person in the United States consumes about 318 kilo-
grams (699 pounds) of paper products per year, compared to
only 2.3 kilograms (5 pounds) of paper per person in India. We
are all aware that products in the United States are overpack-
aged and that the overabundance of our junk mail ends up in
the trash almost immediately. Schools and businesses use far too
much writing paper—even using two sides of a sheet instead of
one side would be helpful!

Although eucalyptus plants from South America, bamboo
from India, and even cotton are used to make paper, most paper
is made from trees, with severe ecological consequences. Trees
are sometimes clear-cut from natural forests, and if so, it will be
many years before the forests will regrow. In the meantime, the
community of organisms that depends on the forest ecosystem
must relocate or die off. Natural ecosystems the world over

have been replaced by giant tree plantations containing stands
of uniform trees to serve as a source of wood. In Canada, there
are temperate hardwood tree plantations of birch, beech, chest-
nut, poplar, and particularly aspen trees. Tropical hardwoods,
which usually come from Southeast Asia and South America,
are also sometimes used to make paper. In the United States,
several species of pine trees have been genetically improved to
have a higher wood density and to be harvestable five years ear-
lier than ordinary pines. Southern Africa, Chile, New Zealand,
and Australia also devote thousands of acres to growing pines
for paper pulp production.

The making of paper uses energy and causes both air and
water pollution. Caustic chemicals such as sodium hydroxide,
sulfurous acid, and bleaches are used during the manufacturing
process. These are released into the air and, along with paper
mill wastes, also add significantly to the pollution of rivers and
streams. Underground water supplies are poisoned by the ink
left in the ground after paper biodegrades in landfills.

It is clear that we should all cut back on our use of paper so
that less of it is made in the first place. In addition, we should
recycle the paper that has already been made. When newspaper
and office paper (including photocopies) are soaked in water,
the fibers are released, and they can be used to make recycled
paper and/or cardboard. Manufacturing recycled paper uses
less energy and causes less pollution than making paper anew.
Moreover, trees are conserved. It’s estimated that recycling of
Sunday newspapers alone would save an estimated 500,000
trees each week.

Paper: Can We Cut Back?

Figure 9A Paper production.
Machine No. 35 at Champion International’s Courtland, Alabama, mill produces a 29-foot-wide roll of office paper every 60 minutes.
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9.5 Organization of Leaves M
Leaves are the organs of photosynthesis in vascular plants.
As mentioned earlier, a leaf usually consists of a flattened
blade and a petiole connecting the blade to the stem. The
blade may be simple, or compound composed of several
leaflets. Externally, it is possible to see the pattern of the leaf
veins, which contain vascular tissue. Leaf veins have a net
pattern in dicot leaves and a parallel pattern in monocot
leaves (see Fig. 9.2).

Figure 9.15 shows a cross section of a typical dicot leaf of
a temperate zone plant. At the top and bottom is a layer of
epidermal tissue that often bears protective hairs and/or
glands that produce irritating substances. These features
may prevent the leaf from being eaten by insects. The epi-
dermis characteristically has an outer, waxy cuticle that
keeps the leaf from drying out. Unfortunately, the cuticle
also prevents gas exchange because it is not gas permeable.
However, the epidermis, particularly the lower epidermis,
contains stomates that allow gases to move into and out of
the leaf. Each stomate has two guard cells that regulate its
opening and closing.

The body of a leaf is composed of mesophyll tissue,
which has two distinct regions: palisade mesophyll, con-
taining elongated cells, and spongy mesophyll, containing

irregular cells bounded by air spaces. The parenchyma cells
of these layers have many chloroplasts and carry on most of
the photosynthesis for the plant. The loosely packed
arrangement of the cells in the spongy layer increases the
amount of surface area for gas exchange.

How does a leaf acquire the inputs for, and what hap-
pens to the outputs of, photosynthesis? A flattened blade
exposes a wide surface area to the sun, and this facilitates
the absorption of solar energy by chlorophyll pigments
within chloroplasts. Water enters vascular tissue at the roots
and is pulled upward to the leaves, where it exits at leaf
veins. Thereafter, water enters leaf cells and chloroplasts.

The stomates within the lower epidermis allow carbon
dioxide to enter the many air spaces of the spongy meso-
phyll. The palisade mesophyll carries on most of the photo-
synthesis. The tightly packed cells of the palisade mesophyll
are specialized to absorb solar energy and fix carbon dioxide
before it is reduced to a carbohydrate.

Carbohydrate produced by a leaf can be stored for a
while, but then is transported in vascular tissue to all plant
parts, where it is used as an energy source by mitochondria,
which produce ATP molecules. All cells need a supply of
ATP for metabolic purposes. Carbohydrate unneeded by
plant cells is transported to the roots, where it is stored in
plastids.

Water and
minerals enter
leaf through
xylem.

Sugar exits
leaf through
phloem.

CO2 enters leaf
through stomate.

O2 and H2O
exit leaf
through stomate.

guard cell

cuticle

lower epidermis

spongy
mesophyll

leaf vein

air space

palisade
mesophyll

upper epidermis

cuticle

leaf hair

100 µm

Figure 9.15 Leaf structure. 
Photosynthesis takes place in the mesophyll tissue, which consists of palisade and spongy mesophyll. The veins contain xylem and phloem for
the transport of water and solutes. The leaf is enclosed by epidermal cells covered with a waxy layer, the cuticle. The leaf hairs are also
protective. A stomate is an opening in the lower epidermis that permits the exchange of gases.
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9.6 Modified Roots, Stems, and
Leaves
Roots are adapted for various functions. Some monocot
plants have a fibrous root system consisting of a large num-
ber of slender roots. Most everyone has observed the fibrous
root system of grasses and has noted how these types of
roots can hold the soil. Other plants have a first or primary
root that grows straight down and remains the dominant
root of the plant. This so-called taproot is often fleshy and
stores food. Carrots, beets, turnips, and radishes are taproots
that we consume as vegetables.

Stem modifications are illustrated in Figure 9.16. Above-
ground horizontal stems, called stolons or runners, produce
new plants where nodes touch the ground. The strawberry
plant is a common example of this type of stem. Vertical
stems can also be modified. For example, cactuses have suc-

culent stems modified for water storage. The tendrils of
grape plants that twine around a support structure are mod-
ified stems.

Underground horizontal stems, rhizomes, may be long
and thin, as in sod-forming grasses, or thick and fleshy, as
in an iris. Rhizomes survive the winter and contribute to
asexual reproduction because each node bears a bud. Some
rhizomes have enlarged portions called tubers, which func-
tion in food storage. For example, Irish potatoes are tubers.
The eyes of potatoes are buds that mark the nodes. Corms
are bulbous underground stems that lie dormant during
the winter, just as rhizomes do. They also produce new
plants the next growing season. Gladiolus corms are
referred to as bulbs by laypersons, but the botanist reserves
the term bulb for a structure composed of modified fleshy
leaves. An onion bulb is made up of leaves surrounding a
short stem. Climbing leaves, such as those of peas and
cucumbers, are modified into tendrils that can twist
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Figure 9.16 Stem modifications.
a. A strawberry plant has aboveground, horizontal stems called stolons. Every other node produces a new shoot system. b. The underground
horizontal stem of an iris is a fleshy rhizome. c. The underground stem of a potato plant has enlargements called tubers. We call the tubers
potatoes. d. The corm of a gladiolus is a stem covered by papery leaves.

rhizome

node

shoot

stem

root

papery
leaves

Stolon Tuber CormRhizome

a. b. c. d .

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


around nearby objects (Fig. 9.17b). The leaves of a few
plants are specialized for catching prey such as insects. The
leaves of a sundew have sticky epidermal hairs that trap
insects and then secrete digestive enzymes. The Venus’s-
flytrap has hinged leaves that snap shut and interlock
when an insect triggers sensitive hairs (Fig. 9.17c). The
leaves of a pitcher plant resemble a pitcher and have down-
ward-pointing hairs that lead insects into a pool of diges-
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Figure 9.17 Leaf modifications.
a. The spines of a cactus plant are modified leaves that protect the fleshy stem from animal consumption. b. The tendrils of a cucumber plant are
modified leaves that twist around a physical support. c. The leaves of the Venus’s-flytrap serve as a trap for prey such as an insect. When
triggered by prey, the leaf snaps shut. Once shut, the leaf secretes digestive juices, which break down the soft parts of the prey’s body

tive enzymes. Insectivorous plants commonly grow in
marshy regions, where the supply of soil nitrogen is severe-
ly limited. The digested insects provide the plants with a
source of organic nitrogen.

Leaves are adapted to environmental conditions. Shade
plants tend to have broad, wide leaves, and desert plants
tend to have small leaves with sunken stomates. The leaves
of a cactus are the spines attached to fleshy stem (Fig. 9.17a).

Marbled murrelets are endangered
seabirds that nest in huge redwood

trees along the coast of the Pacific north-
west. Pacific Lumber was given the right to
fell many acres in exchange for a few that
would be preserved. The government paid
the owner of Pacific Lumber some $500 mil-
lion so that 3,500 acres would be preserved.
Activists thought the deal was unfair—they
wanted 60,000 acres preserved. Any less
and there would not be enough habitat to
keep the birds from sinking into oblivion.
Not to mention that the trees themselves
cannot regrow to their present size for hun-
dreds upon hundreds of years. 

Activists feel done in by their own

representatives in the government. After all,
the owner of Pacific Lumber is a big con-
tributor to the reelection campaigns of elect-
ed officials who approved the deal. Under
the circumstances, what would you do to
save the trees? Some activists climbed the
trees and refused to come down even when
the trees were being cut. In September of
1998, David Chain, 24, lost his life when a
tree fell on him and crushed his skull.

What is the proper action for activist
groups when they feel their government is
letting them down? Should they defy the
law, and if so, what is the proper response
of governmental officials? Lawyers and
legislators were supposed to be reconsid-

ering the deal, but in the meantime Pacific
Lumber did not stop cutting the trees.
Who should be arrested—activists, Pacific
Lumber CEOs, or both?

Questions
1. How much of our forests should be

preserved—small token amounts or huge
tracts that could make a difference?

2. What do you think of activists who take
their lives into their own hands in order to
preserve the environment? Are they any
different from other types of terrorists? 

3. How can the government balance the
need for a healthy economy and the need
to preserve what is left of our natural
environment?

a. Cactus, Opuntia b. Cucumber, Cucumis c. Venus's-flytrap, Dionaea
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Summarizing the Concepts

9.1 The Flowering Plant
A flowering plant has three vegetative organs. Roots anchor plants,
absorb water and minerals, and store the products of photosynthesis.
Stems support leaves, conduct materials to and from roots and leaves,
and help store plant products. Leaves carry on photosynthesis.

Flowering plants are classified into dicots and monocots accord-
ing to the number of cotyledons in the seed, the arrangement of vascu-
lar tissue in root, stems, and leaves, and the number of flower parts.

9.2 Plant Tissues and Cells
Dermal tissue consists of epidermis, which is modified in different
organs of the plant. In the roots, epidermal cells bear root hairs; in the
leaves, the epidermis contains guard cells. Cork replaces epidermis in
woody plants.

Ground tissue contains parenchyma cells, which are thin walled
and capable of photosynthesis when they contain chloroplasts. If they
contain only colorless plastids, they serve as storage cells. Collenchy-
ma cells have thicker walls for flexible support. Sclerenchyma cells are
hollow, nonliving support cells with thick secondary walls.

Vascular tissue consists of xylem and phloem. Xylem contains ves-
sel elements that have no end walls and tracheids that are tapered, with
pitted end walls. Neither contains cytoplasm or nuclei. Xylem trans-
ports water and minerals. Phloem contains sieve-tube elements, each
of which has a companion cell. Phloem transports organic nutrients.

9.3 Organization of Roots
A root tip shows three zones: the zone of cell division (apical meristem)
protected by the root cap, the zone of elongation, and the zone of mat-
uration. A cross section of a herbaceous dicot root reveals the epidermis
(protects), the cortex (stores food), the endodermis (regulates the

movement of water and minerals), and the vascular cylinder (trans-
ports) (Table 9.1). In the vascular cylinder of a dicot, the xylem appears
star shaped, and the phloem is found in separate regions between the
arms of the xylem. In contrast, a monocot root has a ring of vascular tis-
sue with alternating bundles of xylem and phloem surrounding a pith.

9.4 Organization of Stems
Primary growth of a stem is due to the activity of the shoot apical
meristem, which is protected within a terminal bud. A terminal bud
contains leaf primordia at nodes. Nodes are separated by internodes.
Lengthening of internodes results in stem growth. In cross section, the
tissues of a herbaceous dicot are an outer epidermis, cortex, vascular
bundles in a ring, and an inner pith. Monocot stems have scattered vas-
cular bundles, and the cortex and pith are not well defined.

Secondary growth of a woody dicot stem is due to vascular cam-
bium, which produces new xylem and phloem every year, and cork
cambium, which produces new cork cells when needed. (Cork replaces
epidermis in woody plants.) The cross section of a woody stem is
divided into bark, wood, and pith. The bark contains cork and phloem.
Wood contains annual rings of xylem. Pith is a ground tissue.

9.5 Organization of Leaves
A cross section of a leaf reveals the upper and lower epidermis, with
stomates mostly in the lower epidermis. Vascular tissue is present
within leaf veins. Leaves, which carry on photosynthesis, absorb solar
energy, receive CO2 by way of stomates, and receive H2O by way of
leaf veins. Carbohydrate is transported away from a leaf by vascular
tissue, and O2 exits at the stomates (Table 9.1).

9.6 Modified Roots, Stems, and Leaves
While fibrous roots have many fine branches, taproots have an
enlarged central portion, sometimes modified for storage. Among var-
ious modifications, some stems are horizontal, with some occurring
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Table 9.1 Vegetative Organs and Major Tissues

Root Stem Leaf

Function Absorbs water and minerals Transports water and nutrients Carries on photosynthesis

Anchors plant Supports leaves

Stores materials Helps store materials

Tissue

Epidermis* Protects inner tissues Protects inner tissues Protects inner tissues

Root hairs absorb water and minerals Stomates carry on gas exchange

Cortex† Stores water and products of Carries on photosynthesis, if green Not present
photosynthesis Some storage of products of

photosynthesis

Endodermis† Regulates passage of water and Not present Not present
minerals in vascular tissue

Vascular‡ Transports water and nutrients Transports water and nutrients Transports water and nutrients

Pith† Stores products of photosynthesis Stores products of photosynthesis Not present
and water

Mesophyll† Not present Not present Primary site of photosynthesis

Note: Plant tissues belong to one of three tissue systems:
*Dermal tissue system
†Ground tissue system
‡Vascular tissue system
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above the ground and others below the ground. Some leaves are mod-
ified according to the environment, as in cactuses, whose leaves are
spines. Others have specific functions; the Venus’s-flytrap even has
leaves that trap and digest prey.

Studying the Concepts

1. Name and discuss the vegetative organs of a plant. 152
2. List four differences between monocots and dicots. 153
3. Give a function for epidermal tissue and tell how it is modi-

fied in roots, stems, and leaves. 154
4. Contrast the structure and function of parenchyma,

collenchyma, and sclerenchyma cells. These cells occur in
what type of plant tissue? 154

5. Contrast the structure and function of xylem and phloem.
Xylem and phloem occur in what type of plant tissue?
155–56

6. Name the zones of a root tip and tell how each zone con-
tributes to growth in length. 156–57

7. Describe the anatomy of a dicot root tip, both longitudinal
and cross-sectional. How does the anatomy of a monocot root
differ from this? 157

8. Describe the primary and secondary growth of a dicot stem.
160

9. Describe the anatomy of a monocot, a herbaceous dicot, and a
woody stem. 159–60

10. Describe the anatomy of a typical dicot leaf and a typical
monocot leaf in cross section. 163

11. Describe how a leaf acquires the reactants of photosynthesis
and what it does with the products. 163

12. Describe ways in which roots, stems, and leaves are modified.
164–65

Testing Yourself

Choose the best answer for each question.
1. Which of these is an incorrect contrast between monocots and

dicots?
monocots—dicots
a. one cotyledon—two cotyledons
b. leaf veins parallel—net veined
c. vascular bundles in a ring—vascular bundles scattered
d. All of these are incorrect.

2. Which of these types of cells is most likely to divide?
a. parenchyma
b. meristem
c. epidermis
d. xylem

3. Which of these cells in a plant is apt to be nonliving?
a. parenchyma
b. collenchyma
c. sclerenchyma
d. epidermal

4. Root hairs are found in the zone of
a. cell division.
b. elongation.
c. maturation.
d. All of these are correct.

5. Cortex is found in
a. roots, stems, and leaves.
b. roots and stems.
c. roots only.
d. stems only.

6. Between the bark and the wood in a woody stem, there is a
layer of meristem called
a. cork cambium.
b. vascular cambium.
c. apical meristem.
d. the zone of cell division.

7. Which part of a leaf carries on most of the photosynthesis of a
plant?
a. epidermis
b. mesophyll
c. epidermal layer
d. guard cells

8. Annual rings are the number of
a. internodes in a stem.
b. rings of vascular bundles in a monocot stem.
c. layers of secondary xylem in a stem.
d. Both b and c are correct.

9. The Casparian strip is found
a. between all epidermal cells.
b. between xylem and phloem cells.
c. on four sides of endodermal cells.
d. within the secondary wall of parenchyma cells.

10. Which of these is a stem?
a. taproot of carrots
b. stolon of strawberry plants
c. spine of cacti
d. Both b and c are correct.

11. Label this root using the terms endodermis, phloem, xylem,
cortex, and epidermis.
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a.

b.

c.

g.

f.

e.

d.

12. Label this woody stem using the terms annual ring, bark,
cork, phloem, pith, vascular cambium, and xylem (wood):

a.

b.

c.

d.
e.
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Match the terms to these definitions:
a. Inner, thickest layer of a leaf consisting of pal-

isade and spongy layers; the site of most photosynthesis.
b. Outer covering of bark of trees; made up of dead

cells that may be sloughed off.
c. Extension of a root epidermal cell that increases

the surface area for the absorption of water and minerals.
d. Vascular tissue that conducts organic solutes in

plants; contains sieve-tube elements and companion cells.
e. In a plant leaf, this layer contains elongated cells

with many chloroplasts.

Understanding the Terms

13. Label this leaf using the terms leaf vein, lower epidermis,
palisade mesophyll, spongy mesophyll, upper epidermis.

a.

b.

c.

d.

e.

Thinking Scientifically

1. Considering the growth of plants:
a. Why can plants grow an entire lifetime? (page 158)
b. How does the growth of a woody plant differ from the

growth of a human, with regard to height? With regard to
new parts? (page 160)

c. Of what benefit is the wood of a woody plant with regard
to growth? (page 160)

d. Which parts of a deciduous plant do not grow larger?

2. Considering the leaves of plants (page 163):
a. What is the function of leaf epidermis, and how does the

structure suit the function?
b. What is the function of the spongy layer of mesophyll

tissue, and how does the structure suit the function?
c. What is the function of leaf veins, and how does the struc-

ture suit the function?
d. What is the difference in structure between C3 and C4

leaves, and how does the structure suit the function?

Using Technology

Your study of plant organization and growth is supported by these
available technologies:

Essential Study Partner CD-ROM
Plants ££ Plant Tissues, Plant Organs

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Life Science Animations 3D Video
32 Plant Transport

angiosperm 152
annual ring 161
apical meristem 157
axillary bud 158
bark 161
blade 163
Casparian strip 157
collenchyma cell 154
companion cell 155
cork 154
cork cambium 161
cortex 157
cotyledon 153
cuticle 154
dermal tissue 154
dicot 153
endodermis 157

epidermis 154
fibrous root system 164
ground tissue 154
guard cell 154
herbaceous stem 158
internode 152
leaf 152
leaf primordium 158
meristem 154
mesophyll 163
monocot 153
node 152
palisade mesophyll 163
parenchyma cell 154
pericycle 157
petiole 163
phloem 155

pit 154
pith 157
primary growth 160
primary phloem 158
primary root 164
primary xylem 158
rhizome 164
root cap 157
root hair 154
root system 152
runner 164
sclerenchyma cell 154
secondary growth 160
secondary phloem 160
secondary xylem 160
shoot system 152
sieve plate 155

sieve-tube element 155
spongy mesophyll 163
stem 152
stolon 164
stomate 154
taproot 164
tendril 164
tracheid 154
vascular bundle 153
vascular cambium 158
vascular cylinder 157
vascular tissue 154
vein 153
vessel element 154
wood 160
xylem 154
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Plant Physiology
and Reproduction

Chapter Concepts

10.1 Water and Mineral Transport
• Evaporation pulls water and minerals from the

roots to the leaves in xylem. 170
• Stomates must be open for evaporation to 

occur. 172

10.2 Organic Nutrient Transport
• Osmotic pressure pushes organic nutrients in

phloem, usually from the leaves to the 
roots. 174

10.3 Plant Responses to Environmental Stimuli
• Plants respond to outside stimuli by changing

their growth patterns. 176
• Plant hormones regulate plant growth patterns.

176
• Some plant responses are controlled by the

length of daylight (photoperiod). 178

10.4 Sexual Reproduction in Flowering Plants
• In the plant life cycle, the pollen grain carries

sperm from flower to flower. 180
• Seeds within fruits are the products of sexual

reproduction in flowering plants. 181
• Seeds must be dispersed and must germinate to

complete the plant life cycle. 184

10.5 Asexual Reproduction in Flowering Plants
• Plants reproduce asexually. This ability can be

commercially utilized to mass produce identical
plants, sometimes after genetic engineering. 186

Flowering plants disperse their seeds in various ways. Milkweed
relies on the wind to carry seeds to new locations after they are
released from pods.
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Cohesion-Tension Theory of Xylem
Transport
The cohesion-tension theory of xylem transport explains
how water is transported to great heights against gravity
(Fig. 10.2). Because water molecules are polar, they adhere to
the walls of the vessel elements; and because of hydrogen
bonding, water molecules are cohesive—they cling together.
Cohesion of water molecules within the xylem pipeline is ab-
solutely necessary for water transport in a plant. It causes
water to fill the pipeline completely, from the roots to the
leaves, and to resist any separation.

The other factor that causes water to rise in plants is
transpiration, the loss of water by evaporation. Much of the
water that is transported from the roots to the leaves evapo-
rates and escapes from the leaf by way of the stomates,
openings where gas exchange occurs. A single corn plant
loses somewhere between 135 and 200 liters of water
through transpiration during a growing season.

The water molecules that evaporate are replaced by other
water molecules from the leaf veins. Therefore, transpiration
exerts a driving force by creating a negative pressure—that is,
a tension—which draws a column of water up the vessel ele-
ments from the roots to the leaves. As long as water mole-
cules evaporate from the plant and the soil contains enough
moisture, the water column is pulled continuously upward.

The tension created by transpiration is effective only be-
cause of the cohesive property of water. Therefore, this ex-
planation for xylem transport is called the cohesion-
tension theory. 

Water is transported from the roots to the leaves
in xylem. The water column remains intact as
transpiration pulls water from the roots to the
leaves.

10.1 Water and Mineral Transport M

Water and minerals enter a plant at the root, primarily
through the root hairs. From there water, along with miner-
als, moves across the tissues of a root until it enters xylem,
the vascular tissue that contains the hollow conducting cells
called tracheids and vessel elements (Fig. 10.1). The vessel ele-
ments are larger than the tracheids, and they are stacked one
on top of the other to form a pipeline that stretches from the
roots to the leaves. It is an open pipeline because the vessel
elements have no end walls separating one from the other.
The tracheids, which are elongated with tapered ends, form
a less obvious means of transport. Water can move across
the end and side walls of tracheids because of pits, or de-
pressions, where the secondary wall does not form.

Water entering root cells creates a positive pressure called
root pressure that tends to push xylem sap upwards. It is esti-
mated that root pressure, like atmospheric pressure, would be
able to raise water to 10.4 meters. However, since some trees
can be as tall as 120 meters, other factors must be involved.
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AJapanese farmer raises a bowl of steaming rice to his
lips as a Mexican mother serves freshly prepared tor-
tillas and an American teenager reaches for another

slice of white bread. Rice, corn, and wheat are the staples of
diets throughout the world. Italians eat pasta, Irish and Ger-
mans consume potatoes, and Americans eat bread as a
source of carbohydrates, the nutrient that supplies most of
our energy needs. But plants also provide fats and minerals.
Then, too, plants have cell walls of cellulose that provide
much of the roughage in our diets. “Eat your vegetables” is
not the nagging expression it seems—it is a recognition that
plants provide us with all the essential nutrients that allow
our cells to continue metabolizing. The dietary importance of
plants gives ample reason for us to know something about
their anatomy and physiology.

pits

perforation

pits50 µm 31 µm

Figure 10.1 Conducting cells of xylem.
a. Tracheids are long, hollow cells with tapered ends. Water can move into and out of tracheids through pits only. b. Vessel elements are wider
and shorter than tracheids. Water can move from vessel element to vessel element through perforations (a large hole at each end). Vessel
elements can also exchange water with tracheids through pits. 

a. b.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Table 10.1 Inorganic Nutrients for PlantsMineral Transport
Plants need only inorganic nutrients in order to produce all
the organic molecules that make up their bodies. Aside from
carbon, hydrogen, and oxygen obtained from carbon diox-
ide, the mineral elements listed in Table 10.1 are required by
plants. Minerals diffuse into root hairs, but eventually a
plant uses active transport to increase its uptake of minerals
which are carried along with water in xylem. A plant uses a
great deal of ATP for active transport of minerals into root
cells and xylem.

Human beings are fortunate that plants can concen-
trate minerals, for we often are dependent on them for our
basic supply of such minerals as calcium to build bones
and teeth and iron to help carry oxygen to our cells. Miner-
als like copper and zinc are cofactors for the functioning of
enzymes.
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The sun causes water to evaporate—
the energy for xylem transport comes from the sun.

xylem in leaf vein

water molecules
outside air

stomate

mesophyll cells

Transpiration (evaporation) of water from leaves creates 
tension that pulls the water column in xylem from the roots.

xylem
cohesion by
hydrogen bonding
between water 
molecules

cell wall

adhesion due to
polarity of water 
molecules

Water column is held together by cohesion;
adhesion keeps water column in place.

root hair

soil particles

xylem

Water from soil enters xylem in root;
tension in water column extends from leaves to root.

water molecule

Figure 10.2 Cohesion-tension theory of xylem transport.
Tension (a negative pressure) created by evaporation (transpiration) at the leaves pulls water from the root along the length of the plant.

Macronutrients

CaNO3 Ca, N (calcium, nitrogen)

NH4H2PO4 N, P (nitrogen, phosphorus)

KNO3 K, N (potassium, nitrogen)

MgSO4 Mg, S (magnesium, sulfur)

Micronutrients

Fe-EDTA Fe (iron)

ZnSO4 Zn (zinc)

KCl Cl (chlorine)

CuSO4 Cu (copper)

MnSO4 Mn (manganese)
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Opening and Closing of Stomates
For a plant to photosynthesize, stomates must be open so
that CO2 will enter the leaves. But when stomates are open,
water is also exiting the leaves because transpiration is oc-
curring. When a plant is water stressed, stomates close to
conserve water and then photosynthesis ceases.

The two guard cells on either side of a stomate regulate
whether the stomate is open or closed. When water enters
guard cells, their central vacuoles fill and the stomate opens.
When water exits guard cells, the stomate closes. Notice in
Figure 10.3 that the guard cells are attached to each other at
their ends and that the inner walls are thicker than the outer
walls. When water enters guard cells, cellulose microfibrils
in the walls prevent radial expansion. Lengthwise expan-
sion, which can occur, causes guard cells to buckle out from
the region of their attachment and the stomate opens.

When a plant is photosynthesizing, an ATP-driven
pump actively transports H� out of the cell. Now potassium
ions (K�) enter the guard cells and when water follows by
osmosis, the stomate opens. When the pump is not working,
K� moves into surrounding cells, the guard cells lose water,
and the stomate closes.

What turns the H� pump on or off? It appears that the
blue-light component of sunlight is a signal for stomates to
open. There is evidence to suggest that a flavin pigment ab-
sorbs blue light, and then this pigment sets in motion the cy-
toplasmic response that leads to activation of the H� pump.
Similarly, there could be a receptor in the plasma membrane
of guard cells that brings about inactivation of the pump
when carbon dioxide (CO2) concentration rises, as might
happen when photosynthesis ceases. Abscisic acid (ABA),
which is produced by cells in wilting leaves, can also cause
stomates to close. Although photosynthesis cannot occur,
water is conserved.

If plants are kept in the dark, the stomates open and
close on a 24-hour basis just as if they were responding to
the presence of sunlight in the daytime and the absence of
sunlight at night. This means that there must be some sort of
internal biological clock that is keeping time. Circadian
rhythms (a behavior that occurs every 24 hours) and biolog-
ical clocks are areas of intense investigation at this time.

When stomates open, first K� and then water
enters guard cells. Stomates open and close in
response to environmental signals—the exact
mechanism is being investigated.
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50 µm 50 µm

H2O H2OH2O H2O

K+ enters guard
cells and water
follows

guard
cell

Open Stomate Closed Stomate

K+

K+

K+ exits guard
cells and water
follows

stomate

Figure 10.3 Opening and closing of stomates.
Stomates open when water enters guard cells and turgor pressure increases. Stomates close when water exits guard cells and there is a loss of
turgor pressure.
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(Fig. 10A) The best dispersers allocated 40% of their biomass to
root and 30% of their biomass to seed. Bent grass is an example
of a poor competitor for soil nitrogen but a good disperser (Fig.
10B). The production of seeds allows these plants to occupy any
new sites available. 

Tilman developed a mathe-
matical model which showed
that such a tradeoff (root versus
seed allocation) could explain
the stable coexistence of a whole
range of plant species that differ
according to their ability to oc-
cupy present space or to dis-
perse to new areas. Coexistence
occurs because better competi-
tors for soil nitrogen are poorer
dispersers, and therefore they do
not occupy all sites. Better dis-
persers are better at finding and
occupying all possible sites. Be-
cause the grasses varied in their
ability to take up nitrogen and
disperse, a number of species
could coexist.

Tilman studied another issue
that relates to biodiversity. He
and colleagues were annually
sampling 207 permanent plots
when there was a drought in
1987-88. The 1988 drought was
the third worst in the past 150
years. They found that plots that
contained only one to four
species suffered a greater loss of
overall biomass than plots that contained 16 to 26 species. This
suggests to Tilman that high biodiversity does buffer an ecosys-
tem against an environmental disturbance, and therefore it is
wise to conserve the biodiversity of ecosystems in all areas—
whether in Minnesota, New Jersey, Oregon, or the tropics. 

G. David Tilman of the University of Minnesota was familiar
with long-term experiments showing that amount of soil nitro-
gen usually limits biodiversity. The better competitors for soil
nitrogen are expected to be prevalent to the point that other
species do not have a chance to continue existing. Yet the grass-

lands he was studying often
had more than 100 plant
species coexisting in an area
the size of a few hectares
(10,000 square meters). This
made him hypothesize that
while competition for soil ni-
trogen might limit biodiversity,
some other factor must be pro-
moting biodiversity. First he
studied the response of grass-
land plants to predation by
insect and mammalian herbi-
vores, light availability, and
fire. None of these seemed to
account for the biodiversity he
observed.

Finally, he found that
grassland plants differ in their
ability to disperse to new sites.
He discovered this by planting
over 50 different plant species
in several plots and recording
how well they could germi-
nate, grow, and reproduce
there. The best competitors for
nitrogen (bunch grasses) allo-
cated 85% of their biomass to
root growth and only 0.5% of
their biomass to making seeds.
Their massive root systems
make them able to spread out
where they are! Little bluestem
is an example of a bunchgrass
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Figure 10A
Little bluestem (Schizachyrium scoparium) is a North American
bunchgrass that prefers sandy or rocky habitats. It is an excellent
competitor for soil nitrogen because of its high allocation of roots.

Figure 10B
Bent grass (Agrostis scabra) is a native North American prairie grass
that is a poor competitor for soil nitrogen. It disperses rapidly into
disturbed areas because of its high allocation of seed. 
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10.2 Organic Nutrient Transport M

The leaves carry out photosynthesis and produce the sugar
sucrose, which is transported in the vascular tissue called
phloem to all parts of a plant. The movement of organic sub-
stances in phloem is termed translocation. Translocation
makes sugars available to those parts of a plant that are ac-
tively metabolizing and growing. The conducting cells in
phloem are sieve-tube elements, each of which typically has
a companion cell (Fig. 10.4). Sieve-tube elements contain cyto-
plasm but have no nucleus. Their end walls have pores and
resemble a sieve; therefore, the end walls are said to be sieve
plates. The sieve-tube elements are aligned vertically, and
strands of cytoplasm called plasmodesmata (sing., plas-
modesma) extend from one cell to the other through the
sieve plates. Therefore, there is a continuous pathway for or-
ganic nutrient transport throughout the plant.

The smaller companion cell, which does have a nucleus,
is a more generalized cell than the sieve-tube element. It is
speculated that the companion cell nucleus controls and

maintains the lives of both itself and the sieve-tube element,
and may help a sieve-tube element perform its translocating
function.

Pressure-Flow Theory of Phloem Transport
Chemical analysis of phloem sap shows that it is composed
chiefly of sugar and that the concentration of organic nutri-
ents is 10–13% by volume. Samples for chemical analysis
most often are obtained by using aphids, small insects that
are phloem feeders. The aphid drives its stylet, a short
mouthpart functioning like a hypodermic needle, between
the epidermal cells and withdraws phloem sap from a sieve-
tube element. The body of the aphid can be cut away care-
fully, leaving the stylet, which exudes phloem sap for
collection and analysis.

During the growing season the leaves are a source of
sugar—they are photosynthesizing and producing sugar.
This sugar is actively transported into sieve-tube elements,
and water follows passively by osmosis. Active transport is
possible because sieve-tube elements have a living plasma
membrane, and the necessary energy is provided by the
companion cells. The buildup of water within the sieve-tube
elements creates pressure, which starts a flow of phloem
sap. The roots (and other growth areas) are a sink for
sugar—the roots are removing sugar. It is actively trans-
ported out of the sieve-tube elements at this location. When
water follows passively by osmosis, phloem sap flows from
the leaves (source) to the roots (sink) (Fig. 10.5). This expla-
nation for translocation in phloem is called the pressure-
flow theory.

The pressure-flow model is supported by an experiment
in which two bulbs are connected by a glass tube. The first
bulb contains solute at a higher concentration than the sec-
ond bulb. Each bulb is bounded by a differentially perme-
able membrane, and the entire apparatus is submerged in
distilled water: 

Distilled water flows into the first bulb because it has the
higher solute concentration. In this way a pressure differ-
ence is created that causes water to flow from the first bulb
to the second and even to exit from the second bulb. As the
water flows, it carries solute with it from the first to the sec-
ond bulb.

concentrated 
sugar
solution

differentially
permeable
membranes

dilute
sugar

solution

flow of solution

H2O

H2O H2O

1 2
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cytoplasm

nucleus

companion cell

sieve-tube
element

sieve plate
with sieve pores

Figure 10.4 Sieve-tube elements of phloem.
Sieve-tube elements contain cytoplasm, and their flat end walls have
a sieve plate with large sieve pores. Plasmodesmata connect the
cells one with the other. Each sieve-tube element has a companion
cell that has both cytoplasm and a nucleus.
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The pressure-flow theory of phloem transport can ac-
count for any direction of flow in sieve tubes if we con-
sider that the direction of flow is always from source to
sink. In young seedlings, the cotyledons containing re-
served food are a major source of sucrose, and roots are a
sink. Therefore, the flow is from the cotyledons to the
roots. In older plants, the most recently formed leaves can
be a sink and they will receive sucrose from other leaves
until they begin to maximally photosynthesize. When a
plant is forming fruit, phloem flow is monopolized by the
fruits, little goes to the rest of the plant, and vegetative
growth is slow.

Chapter 10 Plant Physiology and Reproduction 17510-7

Because phloem sap flows from source to a sink, situations
arise in which there is a bidirectional flow within phloem—not
just at different times in the life cycle but even at the same
time! Bidirectional flow is occurring because different sieve
tubes can be conducting phloem sap in opposite directions.

Phloem transports organic nutrients in a plant.
Typically, sugar and then water enter sieve-tube
elements in the leaves. This creates pressure,
which causes water to flow to the roots, carrying
sugar with it.

xylem
vessel

water
molecule

sieve-tube
element

companion
cell 

sucrose
molecule

sieve
plate

phloem

Sucrose is actively
transported into phloem,
and water follows
by osmosis.

Sucrose is actively
transported out of
sieve-tube cells,
and water follows
by osmosis.

This creates a positve
pressure that causes
sap to flow within phloem

source
(mature
leaf
cells)

sink
(root
and
other
growth
areas)

Figure 10.5 Pressure-flow theory of phloem transport.
Sugar and water enter sieve-tube elements at a source. This creates a positive pressure, which causes phloem contents to flow. Sieve-tube
elements form a continuous pipeline from a source to a sink, where sugar and water exit sieve-tube elements.
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10.3 Plant Responses to
Environmental Stimuli
Plants respond to environmental stimuli (e.g., light, day
length, gravity, and temperature) usually by changing their
growth patterns. Plant growth toward or away from a direc-
tional stimulus is called a tropism. Three well-known
tropisms, each named for the stimulus that causes the re-
sponse, are

Growth toward a stimulus is called a positive tropism and
growth away from a stimulus is called a negative tropism
(Fig. 10.6). Tropisms are due to differential growth—one
side of an organ elongates faster than the other, and the re-
sult is a curving toward or away from the stimulus.

Among the principal internal factors that regulate such
responses are plant hormones. A hormone is a chemical
messenger produced in very low concentrations that has
physiological and/or developmental effects, usually in an-
other part of the organism. Some plant hormones are made
in meristem and transported to other tissues; others move
directly from the tissue of origin to another tissue; and still
others are used where they are made.

Table 10.2 lists the major types of plant hormones and
their primary functions. Some of these are promoters of
growth and some are inhibitors of growth. These hormones
often interact to control physiological responses. Each natu-
rally occurring hormone has a specific chemical structure.
Other chemicals, some of which differ only slightly from the
natural hormones, also affect the growth of plants. These
and the naturally occurring hormones are sometimes
grouped together and called plant growth regulators. 

Phototropism:  a movement in response to a light stimulus

Gravitropism:  a movement in response to gravity

Thigmotropism:  a movement in response to touch

Auxin 
Auxin is a plant hormone whose effects have been studied
for a long time. The only known naturally occurring auxin is
indoleacetic acid (IAA). It is produced in shoot apical meri-
stem and is found in young leaves and in flowers and fruits.
Therefore, you would expect that auxin would affect many
aspects of plant growth and development. Apically pro-
duced auxin prevents the growth of axillary buds, a phe-
nomenon called apical dominance. When a terminal bud is
removed deliberately or accidentally, the nearest axillary
buds begin to grow, and the plant branches. To achieve a
fuller look, one generally prunes the top (apical meristem) of
the plant. This removes apical dominance and causes more
branching of the main body of the plant.
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Figure 10.6 Positive phototropism.
The stem of a plant bends toward the light as it grows.

Type Primary Example Notable Function

Growth Promoters

Auxin Indoleacetic acid (IAA) Promotes cell elongation in stems; phototropism, gravitropism, apical dominance;
formation of roots, development of fruit

Gibberellins Gibberellic acid (GA) Promote stem elongation; release some buds and seeds from dormancy

Cytokinins Zeatin Promote cell division and embryo development; prevent leaf senescence and promote
bud activation

Growth Inhibitors

Abscisic acid Abscisic acid (ABA) Resistance to stress conditions; causes stomatal closure; maintains dormancy

Ethylene Ethylene Promotes fruit ripening; promotes abscission and fruit drop; inhibits growth

Table 10.2 Plant Hormones
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The application of a weak solution of auxin to a
woody cutting causes roots to develop. Auxin production
by seeds also promotes the growth of fruit. As long as
auxin is concentrated in leaves or fruits rather than in the
stem, leaves and fruits do not fall off. Therefore, trees can
be sprayed with auxin to keep mature fruit from falling to
the ground.

Auxin is involved in gravitropism as well as phototro-
pism. After gravity has been perceived, auxin moves to the
lower surface of roots and stems. Thereafter, roots curve
downward and stems curve upward.

Phototropism and Auxin
The role of auxin in the positive phototropism of stems
has been studied for quite some time. The experimental
material of choice has been oat seedlings with coleoptile
intact. (A coleoptile is a protective sheath for the young
leaves of the seedling.) For example, if the tips of the
coleoptiles are cut off and placed on agar (a gelatinlike
material), and then an agar block is placed to one side of a
tipless coleoptile, the shoot will curve away from that
side. The bending occurs even though the seedlings are
not exposed to light (Fig. 10.7). Apparently, the agar
blocks contain a chemical that was produced by the cole-
optile tips.

Because blue light in particular causes phototropism
to occur, it is believed that a yellow pigment related to the
vitamin riboflavin acts as a photoreceptor for light. Fol-
lowing reception, auxin migrates from the bright side to
the shady side of a stem. The cells on that side elongate
faster than those on the bright side, causing the stem to
curve toward the light. It is now known that when a plant
is exposed to unidirectional light, auxin moves to the
shady side, where it binds to receptors and activates an
ATP-driven H� pump (Fig. 10.8). As hydrogen ions (H�)

are being pumped out of the cell, the cell wall becomes
acidic, breaking hydrogen bonds within cellulose. Cellu-
lose fibrils are weakened, and activated enzymes further
degrade the cell wall. The electrochemical gradient estab-
lished by the H� pump causes solutes to enter the cell,
and water follows by osmosis. The turgid cell presses
against the cell wall, stretching it so that elongation
occurs.
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Coleoptile tip
is intact.

Coleoptile tip
is removed.

Block is placed
to one side of
coleoptile.

Curvature occurs
beneath block.

After tips are placed on agar,
agar is cut into blocks.

Figure 10.7 Demonstrating phototropism.
Oat seedlings are protected by a hollow sheath called a coleoptile. After a tip is removed and placed on agar, an agar block placed on one side of
the coleoptile can cause it to curve.

ATP

ATP

ATPATP

ATP
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cell wall
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H+
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Figure 10.8 Auxin mode of action.
After auxin binds to a receptor, the combination stimulates an H�

pump so that hydrogen ions (H�) are transported out of the
cytoplasm. The resulting acidity causes the cell wall to weaken, and
the electrochemical gradient causes solutes to enter the cell. Water
follows by osmosis and the cell elongates.
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Other Plant Growth Regulators
Now that the formulas for many plant hormones are known,
it is possible to synthesize them, as well as related chemicals,
in the laboratory. Collectively, these substances are known as
plant growth regulators. Many scientists hope plant growth
regulators will bring about an increase in crop yield, just as
fertilizers, irrigation, and pesticides have done in the past.

In high concentrations, some auxins are used widely in
agriculture as herbicides to prevent the growth of broad-
leaved plants. In addition to their use in weed control, the
synthetic auxins known as 2,4D and 2,4,5T were used as de-
foliants during the Vietnam War. Even though 2,4D has been
used for over 35 years, we do not yet know how it works.
Apparently, it is structurally different enough from natural
auxin that plants cannot store it in an inactive form and a
plant’s own enzymes cannot break it down. Its concentra-
tion rises until metabolism is disrupted, cellular order is lost,
and the cells die.

Other plant hormones also have agricultural and com-
mercial uses. When gibberellins are sprayed on grapefruit
(Fig. 10.9), the peel stays youthful—green, firm, and unap-
pealing to various types of fruit flies. Yet the treated fruit is
fully ripe and sweet—perfect for juicing or eating. Gib-
berellins are used to stimulate seed germination and
seedling growth of some grains, beans, and fruits. They also
increase the size of some mature plants. Treatment of sugar-
cane with as little as 2 oz per acre increases the cane yield by
more than 5 metric tons. The application of either auxins or
gibberellins can cause an ovary and accessory flower parts
to develop into fruit, even though pollination and fertiliza-
tion have not taken place. In this way, it is sometimes possi-
ble to produce seedless fruits and vegetables, or bigger,
more uniform bunches with larger fruit.

Because cytokinins retard the aging of leaves and other
organs, they are sprayed on vegetables to keep them fresh
during shipping and storage. Such treatment of holly, for ex-
ample, allows it to be harvested many weeks prior to a holiday.

Plant growth regulators are used in tissue culture when
seedlings are grown from a few cells in laboratory glass-
ware. New varieties of food crops with particular character-
istics—such as tolerance to herbicides and insects—are
being developed by genetically engineering the original
cells. One day it may be possible to endow most crops with
the ability to utilize atmospheric nitrogen and/or make a
wider range of proteins.

Several synthetic inhibitors are used to oppose the ac-
tion of auxins, gibberellins, and cytokinins normally present
in plants. Some of these can cause leaves and fruit to drop at
a time convenient to the farmer. Removing leaves from cot-
ton plants aids in their harvest, and thinning the fruit of
young fruit trees results in larger fruit as the trees mature.
Retarding the growth of other plants sometimes increases
their hardiness. For example, an inhibitor has been used to
reduce stem length in wheat plants, so that the plants do not
fall over due to heavy winds and rain.

The commercial uses of ethylene were greatly in-
creased with the development of ethylene-releasing com-
pounds. Ethylene gas is injected into airtight storage
rooms to ripen bananas, honeydew melons, and toma-
toes. It will also degreen oranges, lemons, and grapefruit
when the rind would otherwise remain green because of
a high chlorophyll level. When sprayed on certain fruit
and nut crops, ethylene increases the chances that the
fruit will detach when the trees are shaken at harvest
time.

Today, fields and orchards are often sprayed with syn-
thetic growth regulators.

Photoperiodism 
A response based on the proportion of light to darkness in a
24-hour cycle is called photoperiodism. Photoperiodic
responses in plants are particularly obvious in the temper-
ate zone. In the spring, plants respond to increasing day
length by initiating growth; in the fall, they respond to
decreasing day length by ceasing growth processes. Day

178 Part 2 Plant Biology 10-10

Figure 10.9 Grapefruit being sprayed with gibberellins.
When sprayed with gibberellins, the peel stays green and firm so that
fruit flies look for another place to lay their eggs. The tougher skin
improves shipping and can be turned yellow by an application of
ethylene.
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length controls flowering in some plants; for example, vio-
lets and tulips flower in the spring, asters and goldenrods
flower in the fall.

Long-day plants initiate flowering when the days get
longer than a certain minimum value, or critical length.
Short-day plants initiate flowering when the days get
shorter than a critical length. Day-length-neutral plants are
insensitive to the length of the day. The cocklebur is a short-
day plant; if a long night is interrupted by a flash of light, it
will not flower (Fig. 10.10). Clover, on the other hand, is a
long-day plant; if a long night is interrupted by a flash of
light, it will still flower. Interrupting the day with darkness
has no effect. This shows that the length of continuous dark-
ness, not the day length, actually controls flowering.

Florists use information about photoperiodism in order
to provide us with flowers at a particular time of year or out
of season. They only need to know how long it takes for a
certain type of plant to flower, and then they start manipu-
lating the photoperiod in order to have flowers ready on
time. If chrysanthemums, which flower in the fall, are de-
sired in the spring, they use blackout shades to artificially
produce long nights. On the other hand, florists switch on
incandescent lights so that irises, which are spring plants,
are available in the winter. These same techniques make it
possible to always have poinsettias at Christmas and lilies at
Easter. 

If flowering is dependent on night and day length,
plants must have a photoreceptor to detect these periods.
The photoreceptor for photoperiodism is phytochrome, a

blue-green leaf pigment that alternately exists in these two
forms:

It could be that flowering is initiated in some plants accord-
ing to the time of day phytochrome changes its structure.
The pigment could be part of a biological clock system that
controls flowering. Phytochrome is also believed to be in-
volved in controlling a plant’s growth pattern in a low-light
versus a high-light environment.

Hormones often coordinate the response of plants
to various stimuli. The proportion of stimulatory
and inhibitory hormones often determines the
particular response. Phytochrome is a pigment
involved in response of plants to the photoperiod
which affects flowering in some plants. 

Pr
(inactive form)

Pfr
(active form)

(daytime)
red
light

far-red
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(shade and evening)
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b. Long-Day (Short-Night) Planta. Short-Day (Long-Night) Plant

cocklebur clover

Figure 10.10 Effect of day length on two types of plants.
Some plants flower only during a particular season. The cocklebur flowers when days are short (a), and clover flowers when days are long 
(b). The length of the night is the determining factor, proven by interrupting a longer-than-critical-length night with a flash of light. Dependency
on the photoperiod is exploited by commercial greenhouses, which use it to grow plants out of season.
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10.4 Sexual Reproduction in
Flowering Plants
Sexual reproduction is the rule in flowering plants. This may
come as a surprise to those who never thought of plants in
terms of male and female. However, sexual reproduction is
defined properly as reproduction requiring gametes, often
an egg and a sperm. In a flowering plant, the structures that
produce the egg and sperm are located within the flower.

Structure of Flowers
Figure 10.11 shows the parts of a typical flower. The sepals,
most often green, form a whorl about the petals, the color of
which accounts for the attractiveness of many flowers. The
size, shape, and color of a flower attracts a specific pollinator.
Flowers pollinated by the wind often have no petals at all.

In the center of the flower is a small vaselike structure,
the pistil, which usually has three parts: the stigma, an en-
larged sticky knob; the style, a slender stalk; and the ovary,
an enlarged base. The ovary contains one or more ovules,
which play a significant role in reproduction. Grouped about
the pistil are the stamens, each of which has two parts: the
anther, a saclike container, and the filament, a slender stalk.

Not all flowers have sepals, petals, stamens, and a pistil.
Those that do are said to be complete and those that do not
are said to be incomplete. Flowers with only stamens are
called staminate flowers and those with only pistils are
called pistillate flowers. If staminate flowers and pistillate
flowers are on one plant, as in corn, the plant is monoecious.
If staminate and pistillate flowers are on separate plants, the
plant is dioecious. Holly trees are dioecious and, if red
berries are a priority, it is necessary to acquire a plant with
staminate flowers and another with pistillate flowers.

Alternation of Generations
Plants have a life cycle called alternation of generations be-
cause two generations are involved: the sporophyte and the
gametophyte. The sporophyte is a diploid (2n) generation
that produces haploid (n) spores by meiosis. A flower pro-
duces two types of spores: microspores and megaspores.
Microspores are produced in the anthers of stamens, and
megaspores are produced within ovules (Fig. 10.11). A mi-
crospore becomes a pollen grain, which upon maturity is a
sperm-containing microgametophyte, also called the male ga-
metophyte. A megaspore becomes an egg-containing em-
bryo sac, which is a megagametophyte, also called the female
gametophyte. Following fertilization, the zygote develops
into an embryo located within a seed. When the seed germi-
nates, the new sporophyte plant begins to grow.

Figure 10.12 shows these same steps in greater detail.
Within an ovule, a megaspore (mega means large) parent cell
undergoes meiosis to produce four haploid megaspores.
Three of these megaspores disintegrate, leaving one func-

tional megaspore, which divides mitotically. The result is the
megagametophyte, or embryo sac, which typically consists
of eight haploid nuclei embedded in a mass of cytoplasm.
The cytoplasm differentiates into cells, one of which is an
egg and another of which is the central cell with two nuclei
(called the polar nuclei).

The anther has pollen sacs, which contain numerous mi-
crospore (micro means small) parent cells. Each parent cell
undergoes meiosis to produce four haploid cells called mi-
crospores. The microspores usually separate, and each one
becomes a pollen grain. At this point, the young pollen grain
contains two cells, the generative cells and the tube cell.

Pollination occurs when pollen is windblown or car-
ried by insects, birds, or bats to the stigma of the same
type of plant. Only then does a pollen grain germinate
and develop a long pollen tube. This pollen tube grows
within the style until it reaches an ovule in the ovary. At
this time, too, the generative cell divides mitotically, pro-
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Figure 10.11 Alternation of generations in a flowering
plant.
Flowering plants are heterosporous; they produce microspores and
megaspores. A microspore becomes a pollen grain, which is a
microgametophyte that produces sperm. A megaspore becomes an
embryo sac, or megagametophyte, that produces an egg. When a
sperm joins with an egg, the resulting zygote develops into an
embryo, retained within a seed.
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ducing two sperm, which have no flagella. On reaching
the ovule, the pollen tube discharges the sperm. These
two fusions are known as double fertilization. One of the
two sperm migrates to and fertilizes the egg, forming a
zygote, and the other sperm migrates to and unites with
the two polar nuclei, producing a 3n (triploid) endosperm
nucleus. 

The endosperm nucleus divides to form endosperm,
food for the developing plant. The zygote develops into a
multicellular embryo and the ovule wall hardens and be-
comes the seed coat. A seed is a structure formed by matu-

ration of an ovule; it consists of a sporophyte embryo,
stored food, and a seed coat. The ovary, and sometimes
other floral parts, develops into a fruit.

Flowering plants produce an egg within each ovule
of an ovary, and sperm within pollen grains. They
have double fertilization—one fertilization
produces the zygote; the other produces
endosperm. The ovule now becomes a seed and
the ovary becomes a fruit.
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Figure 10.12 Life cycle of a flowering plant.
The flowering plant life cycle involves production of eggs and sperm by gametophyte generations and development of an embryo-containing seed.
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endosperm. The ovule now becomes a seed and
the ovary becomes a fruit.

Development of the Plant Embryo
Stages in the development of a dicot embryo are shown in
Figure 10.13. After double fertilization has taken place, the
single-celled zygote lies beneath the endosperm nucleus. The
endosperm nucleus divides to produce a mass of endosperm
tissue surrounding the embryo. The zygote also divides,
forming two parts: the upper part is the embryo, and the
lower part is the suspensor, which anchors the embryo and
transfers nutrients to it from the sporophyte plant. Soon the
cotyledons, or seed leaves, can be seen. At this point, the di-
cot embryo is heart shaped. Later, when it becomes torpedo
shaped, it is possible to distinguish the shoot apex and the
root apex. These contain apical meristems, the tissues that

bring about primary growth in a plant; the shoot apical
meristem is responsible for aboveground growth, and the
root apical meristem is responsible for underground growth.

Monocots, unlike dicots, have only one cotyledon. An-
other important difference between monocots and dicots is
the manner in which nutrient molecules are stored in the
seed. In a monocot, the cotyledon rarely stores food; rather,
it absorbs food molecules from the endosperm and passes
them to the embryo. During the development of a dicot em-
bryo, the cotyledons usually store the nutrient molecules
that the embryo uses. Therefore, in Figure 10.13 we can see
that the endosperm seemingly disappears. Actually, it has
been taken up by the two cotyledons. In a plant embryo, the
epicotyl is above the cotyledon and contributes to shoot de-
velopment; the hypocotyl is that portion below the cotyle-
don that contributes to stem development; and the radicle
contributes to root development. The embryo plus stored
food is now contained within a seed.
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Figure 10.13 Development of a dicot embryo.
a. The unicellular zygote lies beneath the endosperm nucleus. b, c. The endosperm is a mass of tissue surrounding the embryo. The embryo is
located above the suspensor. d. The embryo becomes heart shaped as the cotyledons begin to appear. e. There is progressively less endosperm
as the embryo differentiates and enlarges. As the cotyledons bend, the embryo takes on a torpedo shape. f. The embryo consists of the epicotyl
(represented here by the shoot apex), the hypocotyl, and the radicle which includes the root apex.
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Fruits and Seeds
In flowering plants, seeds are enclosed within a fruit, which
develops from the ovary and at times, from other accessory
parts. Although peas, beans, tomatoes, and cucumbers are
commonly called vegetables, botanists categorize them as
fruits. A fruit is a mature ovary that usually contains seeds.

As a fruit develops from an ovary, the ovary wall thick-
ens to become the pericarp. In fleshy fruits, the pericarp is at
least somewhat fleshy; peaches and plums are good exam-
ples of fleshy fruits. In almonds, the fleshy part of the peri-
carp is a husk removed before marketing. We crack the
remaining portion of the pericarp to obtain the seed (Fig.
10.14a). An apple develops from a compound ovary, but
much of the flesh comes from the receptacle, which grows
around the ovary. It’s more obvious that a tomato comes
from a compound ovary, because in cross section, you can
see several seed-filled cavities (Fig. 10.14b).

Dry fruits have dry pericarps. Legumes, such as peas
and beans, produce fruits that split along two sides, or
seams. Not all dry fruits split at maturity. The pericarp of a
grain is tightly fused to the seed and cannot be separated
from it. A corn kernel is a grain, as are the fruits of wheat,
rice, and barley plants.

Some fruits develop from several individual ovaries. A
blackberry is an aggregate fruit in which each portion is de-
rived from a separate ovary of a single flower (Fig. 10.14c).
The strawberry is also an aggregate fruit, but each ovary be-
comes a one-seeded fruit called an achene. The flesh of a
strawberry is from the receptacle. In contrast, a pineapple
comes from the fruit of many individual flowers attached to
the same fleshy stalk. As the ovaries mature, they fuse to
form a large, multiple fruit.

In flowering plants, the seed develops from the
ovule and the fruit develops from the ovary.
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Figure 10.14 Fruit diversity.
a. The almond fruit is fleshy, with a single seed enclosed by a hard
covering. b. The tomato is derived from a compound ovary. c. Each
blackberry is from a flower with many ovaries.
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Dispersal and Germination of Seeds
For plants to be widely distributed, their seeds have to be
dispersed—that is, distributed preferably long distances
from the parent plant. Following dispersal, the seeds germi-
nate: they begin to grow so that a seedling appears.

Dispersal of Seeds
Plants have various means to ensure that dispersal takes
place. The hooks and spines of clover, bur, and cocklebur at-
tach to the fur of animals and the clothing of humans. Birds
and mammals sometimes eat fruits, including the seeds,
which are then defecated (passed out of the digestive tract
with the feces) some distance from the parent plant. Squir-
rels and other animals gather seeds and fruits, which they
bury some distance away.

The fruit of the coconut palm, which can be dispersed
by ocean currents, may land many hundreds of kilometers
away from the parent plant. Some plants have fruits with
trapped air or seeds with inflated sacs that help them float in
water. Many seeds are dispersed by wind. Woolly hairs,
plumes, and wings are all adaptations for this type of

dispersal. The seeds of an orchid are so small and light that
they need no special adaptation to carry them far away. The
somewhat heavier dandelion fruit uses a tiny “parachute”
for dispersal. The winged fruit of a maple tree, which con-
tains two seeds, has been known to travel up to 10 kilo-
meters from its parent. A touch-me-not plant has seed pods
that swell as they mature. When the pods finally burst, the
ripe seeds are hurled out.

Animals, water, and wind help plants disperse their
seeds.

Germination of Seeds
Some seeds do not germinate until they have been dormant
for a period of time. For seeds, dormancy is the time during
which no growth occurs, even though conditions may be fa-
vorable for growth. In the temperate zone, seeds often have
to be exposed to a period of cold weather before dormancy
is broken. In deserts, germination does not occur until there
is adequate moisture. This requirement helps ensure that
seeds do not germinate until the most favorable growing
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Figure 10.15 Common garden bean, a dicot.
a. Seed structure. b. Germination and development of the seedling. Notice that there are two cotyledons, and the leaves are net veined.
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season has arrived. Germination—an event that takes
place if there is sufficient water, warmth, and oxygen to sus-
tain growth—requires regulation, and both inhibitors and
stimulators are known to exist. It is known that fleshy fruits
(e.g., apples, pears, oranges, and tomatoes) contain in-
hibitors so that germination does not occur until the seeds
are removed and washed. In contrast, stimulators are pres-
ent in the seeds of some temperate zone woody plants. Me-
chanical action may also be required. Water, bacterial action,
and even fire can act on the seed coat, allowing it to become
permeable to water. The uptake of water causes the seed
coat to burst.

Dicots Versus Monocots
As mentioned, the embryo of a dicot has two seed leaves,
called cotyledons. The cotyledons, which have absorbed the
endosperm, supply nutrients to the embryo and seedling,
and eventually shrivel and disappear. If the two cotyledons
of a bean seed are parted, you can see a rudimentary plant
(Fig. 10.15). The epicotyl bears young leaves and is called a
plumule. As the dicot seedling emerges from the soil, the

shoot is hook shaped to protect the delicate plumule. The
hypocotyl becomes part of the stem and the radicle develops
into the roots. When a seed germinates in darkness, it etio-
lates—the stem is elongated, the roots and leaves are small,
and the plant lacks color and appears spindly. Phytochrome,
a pigment that is sensitive to red and far-red light (page 179),
regulates this response and induces normal growth once
proper lighting is available.

A corn plant is a monocot that contains a single cotyle-
don. Actually, the endosperm is the food-storage tissue in
monocots and the cotyledon does not have a storage role.
Corn kernels are actually fruits, and therefore the outer
covering is the pericarp (Fig. 10.16). The plumule and radi-
cle are enclosed in protective sheaths called the coleoptile
and the coleorhiza, respectively. The plumule and the radi-
cle burst through these coverings when germination
occurs.

Germination is a complex event regulated by many
factors. The embryo breaks out of the seed coat and
becomes a seedling with leaves, stem, and roots.
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Figure 10.16 Corn, a monocot.
a. Grain structure. b. Germination and development of the seedling. Notice that there is one cotyledon and the leaves are parallel veined.
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10.5 Asexual Reproduction in
Flowering Plants
Because plants contain nondifferentiated meristem tissue, or
cells which can revert to meristematic activity (totipotency),
they routinely reproduce asexually by vegetative propagation.
In asexual reproduction there is only one parent, instead of
two as in sexual reproduction. Violets will grow from the
nodes of rhizomes (underground horizontal stems), and
complete strawberry plants will grow from the nodes of
stolons (aboveground horizontal stems). White potatoes are
actually portions of underground stems, and each eye is a
bud that will produce a new potato plant if it is planted with
a portion of the swollen tuber. Sweet potatoes are modified
roots of sweet potato plants that can be propagated by plant-
ing sections of the root. You may have noticed that the roots
of some fruit trees, such as cherry and apple trees, produce
“suckers,” small plants that can be used to grow new trees.

Propagation of Plants in Tissue Culture
Hybridization, the crossing of different varieties of plants
or even species, is routinely done to produce plants with
desirable traits. Hybridization, followed by vegetative
propagation of the mature plants, will generate a large
number of identical plants with these traits. But tissue cul-
ture, growth of a tissue in an artificial liquid culture
medium, has led to micropropagation, a commercial method
of producing thousands, even millions, of identical
seedlings in a limited amount of space (Fig. 10.17). One fa-
vorite method to accomplish micropropagation is by meri-
stem culture. If the correct proportions of auxin and
cytokinin are added to a liquid medium, many new shoots
will develop from a single callus, a group of nondifferenti-
ated cells. When these are removed, more shoots form.
Since the shoots are genetically identical, the adult plants
that develop from them, called clonal plants, all have the
same traits.
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Figure 10.17 Micropropagation. 
a. Sections of carrot root are cored, and thin slices are placed in a liquid nutrient medium. b. After a few days, the cells form a nondifferentiated
callus. c. After several weeks, the callus begins sprouting cloned carrot plants. d. Eventually the carrot plants can be moved from the culture
medium and potted.
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The culturing of leaf, stem, or root tissues has led to a
technique called cell suspension culture. Rapidly growing cal-
luses are cut into small pieces and shaken in a liquid nutrient
medium so that single cells or small clumps of cells break off
and form a suspension. These cells will produce the same
chemicals as the entire plant. For example, cell suspension
cultures of Cinchona ledgeriana produce quinine, and those of
Digitalis lanata produce digitoxin. Scientists envision that it
will also be possible to maintain cell suspension cultures in
bioreactors for the purpose of producing chemicals used in
the production of drugs, cosmetics, and agricultural chemi-
cals. If so, it will no longer be necessary to farm plants simply
for the purpose of acquiring the chemicals they produce.

Genetic Engineering of Plants
Some plants will grow from protoplasts, naked cells that
will take up foreign DNA in tissue culture medium. This
form of genetic engineering has been most successful in di-
cots because monocots, such as corn and wheat, tend not to

grow from protoplasts. But new methods have been devel-
oped to introduce DNA into plant cells that have a cell wall.
For example, a device called a particle gun can bombard
plant cells with DNA-coated microscopic metal particles.
Many types of plant cells in tissue culture, including corn
and wheat, have been genetically engineered using a parti-
cle gun. Later, adult plants are generated.

Various crops have been engineered to be resistant to vi-
ral infections, insect predation, and herbicides that are
judged to be environmentally safe. If crops are resistant to a
broad-spectrum herbicide and weeds are not, then the her-
bicide can be used to kill the weeds. The hope is that in the
future it will be possible to produce plants that have a higher
protein content and that require less water and fertilizer.

The ability of plants to reproduce asexually has led
to the generation of plants in tissue culture. This, in
turn, has promoted the genetic engineering of
plants.
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We are in the midst of a pollination cri-
sis due to a decline in the population

of honeybees and many other insects,
birds, and small mammals that transfer
pollen from stamen to stigma. Pollinator
populations have been decimated by pol-
lution, pesticide use, and destruction or
fragmentation of natural areas. Belatedly,
we have come to realize that various types
of bees are responsible for pollinating such
cash crops as blueberries, cranberries, and
squash, and are partly responsible for pol-
linating apple, almond, and cherry trees. 

Why are we so short-sighted when it
comes to protecting the environment and
living creatures like pollinators? Because

pollinators are a resource held in common.
The term “commons” originally meant a
piece of land where all members of a vil-
lage were allowed to graze their cattle. The
farmer who thought only of himself and
grazed more cattle than his neighbor was
better off. The difficulty is, of course, that
eventually the resource is depleted and
everyone loses. 

So, when a farmer or property owner
uses pesticides he is only thinking of his
field or his lawn, and not the good of the
whole. The commons can only be pro-
tected if citizens have the foresight to enact
rules and regulations by which all abide.
DDT was outlawed in this country in part

because it led to the decline of birds of
prey. Similarly, we need legislation to pro-
tect pollinators from those factors that kill
them off. As a society, we need legislation
to protect pollinators because it helps pro-
tect the food supply for all of us. 

Questions
1. Are you willing to stop using pesticides

that kill pollinators if it means your lawn
will suffer? Why or why not?

2. Are you willing to pressure your
representatives for legislation to protect
pollinators? Why or why not?

3. Are you willing to turn your lawn and
garden into a haven for pollinators? Why
or why not?

Summarizing the Concepts

10.1 Water and Mineral Transport
Water transport in plants occurs within xylem. The cohesion-
tension model of xylem transport states that transpiration (evaporation
of water at stomates) creates tension, which pulls water upward in
xylem. This method works only because water molecules are cohesive.

Stomates open when guard cells take up potassium (K�) ions and
water follows by osmosis. Stomates open because the entrance of water
causes the guard cells to buckle out.

10.2 Organic Nutrient Transport
Transport of organic nutrients in plants occurs within phloem. The
pressure-flow theory of phloem transport states that sugar is actively

transported into phloem at a source, and water follows by osmosis. The
resulting increase in pressure creates a flow, which moves water and
sucrose to a sink.

10.3 Plant Responses to Environmental Stimuli
Plant hormones control plant responses to environmental stimuli. Tro-
pisms are growth responses toward or away from unidirectional stim-
uli. When a plant is exposed to light, auxin moves laterally from the
bright to the shady side of a stem. Thereafter, the cells on the shady side
elongate and the stem moves toward the light.

Plant hormones most likely control photoperiodism. Short-day
plants flower when the days are shorter (nights are longer) than a crit-
ical length, and long-day plants flower when the days are longer
(nights are shorter) than a critical length. Some plants are day-length
neutral. Phytochrome, a plant pigment that responds to daylight, is
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believed to be a part of a biological clock system that in some unknown
way brings about flowering.

10.4 Sexual Reproduction in Flowering Plants
Flowering plants have an alternation of generations life cycle, which
includes separate microgametophytes and megagametophytes. The
pollen grain, the microgametophyte, is produced within the stamens of
a flower. The megagametophyte is produced within the ovule of a
flower. Following pollination and fertilization, the ovule matures to be-
come the seed and the ovary becomes the fruit. The enclosed seeds con-
tain the embryo (hypocotyl, epicotyl, plumule, radicle) and stored food
(endosperm and/or cotyledons). When a seed germinates, the root ap-
pears below and the shoot appears above.

10.5 Asexual Reproduction in Flowering Plants
Many flowering plants reproduce asexually, as when the nodes of
stems (either aboveground or underground) give rise to entire plants,
or when an isolated root produces new shoots. Micropropagation, the
production of clonal plants utilizing tissue culture, is now a commer-
cial venture. The particle-gun technique allows foreign genes to be in-
troduced into plant cells, which then develop into adult plants with
particular traits.

Studying the Concepts

1. Explain the cohesion-tension theory of water transport. 170
2. What mechanism controls the opening and closing of

stomates by guard cells? 172
3. Explain the pressure-flow theory of phloem 

transport. 174
4. Name five plant hormones and state their functions. 176
5. How is auxin believed to bring about elongation of cells so

that positive phototropism occurs. 176
6. With regard to photoperiodism, how was it shown that the

length of darkness, not the day length, actually controls
flowering? 179

7. What is phytochrome, and what are two possible functions of
phytochrome in plants? 179

8. Describe how the megagametophyte (female gametophyte)
forms in flowering plants. 180

9. Describe how the microgametophyte (male gametophyte)
forms in flowering plants. 180

10. Contrast the monocot seed and its germination with the dicot
seed and its germination. 185

11. What is one favorite method of micropropagating 
plants? 186

Testing Yourself

Choose the best answer for each question.
1. Stomates are usually open

a. at night, when the plant requires a supply of oxygen.
b. during the day, when the plant requires a supply of carbon

dioxide.
c. whenever there is excess water in the soil.
d. All of these are correct.

2. What is the role of transpiration in water and mineral trans-
port? Transpiration
a. causes water molecules to be cohesive and cling together.
b. occurs in the vessel elements and not the tracheids which

do have end walls.
c. is the force that causes sugar to be transported in xylem

sap.
d. creates the tension that draws a column of water up the

vessel elements.
e. Both a and d are correct.

3. The pressure-flow model of phloem transport states that
a. phloem sap always flows from the leaves to the root.
b. phloem sap always flows from the root to the leaves.
c. water flow brings sucrose from a source to a sink.
d. Both a and c are correct.

4. Root hairs do not play a role in
a. oxygen uptake.
b. mineral uptake.
c. water uptake.
d. carbon dioxide uptake.

5. After an agar block is placed on one side of an oat seedling, it
bends only if
a. unidirectional light is present.
b. the agar block contains auxin.
c. unidirectional light is present and the agar block contains

auxin.
d. the agar block is acidic.
e. the agar block is acidic and unidirectional light is present

and the agar block contains auxin.
6. Which of these is a correct statement?

a. Both stems and roots show positive gravitropism.
b. Both stems and roots show negative gravitropism.
c. Only stems show positive gravitropism.
d. Only roots show positive gravitropism.

7. Short-day plants
a. are the same as long-day plants.
b. are apt to flower in the fall.
c. do not have a critical photoperiod.
d. will not flower if a short-day is interrupted by bright light.
e. All of these are correct.

8. A plant requiring a dark period of at least 14 hours will 
a. flower if a 14-hour night is interrupted by a flash of light.
b. not flower if a 14-hour night is interrupted by a flash of light.
c. not flower if the days are 14 hours long.
d. Both b and c are correct.

9. How is the megaspore in the plant life cycle similar to the
microspore? 
Both
a. have the diploid number of chromosomes.
b. become an embryo sac.
c. become a gametophyte that produces a gamete.
d. are necessary to seed production.
e. Both c and d are correct.

10. Which of these is mismatched?
a. polar nuclei—plumule
b. egg and sperm—zygote
c. ovule—seed
d. ovary—fruit

188 Part 2 Plant Biology 10-20

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


11. Label the arrows and dots in this diagram. The icon
represented by the dots plays what role in the opening of
stomates?
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12. Label the following diagram of alternation of generations in
flowering plants.

a.

h. b.

e.

f.

(n)

d.

c.

g.

j.

i.

haploid (n)

diploid (2n)

(2n)

Match the terms to these definitions:
a. In plants, a growth response toward or away from

a directional stimulus.
b. In the life cycle of a plant, the haploid generation

that produces gametes.
c. Explanation for phloem transport; osmotic pres-

sure following active transport of sugar into phloem brings
about a flow of sap from a source to a sink.

d. In seed plants, a small spore that develops into
the sperm-producing microgametophyte; pollen grain.

e. Plant pigment that induces a photoperiodic
response in plants.

Understanding the Terms

alternation of generations
180

anther 180
auxin 176
cohesion-tension theory 170
cotyledon 182
cytokinin 178
double fertilization 181
egg 181
embryo 181
embryo sac 180
endosperm 181
epicotyl 182
ethylene 178
filament 180
flower 180
fruit 183
gametophyte 180
generative cell 180
germination 185
gibberellin 178
guard cell 172
hormone 176
hypocotyl 182
megaspore 180
microspore 180
mineral 171
ovary 180
ovule 180
petal 180

phloem 174
photoperiodism 178
phototropism 177
phytochrome 179
pistil 180
plasmodesma 174
plumule 185
polar nuclei 180
pollen grain 180
pollen sac 180
pollination 180
pressure-flow theory 174
radicle 182
seed 181
seed coat 181
sepal 180
sink 174
source 174
spore 180
sporophyte 180
stamen 180
stigma 180
stomate 172
style 180
tissue culture 186
transpiration 170
tropism 176
tube cell 180
xylem 170
zygote 181Thinking Scientifically

1. A twig with leaves is placed in the top of an open tube that
contains water above mercury. 171
a. Atmospheric pressure alone is sufficient to raise mercury

only 76 cm (76 cm mercury = 10.5 m water). What is
atmospheric pressure, and of what significance is this
finding for a tree that is 120 m high?

b. Why does the mercury rise higher than 76 cm when a twig
with leaves is placed in the top of the tube?

c. What does the experiment suggest about the ability of
transpiration to raise water to the top of tall trees?

2. Scientists wish to produce a strain of corn that is resistant to a
particular pesticide. 186–187
a. Why would they choose to genetically engineer a diploid

corn cell instead of an egg or sperm?
b. How would they acquire diploid corn cells?
c. How would they acquire adult plants from the genetically

engineered corn cells?
d. If they want to sell genetically altered corn seeds from

these plants, how would they acquire seeds?
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informative manner.
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Claude Bernard, a French physiol-

ogist, realized in 1859 that while

animals, such as humans, live in

an external environment, the cells

of the body are surrounded by an

internal environment composed

of tissue fluid, which is serviced

by blood. Later, Walter Cannon,

an American physiologist, intro-

duced the term homeostasis to

emphasize the dynamic equilib-

rium that keeps the composition

of tissue fluid, and various vital

signs like blood pressure and

body temperature, within normal

limits. The systems of the body

discussed in this part either add

substances to and/or remove sub-

stances from the blood. In this way,

they contribute to homeostasis. 

Maintenance of the Human Body

11 Human Organization 193
Humans are organized. A limited number
of tissues make up organs that form
systems. Organ systems work together to
maintain homeostasis.

13 Cardiovascular System
239

One of the cardiovascular system’s main
functions is to transport nutrients to and
carry wastes away from the body’s cells.

15 Respiratory System 283
The respiratory system exchanges gases
between the external environment and
blood. Ridding the body of carbon
dioxide helps maintain blood pH. 

12 Digestive System and
Nutrition 213

The digestive system breaks down food
and absorbs nutrients into the
bloodstream. 

14 Lymphatic System and
Immunity 263

The lymphatic system absorbs fat, drains
tissue fluid, and helps provide immunity
against foreign invaders.

16 Urinary System and
Excretion 303

The urinary system maintains the volume
and chemical composition of blood within
normal limits.
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Pharmacist filling prescriptions.

Physicians assistant preparing a cast.

Registered nurse taking blood pressure.

Careers in Human Anatomy & Physiology

192

Pharmacists measure, count, mix, and dispense drugs and medi-
cines prescribed by physicians, physician assistants, and dentists,
among others. Pharmacists must understand the use, composition,
and effects of drugs, and how they are tested for purity and
strength.

Respiratory therapists evaluate, treat, and care for patients with
breathing disorders. They treat many types of patients from pre-
mature infants whose lungs are not fully developed to elderly peo-
ple whose lungs are diseased. Therapists run ventilators and can
check on them for mechanical problems. 

Home health aides help elderly, disabled, or ill persons to live in
their own homes instead of a health facility. They assist these
patients with their daily routines, check their vital signs, oversee
their exercise needs, and assist with medication routines.

Physician assistants (P.A.s) are formally trained to perform many
of the routine but time-consuming tasks physicians usually do.
They take medical histories, perform physical examinations, order
laboratory tests and X rays, make preliminary diagnoses, and give
inoculations. They also treat minor injuries by suturing, splinting,
and casting. 

Dental hygienists provide preventive dental care and teach
patients how to practice good oral hygiene. They remove calculus,
stain, and plaque from above and below the gumline; apply caries-
preventive agents such as fluorides and pit and fissure sealants;
and expose and develop dental X rays.

Registered nurses (R.N.s) care for the sick and injured and help
people stay well. They observe, assess, and record symptoms, reac-
tions, and progress; assist physicians during treatments and exam-
inations; and administer medications. Licensed practical nurses
(L.P.N.s) provide basic bedside care.

Dietitians and nutritionists plan nutrition programs and super-
vise the preparation and serving of meals in institutions such as
hospitals and schools. Working in such places as public health clin-
ics, home health agencies, and health maintenance organizations,
dietitians and nutritionists determine individual needs, establish
nutritional care plans, instructing both individuals and families.
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Human
Organization

Chapter Concepts

11.1 Types of Tissues
• Animal tissues can be categorized into four major

types: epithelial, connective, muscular, and
nervous tissues. 194

• Epithelial tissues line body cavities and cover
surfaces. 194

• Connective tissues protect, support, and bind
other tissues. 196

• Muscular tissues make body parts move. 199
• Nervous tissues coordinate the activities of the

other tissues and body parts. 200

11.2 Body Cavities and Body Membranes
• The internal organs occur within cavities lined by

membranes that also cover the organs themselves.
201

11.3 Organ Systems
• Organs are grouped into organ systems, each of

which has specialized functions. 202

11.4 Skin as an Organ System
• The skin contains various tissues and has

accessory organs. It is sometimes called the
integumentary system. 204

11.5 Homeostasis
• Humans have a marked ability to maintain a

relatively stable internal environment. All organ
systems contribute to homeostasis. 208

The cilia of epithelial cells lining the trachea sweep particles
toward the throat. This action helps prevent impurities from reach-
ing the lower air passages and helps prevent respiratory infections.
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11.1 Types of Tissues
A tissue is composed of similarly specialized cells that per-
form a common function in the body. The tissues of the
human body can be categorized into four major types:
epithelial tissue, which covers body surfaces and lines body
cavities; connective tissue, which binds and supports body
parts; muscular tissue, which moves body parts; and nervous
tissue, which receives stimuli and conducts impulses from
one body part to another.

Cancers are classified according to the type of tissue
from which they arise. Carcinomas, the most common type,
are cancers of epithelial tissues; sarcomas are cancers arising
in muscle or connective tissue (especially bone or cartilage);
leukemias are cancers of the blood; and lymphomas are can-
cers of lymphoid tissue. The chance of a cancer developing
in a particular tissue shows a positive correlation to the rate
of cell division; new blood cells arise at a rate 
of 2,500,000 cells per second, and epithelial cells also repro-
duce at a high rate. 

Epithelial Tissue
Epithelial tissue, also called epithelium, consists of tightly
packed cells that form a continuous layer or sheet lining the
entire body surface and most of the body’s inner cavities. On
the external surface, it protects the body from injury, drying
out, and possible pathogen (virus and bacterium) invasion.
On internal surfaces, epithelial tissue may be specialized for

other functions in addition to protection. For example,
epithelial tissue secretes mucus along the digestive tract and
sweeps up impurities from the lungs by means of cilia (sing.,
cilium). It efficiently absorbs molecules from kidney tubules
and from the intestine because of minute cellular extensions
called microvilli.

There are three types of epithelial tissue (Fig. 11.1).
Squamous epithelium is composed of flattened cells and is
found lining the lungs and blood vessels. Cuboidal epithe-
lium contains cube-shaped cells and is found lining the kid-
ney tubules. Columnar epithelium has cells resembling rec-
tangular pillars or columns, and nuclei are usually located
near the bottom of each cell. This epithelium is found lining
the digestive tract. Ciliated columnar epithelium is found
lining the oviducts, where it propels the egg toward the
uterus or womb.

An epithelium can be simple or stratified. Simple means
the tissue has a single layer of cells, and stratified means that
the tissue has layers of cells piled one on top of the other. The
walls of the smallest blood vessels, called capillaries, are com-
posed of a single layer of epithelial cells. The nose, mouth,
esophagus, anal canal, and vagina are all lined by stratified
squamous epithelium. As we shall see, the outer layer of skin
is also stratified squamous epithelium, but the cells have
been reinforced by keratin, a protein that provides strength.

Pseudostratified epithelium appears to be layered; how-
ever, true layers do not exist because each cell touches the
base line. The lining of the windpipe, or trachea, is called
pseudostratified ciliated columnar epithelium. A secreted cover-
ing of mucus traps foreign particles, and the upward motion
of the cilia carries the mucus to the back of the throat, where
it may either be swallowed or expectorated. Smoking can
cause a change in mucous secretion and inhibit ciliary
action, and the result is a chronic inflammatory condition
called bronchitis.

A so-called basement membrane often joins an epitheli-
um to underlying connective tissue. We now know that the
basement membrane is glycoprotein, reinforced by fibers
that are supplied by connective tissue.

An epithelium sometimes secretes a product, in which
case it is described as glandular. A gland can be a single
epithelial cell, as in the case of mucus-secreting goblet cells
found within the columnar epithelium lining the digestive
tract, or a gland can contain many cells. Glands that secrete
their product into ducts are called exocrine glands, and those
that secrete their product directly into the bloodstream are
called endocrine glands. The pancreas is both an exocrine
gland, because it secretes digestive juices into the small
intestine via ducts, and an endocrine gland, because it
secretes insulin into the bloodstream.

Epithelial tissue is named according to the shape
of the cell. These tightly packed protective cells
can occur in more than one layer, and the cells
lining a cavity can be ciliated and/or glandular.
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S ally busily hammers nails into the roof of a new build-
ing. And except for the sweat dripping into her eyes,
she hardly notices the heat of this midsummer morning

even though it is about 100°F. She had skipped breakfast
and then gulped down three jelly doughnuts and a cup of
coffee the construction foreman had provided for the car-
penters. At lunchtime, Sally heads for the local diner, where
the temperature is a chilly 68°F. Remembering her diet, she
orders a salad without dressing and a diet cola. Then she
goes back to work.

The remarkable thing is that although Sally was
exposed to environmental temperatures of both 68°F and
100°F, her body kept a relatively constant temperature of
about 98.6°F. And even though she loaded her blood with
sugar after she came to work and deprived it of sugar at
lunch, her body maintained a relatively constant blood sug-
ar level of about 100 mg/100 ml blood. And her blood
remained at a pH of about 7.4 even though she consumed
carbonic acid in the diet cola. As we will find out in this chap-
ter, tissues and organs work together to maintain relatively
constant levels of internal temperature and blood chemistry,
regardless of whether the external temperature is hot or
cold, or meals are high or low in sugar or acids. This chapter
discusses the basic organization of the body, revealing the
truly amazing way the body maintains normal conditions
without us even thinking about it. 
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Figure 11.1 Epithelial tissue.
The three types of epithelial tissue—squamous, cuboidal, and columnar—are named for the shape of their cells. They all have a protective
function, as well as the other functions noted.

11-03

Simple squamous epithelium
• has flattened cells.
• occurs in air sacs of lungs, 

  walls of capillaries, and 
  lining of blood vessels.

• functions in protection,
  diffusion, filtration. 

Cuboidal epithelium
•  has cube-shaped cells.
•  occurs in lining of kidney tubules 

  and on surfaces of ovaries.
•  functions in protection,

 secretion, absorption.

Columnar epithelium
•  has rectangle-shaped cells.
•  occurs in lining of intestine
     and uterus.
•  functions in protection,

 secretion, absorption.

Pseudostratified ciliated
columnar epithelium
•  appears to be layered.
•  occurs in lining of 

  respiratory tract.
•  functions in protection,

 secretion, movement 
     of mucus.

goblet cell

goblet cell

microvilli

nucleus

basement 
membrane
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Junctions Between Cells
The cells of a tissue can function in a coordinated manner
when the plasma membranes of adjoining cells interact. The
junctions that occur between cells help cells function as a tis-
sue (Fig. 11.2). A tight junction forms an impermeable barri-
er because adjacent plasma membrane proteins actually
join, producing a zipperlike fastening. In the intestine, the
gastric juices stay out of the body, and in the kidneys, the
urine stays within kidney tubules because epithelial cells are
joined by tight junctions.

A gap junction forms when two adjacent plasma mem-
brane channels join. This lends strength, but it also allows
ions, sugars, and small molecules to pass between the two
cells. Gap junctions in heart and smooth muscle ensure syn-
chronized contraction. In an adhesion junction (desmo-
some), the adjacent plasma membranes do not touch but are
held together by intercellular filaments firmly attached to
buttonlike thickenings. In some organs—like the heart,
stomach, and bladder, where tissues get stretched—
adhesion junctions hold the cells together.

Connective Tissue
Connective tissue binds organs together, provides support
and protection, fills spaces, produces blood cells, and stores
fat. As a rule, connective tissue cells are widely separated by
a matrix, consisting of a noncellular material that varies in
consistency from solid to semifluid to fluid. The matrix may
have fibers of three possible types: Collagen (white) fibers
contain collagen, a protein that gives them flexibility and
strength. Reticular fibers are very thin collagen fibers that
are highly branched and form delicate supporting networks.
Elastic (yellow) fibers contain elastin, a protein that is not as
strong as collagen but is more elastic.

Loose Fibrous and Dense Fibrous Tissues
Both loose fibrous and dense fibrous connective tissues have
cells called fibroblasts that are located some distance from
one another and are separated by a jellylike matrix contain-
ing white collagen fibers and yellow elastic fibers.

Loose fibrous connective tissue supports epithelium
and also many internal organs (Fig. 11.3a). Its presence in
lungs, arteries, and the urinary bladder allows these
organs to expand. It forms a protective covering enclosing
many internal organs, such as muscles, blood vessels, and
nerves.

Dense fibrous connective tissue contains many colla-
gen fibers that are packed together. This type of tissue has
more specific functions than does loose connective tissue.
For example, dense fibrous connective tissue is found in ten-
dons, which connect muscles to bones, and in ligaments,
which connect bones to other bones at joints.

Adipose Tissue and Reticular Connective Tissue
In adipose tissue (Fig. 11.3b), the fibroblasts enlarge and
store fat. The body uses this stored fat for energy, insulation,
and organ protection. Adipose tissue is found beneath the
skin, around the kidneys, and on the surface of the heart.
Reticular connective tissue, also called lymphoid tissue, is
present in lymph nodes, the spleen, and the bone marrow.
These organs are a part of the immune system because they
store and/or produce white blood cells, particularly lym-
phocytes. All types of blood cells are produced in red bone
marrow.

Cartilage
In cartilage, the cells lie in small chambers called lacunae
(sing., lacuna), separated by a matrix that is solid yet flexi-
ble. Unfortunately, because this tissue lacks a direct blood
supply, it heals very slowly. There are three types of carti-
lage, distinguished by the type of fiber in the matrix.

Hyaline cartilage (Fig. 11.3c), the most common type of
cartilage, contains only very fine collagen fibers. The matrix
has a white, translucent appearance. Hyaline cartilage is
found in the nose and at the ends of the long bones and the
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Figure 11.2 Junctions between epithelial cells.
Epithelial tissue cells are held tightly together by (a) tight junctions;
(b) gap junctions that allow materials to pass from cell to cell; and
(c) adhesion junctions that allow tissues to stretch.
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ribs, and it forms rings in the walls of respiratory passages.
The fetal skeleton also is made of this type of cartilage. Later,
the cartilaginous fetal skeleton is replaced by bone.

Elastic cartilage has more elastic fibers than hyaline car-
tilage. For this reason, it is more flexible and is found, for
example, in the framework of the outer ear.

Fibrocartilage has a matrix containing strong collagen
fibers. Fibrocartilage is found in structures that withstand
tension and pressure, such as the pads between the verte-
brae in the backbone and the wedges found in the knee joint.

Bone
Bone is the most rigid connective tissue. It consists of an
extremely hard matrix of inorganic salts, chiefly calcium
salts, deposited around protein fibers, especially collagen
fibers. The inorganic salts give bone rigidity, and the protein
fibers provide elasticity and strength, much as steel rods do
in reinforced concrete.

Compact bone makes up the shaft of a long bone (Fig.
11.3d). It consists of cylindrical structural units called

osteons (Haversian systems). The central canal of each
osteon is surrounded by rings of hard matrix. Bone cells,
called osteocytes, are located in spaces called lacunae
between the rings of matrix. Blood vessels in the central
canal carry nutrients that allow bone to renew itself. The
nutrients can reach all of the cells because canaliculi (minute
canals) containing thin processes of the osteocytes connect
the cells with one another and with the central canals.

The ends of a long bone contain spongy bone, which has
an entirely different structure. Spongy bone contains
numerous bony bars and plates, separated by irregular
spaces. Although lighter than compact bone, spongy bone
still is designed for strength. Just as braces are used for sup-
port in buildings, the solid portions of spongy bone follow
lines of stress.

Connective tissues, which bind and support body
parts, differ according to the type of matrix and the
abundance of fibers in the matrix.
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Figure 11.3 Connective tissue examples.
a. In loose connective tissue, cells called fibroblasts are separated by a jellylike matrix, which contains both collagen and elastic fibers.
b. Adipose tissue cells have nuclei (arrow) pushed to one side because the cells are filled with fat. c. In hyaline cartilage, the flexible matrix has a
white, translucent appearance. d. In compact bone, the hard matrix contains calcium salts. Concentric rings of osteocytes in lacunae form an
elongated cylinder called an osteon (Haversian system). An osteon has a central canal that contains blood vessels and nerve fibers.

central canal50 µm

elastic
fiber

collagen
fiber

fibroblast

a. Loose fibrous connective tissue
• has space between components.
• occurs beneath skin and most epithelial layers.
• functions in support and binds organs.       

b. Adipose tissue
• cells are filled with fat.
• occurs beneath skin, around 
  organs and heart.
• functions in insulation, stores fat.

osteon

canaliculi

osteocyte
within a 
lacuna

d. Compact bone
• has cells in concentric rings.
• occurs in bones of skeleton.
• functions in support and protection.

 matrix

cell within
a lacuna

c. Hyaline cartilage
• has cells in lacunae.
• occurs in nose and walls of respiratory 
  passages; at ends of bones including ribs.
• functions in support and protection.
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Blood
The functions of blood include transporting molecules, reg-
ulating the tissues, and protecting the body. Blood trans-
ports nutrients and oxygen to cells and removes carbon
dioxide and other wastes. It helps distribute heat and also
plays a role in fluid, ion, and pH balance. Various compo-
nents of blood, as discussed below, help protect us from dis-
ease, and its ability to clot prevents fluid loss.

If blood is transferred from a person’s vein to a test tube
and prevented from clotting, it separates into two layers
(Fig. 11.4). The upper liquid layer, called plasma, represents
about 55% of the volume of whole blood and contains a vari-
ety of inorganic and organic substances dissolved or sus-
pended in water (Table 11.1). The lower layer consists of red
blood cells (erythrocytes), white blood cells (leukocytes),
and blood platelets (thrombocytes). Collectively, these are
called the formed elements and represent about 45% of the
volume of whole blood. Formed elements are manufactured
in the red bone marrow of the skull, ribs, vertebrae, and
ends of long bones.

The red blood cells are small, biconcave, disk-shaped
cells without nuclei. The presence of the red pigment
hemoglobin makes the cells red, and in turn, makes the
blood red. Hemoglobin is composed of four units; each is
composed of the protein globin and a complex iron-con-
taining structure called heme. The iron forms a loose asso-
ciation with oxygen, and in this way red blood cells trans-
port oxygen.

White blood cells may be distinguished from red
blood cells by the fact that they are usually larger, have a
nucleus, and without staining would appear to be translu-
cent. White blood cells characteristically appear bluish
because they have been stained that color. White blood
cells, which fight infection, function primarily in two ways.
Some white blood cells are phagocytic and engulf infec-
tious pathogens, while other white blood cells produce
antibodies, molecules that combine with foreign substances
to inactivate them.

Platelets are not complete cells; rather, they are frag-
ments of giant cells present only in bone marrow. When a
blood vessel is damaged, platelets form a plug that seals the
vessel and along with injured tissues release molecules that
help the clotting process.

Blood is unlike other types of connective tissue in that
the matrix (i.e., plasma) is not made by the cells. Some peo-
ple do not classify blood as connective tissue; instead, they
suggest a separate tissue category for blood called vascular
tissue.

Blood is a connective tissue in which the matrix is
plasma.
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Water (92% of Total)

Solutes (8% of Total)

Inorganic ions (salts) Na�, Ca2�, K�, Mg2�; Cl�, HCO3�,
PO4

3�, SO4
2�

Gases O2, CO2

Plasma proteins Albumin, globulins, fibrinogen

Organic nutrients Glucose, fats, phospholipids,
amino acids, etc.

Nitrogenous waste Urea, ammonia, uric acid
products

Regulatory substances Hormones, enzymes

Table 11.1 Blood Plasma

Figure 11.4 Blood, a fluid tissue.
a. In a test tube, a blood sample separates into its two components:
blood cells and plasma. b. Microscopic examination of a blood
smear shows that there are red blood cells, white blood cells, and
platelets. Platelets are fragments of a cell. Red blood cells transport
oxygen, white blood cells fight infections, and platelets are involved
in initiating blood clotting. 

a. Blood sample

b. Blood smear

plasma
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white blood
cells
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Muscular Tissue
Muscular (contractile) tissue is composed of cells that are
called muscle fibers. Muscle fibers contain actin filaments
and myosin filaments, whose interaction accounts for move-
ment. There are three types of vertebrate muscles: skeletal,
smooth, and cardiac.

Skeletal muscle, also called voluntary muscle (Fig.
11.5a), is attached by tendons to the bones of the skeleton,
and when it contracts, body parts move. Contraction of
skeletal muscle is under voluntary control and occurs faster
than in the other muscle types. Skeletal muscle fibers are
cylindrical and quite long—sometimes they run the length
of the muscle. They arise during development when several
cells fuse, resulting in one fiber with multiple nuclei. The
nuclei are located at the periphery of the cell, just inside the
plasma membrane. The fibers have alternating light and
dark bands that give them a striated appearance. These
bands are due to the placement of actin filaments and
myosin filaments in the cell.

Smooth (visceral) muscle is so named because the cells
lack striations. The spindle-shaped cells form layers in
which the thick middle portion of one cell is opposite the
thin ends of adjacent cells. Consequently, the nuclei form an
irregular pattern in the tissue (Fig. 11.5b). Smooth muscle is
not under voluntary control and therefore is said to be
involuntary. Smooth muscle, found in the walls of viscera
(intestine, stomach, and other internal organs) and blood
vessels, contracts more slowly than skeletal muscle but can
remain contracted for a longer time. When the smooth mus-
cle of the intestine contracts, food moves along its lumen
(central cavity). When the smooth muscle of the blood ves-
sels contracts, blood vessels constrict, helping to raise blood
pressure.

Cardiac muscle (Fig. 11.5c) is found only in the walls of
the heart. Its contraction pumps blood and accounts for the
heartbeat. Cardiac muscle combines features of both smooth
muscle and skeletal muscle. It has striations like skeletal
muscle, but the contraction of the heart is involuntary for the
most part. Cardiac muscle cells also differ from skeletal
muscle cells in that they have a single, centrally placed
nucleus. The cells are branched and seemingly fused one
with the other, and the heart appears to be composed of one
large interconnecting mass of muscle cells. Actually, cardiac
muscle cells are separate and individual, but they are bound
end to end at intercalated disks, areas where folded plasma
membranes between two cells contain desmosomes and gap
junctions.

All muscular tissue contains actin filaments and
myosin filaments; these form a striated pattern in
skeletal and cardiac muscle, but not in smooth
muscle.
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Figure 11.5 Muscular tissue.
a. Skeletal muscle is voluntary and striated. b. Smooth muscle is invol-
untary and nonstriated. c. Cardiac muscle is involuntary and striated.
Cardiac muscle cells branch and fit together at intercalated disks.
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• has branching striated cells, each with a single nucleus.
• occurs in the wall of the heart.
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• has striated cells with multiple nuclei.
• usually attached to skeleton.
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Nervous Tissue
Nervous tissue, which contains nerve cells called neurons,
is present in the brain and spinal cord. A neuron is a special-
ized cell that has three parts: dendrites, cell body, and an
axon (Fig. 11.6). A dendrite is a process that conducts signals
toward the cell body. The cell body contains the major con-
centration of the cytoplasm and the nucleus of the neuron.
An axon is a process that typically conducts nerve impulses
away from the cell body. Axons can be quite long, and out-
side the brain and the spinal cord, long fibers, bound by con-
nective tissue, form nerves.

The nervous system has just three functions: sensory
input, integration of data, and motor output. Nerves con-
duct impulses from sensory receptors to the spinal cord and
the brain where integration occurs. The phenomenon called
sensation occurs only in the brain, however. Nerves also
conduct nerve impulses away from the spinal cord and
brain to the muscles and glands, causing them to contract
and secrete, respectively. In this way, a coordinated response
to the stimulus is achieved.

In addition to neurons, nervous tissue contains neu-
roglial cells.

Neuroglial Cells
There are several different types of neuroglial cells in the brain
(Fig. 11.6), and much research is currently being conducted to
determine how much “glial” cells contribute to the function-
ing of the brain. Neuroglial cells outnumber neurons nine to
one and take up more than half the volume of the brain, but
until recently, they were thought to merely support and nour-
ish neurons. Three types of neuroglial cells are oligodendro-
cytes, microglial cells, and astrocytes. Oligodendrocytes form
myelin; and microglial cells, in addition to supporting neurons,
phagocytize bacterial and cellular debris. Astrocytes provide
nutrients to neurons and produce a hormone known as glial-
derived growth factor, which someday might be used as a cure
for Parkinson’s disease and other diseases caused by neuron
degeneration. Neuroglial cells don’t have a long process, but
even so, researchers are now beginning to gather evidence that
they do communicate among themselves and with neurons!

Nerve cells, called neurons, have fibers (processes)
called axons and dendrites. Axons are found in
nerves. Neuroglial cells support and service neurons.
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Figure 11.6 Neuron and neuroglial cells.
Neurons conduct nerve impulses. Neuroglial cells, which support and service neurons, have various functions: microglial cells are phagocytes
that clean up debris. Astrocytes lie between neurons and a capillary; therefore, substances entering neurons from the blood must first pass
through astrocytes. Oligodendrocytes form the myelin sheaths around fibers in the brain and spinal cord. 
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11.2 Body Cavities and Body
Membranes
The internal organs are located within specific body cavities
(Fig. 11.7). During human development, there is a large
ventral cavity called a coelom, which becomes divided into
the thoracic (chest) and abdominal cavities. Membranes
divide the thoracic cavity into the pleural cavities, contain-
ing the right and left lungs, and the pericardial cavity, con-
taining the heart. The thoracic cavity is separated from the
abdominal cavity by a horizontal muscle called the
diaphragm. The stomach, liver, spleen, gallbladder, and
most of the small and large intestines are in the upper por-
tion of the abdominal cavity. The lower portion contains the
rectum, the urinary bladder, the internal reproductive
organs, and the rest of the large intestine. Males have an
external extension of the abdominal wall, called the scro-
tum, containing the testes.

The dorsal cavity also has two parts: the cranial cavity
within the skull contains the brain; and the vertebral col-
umn, formed by the vertebrae, contains the spinal cord.

Body Membranes
In this context, we are using the term membrane to refer to a thin
lining or covering composed of an epithelium overlying a loose
connective tissue layer. Body membranes line cavities and
internal spaces of organs and tubes that open to the outside.

Mucous membranes line the tubes of the digestive, re-
spiratory, urinary, and reproductive systems. The epithelium
of this membrane contains goblet cells that secrete mucus.
This mucus ordinarily protects the body from invasion by
bacteria and viruses; hence, more mucus is secreted and
expelled when a person has a cold and has to blow her/his
nose. In addition, mucus usually protects the walls of the
stomach and small intestine from digestive juices, but this
protection breaks down when a person develops an ulcer.

Serous membranes line the thoracic and abdominal
cavities and the organs that they contain. They secrete a
watery fluid that keeps the membranes lubricated. Serous
membranes support the internal organs and compartmen-
talize the large thoracic and abdominal cavities. This helps
to hinder the spread of any infection.

The pleural membranes are serous membranes that line
the pleural cavity and lungs. Pleurisy is a well-known infec-
tion of these membranes. The peritoneum lines the abdomi-
nal cavity and its organs. In between the organs, there is a
double layer of peritoneum called mesentery. Peritonitis, a
life-threatening infection of the peritoneum, is likely if an
inflamed appendix bursts before it is removed.

Synovial membranes line freely movable joint cavities.
They secrete synovial fluid into the joint cavity; this fluid
lubricates the ends of the bones so that they can move freely.

In rheumatoid arthritis, the synovial membrane becomes
inflamed and grows thicker, restricting movement.

The meninges are membranes found within the dorsal
cavity. They are composed only of connective tissue and
serve as a protective covering for the brain and spinal cord.
Meningitis is a life-threatening infection of the meninges.
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Figure 11.7 Mammalian body cavities.
a. Side view. There is a dorsal cavity, which contains the cranial
cavity and the vertebral canal. The brain is in the cranial cavity, and
the spinal cord is in the vertebral canal. There is a well-developed
ventral cavity, which is divided by the diaphragm into the thoracic
cavity and the abdominal cavity. The heart and lungs are in the
thoracic cavity, and most other internal organs are in the abdominal
cavity. b. Frontal view of the thoracic cavity.
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11.3 Organ Systems
The body contains a number of organ systems (Fig. 11.8). The
skin, which is sometimes called the integumentary system,
is discussed in this chapter. The other organ systems con-
tribute to either maintenance of the human body, integration
and control of the human body, or continuance of the species.

Maintenance of the Body
The internal environment of the body consists of the blood
within the blood vessels and the tissue fluid that surrounds
the cells. Five systems add substances to and remove sub-
stances from the blood: the digestive, cardiovascular, lym-
phatic, respiratory, and urinary systems.

The digestive system consists of the mouth, esophagus,
stomach, small intestine, and large intestine (colon) along
with the associated organs: teeth, tongue, salivary glands,
liver, gallbladder, and pancreas. This system receives food
and digests it into nutrient molecules, which can enter the
cells of the body.

The cardiovascular system consists of the heart and
blood vessels that carry blood through the body. Blood
transports nutrients and oxygen to the cells, and removes

their waste molecules that are to be excreted from the body.
Blood also contains cells produced by the lymphatic system.

The lymphatic system consists of lymphatic vessels,
lymph, nodes, and other lymphoid organs. This system pro-
tects the body from disease by purifying lymph and storing
lymphocytes, the white blood cells that produce antibodies.
Lymphatic vessels absorb fat from the digestive system and
collect excess tissue fluid, which is returned to the cardio-
vascular system.

The respiratory system consists of the lungs and the
tubes that take air to and from the lungs. The respiratory
system brings oxygen into the lungs and takes carbon diox-
ide out of the lungs.

The urinary system contains the kidneys and the uri-
nary bladder. This system rids the body of nitrogenous
wastes and helps regulate the fluid level and chemical con-
tent of the blood.

The digestive system, cardiovascular system,
lymphatic system, respiratory system, and the
urinary system all perform specific processing and
transporting functions to maintain the normal
conditions of the body.
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Figure 11.8 Organ systems of the body.
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Integration and Control of the Body
The nervous system consists of the brain, spinal cord, and
associated nerves. The nerves conduct nerve impulses from
sensory receptors to the brain and spinal cord. They also
conduct nerve impulses from the brain and spinal cord to
the muscles and glands, allowing us to respond to both
external and internal stimuli.

The musculoskeletal system, consisting of the bones
and muscles of the body, protects other body parts. For
example, the skull forms a protective encasement for the
brain, as does the rib cage for the heart and lungs. The skele-
ton, as a whole, serves as a place of attachment for the skele-
tal muscles. Contraction of muscles accounts for movement
of the body and also body parts.

The endocrine system consists of the hormonal glands
that secrete chemicals that serve as messengers between
body parts. Homeostasis is a dynamic equilibrium of the
internal environment. Both the nervous and endocrine sys-
tems help maintain homeostasis by coordinating and regu-
lating the functions of the body’s other systems. The

endocrine system also helps maintain the proper function-
ing of male and female reproductive organs.

The nervous and endocrine systems coordinate
and regulate the activities of the body’s other
systems, including the musculoskeletal system.

Continuance of the Species
The reproductive system involves different organs in the
male and female. The male reproductive system consists of
the testes, other glands, and various ducts that conduct
semen to and through the penis. The female reproductive
system consists of the ovaries, oviducts, uterus, vagina, and
external genitals.

The reproductive system in males and in females
carries out those functions that give humans the
ability to reproduce.
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Figure 11.8 Organ systems of the body.
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11.4 Skin as an Organ System
The outer covering of the body, called skin, can be used as an
example of an organ system (it is sometimes called the integu-
mentary system) because it contains accessory structures such
as nails, hair, and glands (Fig. 11.9). Skin covers the body, pro-
tecting underlying tissues from physical trauma, pathogen
invasion, and water loss. Skin helps to regulate body temper-
ature, and because it contains sensory receptors, skin also
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helps us to be aware of our surroundings and to communicate
with others by touch. The skin even synthesizes certain chem-
icals such as vitamin D that affect the rest of the body.

Regions of the Skin
The skin has two regions: the epidermis and the dermis. A
subcutaneous layer is found between the skin and any
underlying structures, such as muscle or bone.

Figure 11.9 Human skin anatomy.
Skin consists of two regions, the epidermis and dermis. A subcutaneous layer lies below the dermis.
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The epidermis of skin is made up of stratified squamous
epithelium. New cells derived from basal cells become flat-
tened and hardened as they push to the surface. Hardening
occurs because the cells produce keratin, a waterproof pro-
tein. Dandruff occurs when the rate of keratinization is two
or three times the normal rate. A thick layer of dead kera-
tinized cells, arranged in spiral and concentric patterns,
form fingerprints and footprints. Specialized cells in the epi-
dermis called melanocytes produce melanin, the pigment
responsible for skin color.

The dermis is a region of fibrous connective tissue
beneath the epidermis. The dermis contains collagenous and
elastic fibers. The collagenous fibers are flexible but offer
great resistance to overstretching; they prevent the skin from
being torn. The elastic fibers maintain normal skin tension
but also stretch to allow movement of underlying muscles
and joints. (The number of collagen and elastic fibers
decreases with exposure to the sun, and the skin becomes
less supple and is prone to wrinkling.) The dermis also con-
tains blood vessels that nourish the skin. When blood rush-
es into these vessels, a person blushes, and when blood is
minimal in them, a person turns “blue.”

Sensory receptors are specialized nerve endings in the
dermis that respond to external stimuli. There are receptors
for touch, pressure, pain, and temperature. The fingertips
contain the most touch receptors, and these add to our abili-
ty to use our fingers for delicate tasks.

The subcutaneous layer, which lies below the dermis, is
composed of loose connective tissue and adipose tissue,
which stores fat. Fat is a stored source of energy for the body.
Adipose tissue helps to thermally insulate the body from
either gaining heat from the outside or losing heat from the
inside. A well-developed subcutaneous layer gives the body
a rounded appearance and provides protective padding
against external assaults. Excessive development of the sub-
cutaneous layer accompanies obesity.

Skin has two regions: the epidermis and the dermis.
A subcutaneous layer lies beneath the dermis.

Accessory Structures of the Skin
Nails, hair, and glands are structures of epidermal origin
even though some parts of hair and glands are largely found
in the dermis.

Nails grow from special epithelial cells at the base of the
nail in the portion called the nail root. These cells become
keratinized as they grow out over the nail bed. The visible
portion of the nail is called the nail body. The cuticle is a fold
of skin that hides the nail root. The whitish color of the half-
moon-shaped base, or lunula, results from the thick layer of
cells in this area (Fig. 11.10).

Hair follicles begin in the dermis and continue through
the epidermis where the hair shaft extends beyond the skin.
Epidermal cells form the root of hair, and their division
causes a hair to grow. The cells become keratinized and dead
as they are pushed farther from the root. Each hair follicle
has one or more oil (sebaceous) glands, which secrete
sebum, an oily substance that lubricates the hair within the
follicle and the skin itself. If the sebaceous glands fail to dis-
charge, the secretions collect and form “whiteheads” or
“blackheads.” The color of blackheads is due to oxidized
sebum. Contraction of the arrector pili muscles attached to
hair follicles causes the hairs to “stand on end” and causes
goose bumps to develop.

Sweat (sudoriferous) glands are quite numerous and
are present in all regions of skin. A sweat gland begins as a
coiled tubule within the dermis, but then it straightens out
near its opening. Some sweat glands open into hair follicles,
but most open onto the surface of the skin. Acne is an
inflammation of the sebaceous glands that most often occurs
during adolescence. Hormonal changes during this time
cause the sebaceous glands to become more active.

Regulation of Body Temperature
If the body temperature starts to rise, the blood vessels dilate
so that more blood is brought to the surface of the skin and
the sweat glands become active. Sweat absorbs body heat as
it evaporates. If the outer temperature is cool, the blood ves-
sels constrict so that less blood is brought to the surface of
the skin. Whenever the body’s temperature falls below nor-
mal, the muscles start to contract, causing shivering, which
produces heat.

11-13

Figure 11.10 Nail.
Cells produced by the nail root become keratinized, forming the nail
body. 
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The earth’s atmosphere is divided into layers. The troposphere
envelops us as we go about our day-to-day lives. When ozone
(O3) is present in the troposphere (called ground-level ozone), it
is considered a pollutant because it adversely affects a plant’s
ability to grow and our ability to breathe oxygen (O2). In the
stratosphere, some 50 kilometers above the earth, ozone forms a
shield that absorbs much of the ultraviolet (UV) rays of the sun
so that fewer rays strike the earth.

UV radiation causes mutations that can lead to skin cancer
and can make the lens of the eyes develop cataracts. It also is
believed to adversely affect the immune system and our ability
to resist infectious diseases. Crop and tree growth is impaired,
and UV radiation also kills off small plants (phytoplankton) and
tiny shrimplike animals (krill) that sustain oceanic life. Without
an adequate ozone shield, our health and food sources are
threatened.

Depletion of the ozone layer within the stratosphere in recent
years is, therefore, of serious concern. It became apparent in the
1980s that some worldwide depletion of ozone had occurred
and that there was a severe depletion of some 40–50% above the
Antarctic every spring. A vortex of cold wind (a whirlpool in the
atmosphere) circles the pole during the winter months, creating
ice crystals where chemical reactions occur that break down
ozone. Severe depletions of the ozone layer are commonly
called “ozone holes.” Detection devices now tell us that the
ozone hole above the Antarctic is about the size of the United
States and growing. Of even greater concern, an ozone hole has
now appeared above the Arctic as well, and ozone holes could
also occur within northern and southern latitudes, where many
people live. Whether or not these holes develop depends on pre-
vailing winds, weather conditions, and the type of particles in
the atmosphere. A United Nations Environment Program report
predicts a 26% rise in cataracts and nonmelanoma skin cancers
for every 10% drop in the ozone level. A 26% increase translates
into 1.75 million additional cases of cataracts and 300,000 more
skin cancers (see reading next page) every year, worldwide.

The cause of ozone depletion can be traced to the release of
chlorine atoms (Cl) into the stratosphere (Fig. 11A). Chlorine
atoms combine with ozone and strip away the oxygen atoms,
one by one. One atom of chlorine can destroy up to 100,000 mol-
ecules of ozone before settling to the earth’s surface as chloride
years later. These chlorine atoms come from the breakdown of
chlorofluorocarbons (CFCs), chemicals much in use by humans.
The best known CFC is Freon, a heat transfer agent found in
refrigerators and air conditioners. CFCs are also used as clean-
ing agents and foaming agents during the production of styro-
foam found in coffee cups, egg cartons, insulation, and

Stratospheric Ozone Depletion Threatens the Biosphere

Figure 11A Ozone depletion.
CFCs release chlorine atoms that lead to the breakdown of ozone
(O3) and the buildup of oxygen (O2) in the stratosphere. Oxygen
does not absorb UV radiation and does not protect the earth. 

paddings. Formerly, CFCs were used as propellants in spray
cans, but this application is now banned in the United States
and several European countries.

Most countries of the world have agreed to stop using CFCs
by the year 2000. The United States halted production in 1995.
Computer projections suggest that an 85% reduction in CFC
emissions is needed to stabilize CFC levels in the atmosphere.
Otherwise they keep on increasing. Scientists are now searching
for CFC substitutes that will not release chlorine atoms (nor
bromine atoms) to harm the ozone shield.
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shades can be seen in the same mole, and they can itch, hurt, or
feel numb. The skin around the mole turns gray, white, or red.
Melanoma is most apt to appear in persons who have fair skin,
particularly if they have suffered occasional severe sun burns as
children. The chance of melanoma increases with the number of
moles a person has. Most moles appear before the age of 14, and
their appearance is linked to sun exposure. Melanoma rates
have risen since the turn of the century, but the incidence has
doubled in the last decade. Most often, malignant moles are
removed surgically; if the cancer has spread, chemotherapy and
various other treatments are also available.

Since the incidence of skin cancer is related to UV exposure,
scientists have developed a UV index to determine how power-
ful the solar rays are in different U.S. cities. In general, the more
southern the city, the higher the UV index, and the greater the
risk of skin cancer. Regardless of where you live, for every 10%
decrease in the ozone layer, the risk of skin cancer rises 13–20%.
To prevent the occurrence of skin cancer, observe the following:

• Use a broad-spectrum sunscreen, which protects you
from both UV-A and UV-B radiation, with an SPF (sun
protection factor) of at least 15. (This means, for example,
that if you usually burn after a 20-minute exposure, it
will take 15 times that long before you will burn.)

• Stay out of the sun altogether between the hours of
10 A.M. and 3 P.M. This will reduce your annual exposure
by as much as 60%. Wear protective clothing. Choose
fabrics with a tight weave and wear a wide-brimmed hat.

• Wear sunglasses that have been treated to absorb both
UV-A and UV-B radiation. Otherwise, sunglasses can
expose your eyes to more damage than usual because
pupils dilate in the shade.

• Avoid tanning machines. Although most tanning
devices use high levels of only UV-A, UV-A rays cause
the deep layers of the skin to become more vulnerable to
UV-B radiation when you are later exposed to the sun.
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In the nineteenth century and earlier, it was fashionable for Cau-
casian women (those who did not labor outdoors) to keep their
skin fair by carrying a parasol when they went out. But early in
this century, some fair-skinned people began to prefer the golden-
brown look, and they took up sunbathing as a way to achieve a
tan. A few hours after exposure to the sun, pain and redness due
to dilation of blood vessels occur. Tanning occurs when melanin
granules increase in keratinized cells at the surface of the skin as
a way to prevent any further damage by ultraviolet (UV) rays.
The sun gives off two types of UV rays: UV-A rays and UV-B
rays. UV-A rays penetrate the skin deeply, affect connective tis-
sue, and cause the skin to sag and wrinkle. UV-A rays are also
believed to increase the effects of the UV-B rays, which are the
cancer-causing rays. UV-B rays are more prevalent at midday.

Skin cancer is categorized as either nonmelanoma or
melanoma. Nonmelanoma cancers are of two types. Basal cell
carcinoma, the most common type, begins when UV radiation
causes epidermal basal cells to form a tumor, while at the same
time suppressing the immune system’s ability to detect the
tumor. The signs of a tumor are varied. They include an open
sore that will not heal, a recurring reddish patch, a smooth, cir-
cular growth with a raised edge, a shiny bump, or a pale mark
(Fig. 11B). In about 95% of patients the tumor can be excised sur-
gically, but recurrence is common.

Squamous cell carcinoma begins in the epidermis proper.
Squamous cell carcinoma is five times less common than basal
cell carcinoma, but if the tumor is not excised promptly it is
more likely to spread to nearby organs. The death rate from
squamous cell carcinoma is about 1% of cases. The signs of
squamous cell carcinoma are the same as for basal cell carcino-
ma, except that the former may also show itself as a wart that
bleeds and scabs.

Melanoma that starts in pigmented cells often has the appear-
ance of an unusual mole. Unlike a mole that is circular and con-
fined, melanoma moles look like spilled ink spots. A variety of

Skin Cancer on the Rise

Figure 11B Skin cancer.
a. Basal cell carcinoma occurs when basal cells proliferate abnormally. b. Squamous cell carcinoma arises in epithelial cells derived from
basal cells. c. Malignant melanoma is due to a proliferation of pigmented cells. About one-third develop from pigmented moles. 

a. Basal cell carcinoma b. Squamous cell carcinoma c. Melanoma
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11.5 Homeostasis
Homeostasis means that the internal environment remains
within normal limits or values, regardless of the conditions
in the external environment. In humans, for example:

1. The blood glucose concentration remains at about 
100 mg/100 ml.

2. The pH of blood is always near 7.4.
3. Blood pressure in the brachial artery averages near

120/80 mm Hg.
4. Body temperature averages around 37°C (98.6°F).

Because body conditions do fluctuate somewhat, homeosta-
sis is often called a dynamic equilibrium of normal values.
The ability of the body to keep the internal environment
within a certain range allows humans to live in a variety of
habitats, such as the Arctic regions, the deserts, or the tropics.

This internal environment consists of tissue fluid, which
bathes all the cells of the body. Tissue fluid is refreshed when
molecules such as oxygen and nutrients exit blood and
wastes enter blood (Fig. 11.11). Tissue fluid remains constant
only as long as blood composition remains constant.
Although we are accustomed to using the word environment
to mean the external environment of the body, it is impor-
tant to realize that it is the internal environment of tissues
that is ultimately responsible for our health and well-being.

The internal environment of the body consists of
tissue fluid, which bathes the cells.

Most systems of the body contribute toward maintain-
ing a relatively constant internal environment. The cardio-
vascular system conducts blood to and away from capillar-
ies, the smallest of the blood vessels, whose thin walls
permit exchanges to occur. Blood pressure aids the move-
ment of water out of capillaries, and osmotic pressure aids
the movement of water into capillaries. Blood pressure is
created by the pumping of the heart, while osmotic pressure
is maintained by the protein content of plasma. The formed
elements also contribute to homeostasis. Red blood cells
transport oxygen and participate in the transport of carbon
dioxide. White blood cells fight infection, and platelets par-
ticipate in the clotting process. The lymphatic system is
accessory to the circulatory system. Lymphatic capillaries
collect excess tissue fluid, and this is returned via lymphatic
veins to the circulatory veins.

The digestive system takes in and digests food, provid-
ing nutrient molecules that enter blood and replace the
nutrients that are constantly being used by the body cells.
The respiratory system adds oxygen to and removes carbon
dioxide from the blood. The chief regulators of blood com-
position are the liver and the kidneys. They monitor the
chemical composition of plasma (see Table 11.1) and alter it
as required. Immediately after glucose enters the blood, it

can be removed by the liver for storage as glycogen. Later,
the glycogen can be broken down to replace the glucose
used by the body cells; in this way, the glucose composition
of blood remains constant. The hormone insulin, secreted by
the pancreas, regulates glycogen storage. The liver also
removes toxic chemicals, such as ingested alcohol and other
drugs. The liver makes urea, a nitrogenous end product of
protein metabolism. Urea and other metabolic waste mole-
cules are excreted by the kidneys. Urine formation by the
kidneys is extremely critical to the body, not only because it
rids the body of unwanted substances, but also because it
offers an opportunity to carefully regulate blood volume,
salt balance, and the pH of the blood.

Most systems of the body contribute to
homeostasis, that is, maintaining the dynamic
equilibrium of the internal environment.
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Figure 11.11 Tissue fluid composition.
Cells are surrounded by tissue fluid, which is continually refreshed
because oxygen and nutrient molecules constantly exit, and waste
molecules continually enter the bloodstream as shown.
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Coordination of Organ Systems
The nervous system and endocrine system are ultimately in
control of homeostasis. The endocrine system is slower act-
ing than the nervous system, which rapidly brings about a
particular response.

Previously, we mentioned that the liver is involved in
homeostasis because it stores glucose as glycogen. But actu-
ally there is a hormone produced by an endocrine gland that
regulates storage of glucose by the liver. When the glucose
content of the blood rises after eating, the pancreas secretes
insulin, a hormone that causes the liver to store glucose as
glycogen. Now the glucose level falls, and the pancreas no
longer secretes insulin. This is called control by negative
feedback because the response (low blood glucose) negates
the original stimulus (high blood glucose). In some
instances, an endocrine gland is sensitive to the blood level
of a hormone whose concentration it regulates. For example,
the pituitary gland produces a hormone that stimulates the
thyroid gland to secrete its hormone. When the blood level
of this hormone rises to a certain level, the pituitary gland
no longer stimulates the thyroid gland.

A negative feedback system can regulate itself because
it has a sensing device which detects changes in environ-
mental conditions. For example, consider the feedback
mechanism that functions to maintain the room tempera-
ture of a house. In this feedback system, the thermostat is a
device that is sensitive to room temperature. The furnace
produces heat, and when the temperature of a room reach-
es a certain point, the thermostat signals a switching device
that turns the furnace off. On the other hand, when the tem-
perature falls below that indicated on the thermostat, it
signals the switching device, which turns the furnace on
again.

Figure 11.12a shows that in the body there are sensory
receptors that fulfill the role of sensing devices. When a
receptor is stimulated, it signals a regulatory center that then
turns on an effector. The effector brings about a response
that negates the original conditions that stimulated the
receptor. In the absence of suitable stimulation, the receptor
no longer signals the regulatory center.

Figure 11.12b gives an example involving the nervous
system. When blood pressure rises, receptors signal a regu-
latory center, which then sends out nerve impulses to the
arterial walls, causing them to relax, and the blood pressure
now falls. Therefore, the sensory receptors are no longer
stimulated, and the system shuts down. Notice that negative
feedback control results in a fluctuation above and below an
average. Thus, there is a dynamic equilibrium of the internal
environment.

Positive feedback also occurs on occasion. In these
instances, certain events increase the likelihood of a particu-

lar response. For example, once the childbirth process
begins, each succeeding event makes it more likely that the
process will continue until completion.

Homeostasis of internal conditions is a self-
regulatory mechanism that usually results in slight
fluctuations above and below an average.
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Figure 11.12 Negative feedback control.
a. A stimulus causes a receptor to signal a regulatory center in the
brain. The regulatory center signals effectors to respond, and the
response cancels the stimulus. b. For example, when blood pressure
rises, special sensory receptors in blood vessels signal a particular
center in the brain. The brain signals the arteries to relax, and blood
pressure falls.
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Summarizing the Concepts

11.1 Types of Tissues
Human tissues are categorized into four groups. Epithelial tissue covers
the body and lines its cavities. The different types of epithelial tissue
(squamous, cuboidal, and columnar) can be stratified and have cilia or
microvilli. Also, columnar cells can be pseudostratified. Epithelial cells
sometimes form glands that secrete either into ducts or into blood.

Connective tissues, in which cells are separated by a matrix, often
bind body parts together. Loose fibrous connective tissue has both col-
lagen and elastic fibers. Dense fibrous connective tissue, like that of
tendons and ligaments, contains closely packed collagen fibers. In adi-
pose tissue, the cells enlarge and store fat. Both cartilage and bone have
cells within lacunae, but the matrix for cartilage is more flexible than
that for bone, which contains calcium salts. In bone, the lacunae lie in
concentric circles within an osteon (or Haversian system) about a cen-
tral canal. Blood is a connective tissue in which the matrix is a liquid
called plasma.

Muscular tissue is of three types. Both skeletal and cardiac muscle
are striated; both cardiac and smooth muscle are involuntary. Skeletal
muscle is found in muscles attached to bones, and smooth muscle is
found in internal organs. Cardiac muscle makes up the heart.

Nervous tissue has one main type of conducting cell, the neuron,
and several types of neuroglial cells. Each neuron has dendrites, a cell
body, and an axon. The brain and spinal cord contain complete neu-
rons, while the nerves contain only neuron fibers. Axons are special-
ized to conduct nerve impulses.

11.2 Body Cavities and Body Membranes
The internal organs occur within cavities; the thoracic cavity contains
the heart and lungs; the abdominal cavity contains organs of the diges-

tive, urinary, and reproductive systems, among others. Membranes
line body cavities and internal spaces of organs. As an example,
mucous membrane lines the tubes of the digestive system; serous
membrane lines the thoracic and abdominal cavities and covers the
organs they contain.

11.3 Organ Systems
The skin is sometimes called the integumentary system. The digestive,
cardiovascular, lymphatic, respiratory, and urinary systems perform
processing and transporting functions that maintain the normal condi-
tions of the body. The nervous system receives sensory input from sen-
sory receptors and directs the musculoskeletal system and glands to
respond to outside stimuli. The musculoskeletal system supports the
body and permits movement. The endocrine system produces hor-
mones, some of which influence the functioning of the reproductive
system, which allows humans to make more of their own kind.

11.4 Skin as an Organ System
The skin can be used as an example of an organ system because it con-
tains accessory structures such as nails, hair, and glands. Skin protects
underlying tissues from physical trauma, pathogen invasion, and water
loss. Skin helps regulate body temperature, and because it contains
sensory receptors, skin also helps us to be aware of our surroundings.

Skin is a two-layered organ that waterproofs and protects the
body. The epidermis contains basal cells that produce new epithelial
cells that become keratinized as they move toward the surface. The
dermis, a largely fibrous connective tissue, contains epidermally
derived glands and hair follicles, nerve endings, and blood vessels.
Sensory receptors for touch, pressure, temperature, and pain are pres-
ent. Sweat glands and blood vessels help control body temperature. A
subcutaneous layer, which is made up of loose connective tissue con-
taining adipose cells, lies beneath the skin.

Transplantation of the kidney, heart,
liver, pancreas, lung, and other

organs is now possible due to two major
breakthroughs. First, solutions have been
developed that preserve donor organs for
several hours. This made it possible for
one young boy to undergo surgery for 16
hours, during which time he received five
different organs. Second, rejection of
transplanted organs is now prevented by
immunosuppressive drugs; therefore,
organs can be donated by unrelated indi-
viduals, living or dead. . After death, it is
possible to give the “gift of life” to some-
one else—over 25 organs and tissues from
one cadaver can be used for transplants.
Survival rate after a transplant operation
is good. So many heart recipients are now
alive and healthy they have formed bas-
ketball and softball teams, demonstrating

the normalcy of their lives after surgery.
One problem persists however, and

that is the limited availability of organs for
transplantation. At any one time, at least
27,000 Americans are waiting for a donat-
ed organ. Keen competition for organs can
lead to various bioethical inequities. When
the governor of Pennsylvania received a
heart and lungs within a relatively short
period of time, it appeared that his social
status may have played a role. When
Mickey Mantle received a liver transplant,
people asked if it was right to give an
organ to an older man who had a diseased
liver due to the consumption of alcohol. If
a father gives a kidney to a child, he has to
undergo a major surgical operation that
leaves him vulnerable to possible serious
consequences in the future. If organs are
taken from those who have just died, who

guarantees that the individual is indeed
dead? And is it right to genetically alter
animals to serve as a source of organs for
humans? Such organs will most likely be
for sale, and does this make the wealthy
more likely to receive a transplant than
those who cannot pay?

Questions
1. Is it ethical to ask a parent to donate an

organ to his or child? Why or why not?
2. Is it ethical to put a famous person at the

top of the list for an organ transplant?
Why or why not?

3. Is it ethical to remove organs from a
newborn who is brain dead but whose
organs are still functioning? Why or why
not?

4. When xenotransplants (transplants for
humans from other animals) are available,
should they be for sale? Why or why not?
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11.5 Homeostasis
Homeostasis is the dynamic equilibrium of the internal environment.
All organ systems contribute to the constancy of tissue fluid and blood.
Special contributions are made by the liver, which keeps blood glucose
constant, and the kidneys, which regulate the pH. The nervous and
hormonal systems regulate the other body systems. Both of these are
controlled by a negative feedback mechanism, which results in fluctu-
ation above and below the desired levels. Body temperature is regulat-
ed by a center in the hypothalamus.

Studying the Concepts

1. Name the four major types of tissues. 194
2. Name the different kinds of epithelial tissue, and give a loca-

tion and function for each. 194
3. What are the functions of connective tissue? Name the differ-

ent kinds, and give a location for each. 196–98
4. What are the functions of muscular tissue? Name the differ-

ent kinds, and give a location for each. 199
5. Nervous tissue contains what type of cell? Which organs in

the body are made up of nervous tissue? 200
6. In what cavities are the major organs located? 201
7. Distinguish between plasma membrane and body membrane.

201
8. Describe the structure of skin, and state at least two functions

of this organ. 204–05
9. What is homeostasis, and how is it achieved in the human

body? 208–09
10. Give an example of a negative feedback system. 209

Testing Yourself

Choose the best answer for each question.
1. Which of these is mismatched?

a. epithelial tissue—protection and absorption
b. muscular tissue—contraction and conduction
c. connective tissue—binding and support
d. nervous tissue—conduction and message sending
e. nervous tissue—neuroglial cells

2. Which of these is not epithelial tissue?
a. simple cuboidal and stratified columnar
b. bone and cartilage
c. stratified squamous and simple squamous
d. pseudostratified
e. All of these are epithelial tissue.

3. Which tissue is more apt to line a lumen?
a. epithelial tissue
b. connective tissue
c. nervous tissue
d. muscular tissue
e. epidermis tissue

4. Tendons and ligaments are
a. connective tissue.
b. associated with the bones.
c. found in vertebrates.
d. subject to injury.
e. All of these are correct.

5. Which tissue has cells in lacunae?
a. epithelial tissue
b. fibrous connective
c. cartilage
d. bone
e. Both c and d are correct.

6. Cardiac muscle is
a. striated.
b. involuntary.
c. smooth.
d. voluntary.
e. Both a and b are correct.

7. Which of these components of blood fights infection?
a. red blood cells
b. white blood cells
c. platelets
d. plasminogen
e. All of these are correct.

8. Which of these body systems contribute to homeostasis?
a. digestive and excretory systems
b. respiratory and nervous systems
c. nervous and endocrine systems
d. All of these are correct.
e. Body systems are not involved in homeostasis.

9. With negative feedback,
a. the output cancels the input.
b. there is a fluctuation above and below the average.
c. there is self-regulation.
d. sensory receptors communicate with a regulatory center.
e. All of these are correct.

10. Which of these correctly describes a layer of the skin?
a. The epidermis is simple squamous epithelium in which

hair follicles develop and blood vessels expand when we
are hot.

b. The subcutaneous layer lies between the epidermis and the
dermis. It contains adipose tissue, which keeps us warm.

c. The dermis is a region of connective tissue which contains
sensory receptors, nerve endings, and blood vessels.

d. The skin has a special layer, still unnamed, in which there
are all the accessory structures like nails, hair, and various
glands.

e. All of these are correct.
11. Give the name, the location, and the function for each of these

tissues.
a. Type of epithelial tissue
b. Type of muscular tissue
c. Type of connective tissue
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Understanding the Terms

adhesion junction 196
adipose tissue 196
basement membrane 194
blood 198
bone 197
carcinoma 194
cardiac muscle 199
cardiovascular system 202
cartilage 196
cilium 194
coelom 201
collagen fiber 196
columnar epithelium 194
compact bone 197
connective tissue 196
cuboidal epithelium 194
dense fibrous connective

tissue 196
dermis 205
digestive system 202
elastic cartilage 197
elastic fiber 196
endocrine system 203
epidermis 205
epithelial tissue 194
fibroblast 196
fibrocartilage 197
gap junction 196
gland 194
hair follicle 205
homeostasis 203
hyaline cartilage 196
integumentary system 202
intercalated disk 199

lacuna 196
ligament 196
loose fibrous connective

tissue 196
lymphatic system 202
matrix 196
melanocyte 205
meninges 201
microvillus 194
mucous membrane 201
muscular (contractile)

tissue 199
musculoskeletal system 203
negative feedback 209
nerve 200
nervous system 203
nervous tissue 200
neuroglial cell 200
neuron 200
oil gland 205
pathogen 194
peritonitis 201
plasma 198
platelet 198
pleural membrane 201
pleurisy 201
positive feedback 209
red blood cell 198
reproductive system 203
respiratory system 202
reticular fiber 196
serous membrane 201
skeletal muscle 199
skin 204

smooth (visceral) muscle 199
spongy bone 197
squamous epithelium 194
striated 199
subcutaneous layer 205
sweat gland 205

synovial membrane 201
tendon 196
tight junction 196
tissue 194
urinary system 202
white blood cell 198

Match the terms to these definitions:
a. Fibrous connective tissue that joins bone to bone

at a joint.
b. Outer region of the skin composed of stratified

squamous epithelium.
c. Having bands such as in cardiac and skeletal

muscle.
d. Self-regulatory mechanism that is activated by an

imbalance and results in a fluctuation above and below a
mean.

e. Porous bone found at the ends of long bones
where blood cells are formed.

Using Technology

Your study of human organization is supported by these available
technologies:

Essential Study Partner CD-ROM
Animals ££ Body Organization
Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM 
Human Body

Thinking Scientifically

1. Considering the differentiation of tissue:
a. How is the structure of an epithelial cell suited to its

function?
b. Tight junctions between epithelial cells are equivalent to

which feature of endodermal cells in plants (page 157)?
How are they equivalent?

c. How is the structure of a skeletal muscle cell suited to
muscle contraction? If, upon contraction, muscular tissue
always shortens from right to left, what would happen to
an object attached at the right?

d. How is the structure of a nerve cell suited to its function?

2. Your task is to show that humans have a greater mental ca-
pacity than other animals. Mention these features as possible
supportive data.
a. number of neurons
b. size of the overall brain
c. organization of the brain
d. organization of the nervous system
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Scanning electron micrograph of the stomach shows how the wall
is folded for easy expansion. There are many openings to gastric
pits, where hydrochloric acid and an enzyme for protein digestion
are produced.

©R. G. Kessel and R. H. Kardon, “Tissues and Organs: A Text-Atlas of Scanning Electron
Microscopy”. W. H. Freeman, 1979, all rights reserved.

Digestive System
and Nutrition

Chapter Concepts

12.1 The Digestive System
• The human digestive system is an extended tube

with specialized parts between two openings, the
mouth and the anus. 214

• Food is ingested and then digested to small mol-
ecules that are absorbed. Indigestible remains are
eliminated. 214

12.2 Three Accessory Organs
• The pancreas, the liver, and the gallbladder are

accessory organs of digestion because their activ-
ities assist the digestive process. 222

12.3 Digestive Enzymes
• The products of digestion are small molecules,

such as amino acids and glucose, that can cross
plasma membranes. 224

• The digestive enzymes are specific and have an
optimum temperature and pH at which they
function. 225

12.4 Nutrition
• Proper nutrition supplies the body with energy

and nutrients, including the essential amino
acids and fatty acids, and all vitamins and min-
erals. 226
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12.1 The Digestive System M

Digestion takes place within a tube called the
digestive tract, which begins with the mouth
and ends with the anus (Fig. 12.1). The func-
tions of the digestive system are to ingest food,
digest it to nutrients that can cross plasma
membranes, absorb nutrients, and eliminate in-
digestible remains.

The Mouth
The mouth, which receives food, is bounded
externally by the lips and cheeks. The lips
extend from the base of the nose to the start of
the chin. The red portion of the lips is poorly
keratinized and this allows blood to show
through.

Most people enjoy eating food largely
because they like its texture and taste. Sensory
receptors called taste buds occur primarily on
the tongue, and when these are activated by
the presence of food, nerve impulses travel by
way of cranial nerves to the brain. The tongue
is composed of skeletal muscle whose contrac-
tion changes the shape of the tongue. Muscles
exterior to the tongue cause it to move about.
A fold of mucous membrane on the underside
of the tongue attaches it to the floor of the oral
cavity.

The roof of the mouth separates the nasal
cavities from the oral cavity. The roof has two
parts: an anterior (toward the front) hard palate
and a posterior (toward the back) soft palate
(Fig. 12.2a). The hard palate contains several
bones, but the soft palate is composed entirely

of muscle. The soft palate ends in a finger-shaped projection
called the uvula. The tonsils are in the back of the mouth, on
either side of the tongue and in the nasopharynx (called ade-
noids). The tonsils help protect the body against infections.
If the tonsils become inflamed, the person has tonsillitis.
The infection can spread to the middle ears. If tonsillitis re-
curs repeatedly, the tonsils may be surgically removed
(called a tonsillectomy).

Three pairs of salivary glands send juices (saliva) by way
of ducts to the mouth. One pair of salivary glands lies at the
sides of the face immediately below and in front of the ears.
These glands swell when a person has the mumps, a viral
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Figure 12.1 Digestive system.
Trace the path of food from the mouth to the anus. The large intestine consists of the
cecum; ascending, transverse, descending, and sigmoid colons; plus the rectum and
anal canal. Note also the location of the accessory organs of digestion: the pancreas,
the liver, and the gallbladder.

Enjoying the summer night at an outdoor cafe, Evora
washes down her last piece of garlic bread with a sip
of wine. Even before Evora swallowed the bread, her

mouth’s saliva began to break it apart. The wine’s alcohol is
absorbed in the stomach, where the process of transform-
ing Evora’s meal into a nutrient-laden liquid begins. In the
small intestine, wormlike projections from the intestinal wall
absorb amino acids, sugars, and other needed molecules
into Evora’s bloodstream. Even the large intestine con-
tributes by taking in needed water and salts. Her body now
refueled, Evora heads off for a night of dancing. In this
chapter, you will learn how the body digests food, and the
importance of proper nutrition. Science is beginning to find
the cellular basis for believing that fruits and vegetables,
and yes, especially broccoli, can ensure a brighter and
healthier future. The contents of this chapter should be of
interest to everyone.
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infection most often seen in children. Salivary glands have
ducts that open on the inner surface of the cheek at the location
of the second upper molar. Another pair of salivary glands
lies beneath the tongue, and still another pair lies beneath the
floor of the oral cavity. The ducts from these salivary glands
open under the tongue. You can locate the openings if you use
your tongue to feel for small flaps on the inside of your cheek
and under your tongue. Saliva contains an enzyme called sali-
vary amylase that begins the process of digesting starch.

The Teeth
With our teeth we chew food into pieces convenient for
swallowing. During the first two years of life, the smaller 20
deciduous, or baby, teeth appear. These are eventually re-
placed by 32 adult teeth (Fig. 12.2a). The third pair of molars,
called the wisdom teeth, sometimes fail to erupt. If they
push on the other teeth and/or cause pain, they can be re-
moved by a dentist or oral surgeon.

Each tooth has two main divisions, a crown and a root
(Fig. 12.2b). The crown has a layer of enamel, an extremely
hard outer covering of calcium compounds; dentin, a thick
layer of bonelike material; and an inner pulp, which con-
tains the nerves and the blood vessels. Dentin and pulp are
also found in the root.

Tooth decay, called dental caries, or cavities, occurs
when bacteria within the mouth metabolize sugar and give
off acids, which erode teeth. Two measures can prevent
tooth decay: eating a limited amount of sweets and daily
brushing and flossing of teeth. Fluoride treatments, particu-
larly in children, can make the enamel stronger and more
resistant to decay. Gum disease is more apt to occur with
aging. Inflammation of the gums (gingivitis) can spread to
the periodontal membrane, which lines the tooth socket. A
person then has periodontitis, characterized by a loss
of bone and loosening of the teeth so that extensive dental
work may be required. Stimulation of the gums in a manner
advised by your dentist is helpful in controlling this
condition.

The tongue, which is composed of striated muscle and
an outer layer of mucous membrane, mixes the chewed food
with saliva. It then forms this mixture into a mass called a
bolus in preparation for swallowing.

The salivary glands send saliva into the mouth,
where the teeth chew the food and the tongue
forms it into a bolus for swallowing.
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Figure 12.2 Adult mouth and teeth. 
a. The chisel-shaped incisors bite; the pointed canines tear; the fairly flat premolars grind; and the flattened molars crush food. The last molar,
called a wisdom tooth, may fail to erupt, or if it does, it is sometimes crooked and useless. Often dentists recommend the extraction of the
wisdom teeth. b. Longitudinal section of a tooth. The crown is the portion that projects above the gum line and is sometimes replaced by a
dentist. When a root canal is done, the nerves are removed. When the periodontal membrane is inflamed, the teeth can loosen.
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The Pharynx
The pharynx is a region that receives food from the mouth
and air from the nasal cavities (Table 12.1). The food pas-
sage and air passage cross in the pharynx because the tra-
chea (windpipe) is ventral to (in front of) the esophagus, a
long muscular tube that takes food to the stomach.

Swallowing, a process that occurs in the pharynx (Fig.
12.3), is a reflex action performed automatically, without
conscious thought. During swallowing, food normally en-
ters the esophagus because the air passages are blocked.
Unfortunately, we have all had the unpleasant experience
of having food “go the wrong way.” The wrong way may
be either into the nasal cavities or into the trachea. If it is
the latter, coughing will most likely force the food up out of
the trachea and into the pharynx again. Usually during
swallowing, the soft palate moves back to close off the na-
sopharynx, and the trachea moves up under the epiglottis
to cover the glottis. The glottis is the opening to the larynx
(voice box). The up and down movement of the Adam’s
apple, the front part of the larynx, is easy to observe when
a person swallows. We do not breathe when we swallow.

The air passage and the food passage cross in the
pharynx. When you swallow, the air passage
usually is blocked off, and food must enter the
esophagus.
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Figure 12.3 Swallowing. 
When food is swallowed, the soft palate closes off the nasopharynx
and the epiglottis covers the glottis, forcing the bolus to pass down
the esophagus. Therefore, you do not breathe when swallowing.

Organ Function of Organ Special Feature(s) Function of Special Feature(s)

Oral cavity Receives food; starts Teeth Chewing of food
digestion of starch Tongue Formation of bolus

Esophagus Passageway

Stomach Storage of food; acidity Gastric glands Release gastric juices
kills bacteria; starts
digestion of protein

Small intestine Digestion of all foods; Intestinal glands Release fluids
absorption of nutrients Villi Absorb nutrients

Large intestine Absorption of water; 
storage of indigestible remains

Table 12.1 Path of Food
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The Esophagus
The esophagus is a muscular tube that passes from the phar-
ynx through the thoracic cavity and diaphragm into the ab-
dominal cavity where it joins the stomach. The esophagus is
ordinarily collapsed, but it opens and receives the bolus
when swallowing occurs. A rhythmic contraction called peri-
stalsis pushes the food along the digestive tract. Occasionally,
peristalsis begins even though there is no food in the esopha-
gus. This produces the sensation of a lump in the throat.

The esophagus plays no role in the chemical digestion of
food. Its sole purpose is to conduct the food bolus from the
mouth to the stomach. Sphincters are muscles that encircle
tubes and act as valves; tubes close when sphincters contract,
and they open when sphincters relax. The entrance of the
esophagus to the stomach is marked by a constriction, often
called a sphincter, although the muscle is not as developed as
in a true sphincter. Relaxation of the sphincter allows the bo-
lus to pass into the stomach, while contraction prevents the
acidic contents of the stomach from backing up into the
esophagus. Heartburn, which feels like a burning pain rising
up into the throat, occurs when some of the stomach contents
escape into the esophagus. When vomiting occurs, a contrac-
tion of the abdominal muscles and diaphragm propels the
contents of the stomach upward through the esophagus.

The esophagus conducts the bolus of food from
the pharynx to the stomach. Peristalsis begins in
the esophagus and occurs along the entire length
of the digestive tract.

The Wall of the Digestive Tract
The wall of the esophagus in the abdominal cavity is com-
parable to that of the digestive tract, which has these layers
(Fig. 12.4):

Mucosa (mucous membrane layer) A layer of
epithelium supported by connective tissue and
smooth muscle lines the lumen (central cavity) 
and contains glandular epithelial cells that secrete
digestive enzymes and goblet cells that secrete
mucus.

Submucosa (submucosal layer) A broad band of loose
connective tissue that contains blood vessels.
Lymph nodules, called Peyer’s patches, are in the
submucosa. Like the tonsils, they help protect us
from disease.

Muscularis (smooth muscle layer) Two layers of
smooth muscle make up this section. The inner,
circular layer encircles the gut; the outer,
longitudinal layer lies in the same direction as
the gut.

Serosa (serous membrane layer) Most of the digestive
tract has a serosa, a very thin, outermost layer of
squamous epithelium supported by connective
tissue. The serosa secretes a serous fluid that keeps
the outer surface of the intestines moist so that the
organs of the abdominal cavity slide against one
another. The esophagus has an outer layer
composed only of loose connective tissue called the
adventitia.
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Figure 12.4 Wall of the digestive tract. 
a. Several different types of tissues are found in the wall of the digestive tract. Note the placement of circular muscle inside longitudinal muscle.
b. Micrograph of the wall of the esophagus.
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The Stomach
The stomach (Fig. 12.5) is a thick-walled, J-shaped organ
that lies on the left side of the body beneath the diaphragm.
The stomach is continuous with the esophagus above and
the duodenum of the small intestine below. The stomach
stores food and aids in digestion. The wall of the stomach
has deep folds, which disappear as the stomach fills to an
approximate capacity of one liter. Its muscular wall churns,
mixing the food with gastric juice. The term gastric always
refers to the stomach.

The columnar epithelial lining of the stomach has mil-
lions of gastric pits, which lead into gastric glands. The gas-
tric glands produce gastric juice. Gastric juice contains an
enzyme called pepsin, which digests protein, plus hydro-
chloric acid (HCl) and mucus. HCl causes the stomach to
have a high acidity with a pH of about 2, and this is benefi-
cial because it kills most bacteria present in food. Although
HCl does not digest food, it does break down the connective
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tissue of meat and activates pepsin. The wall of the stomach
is protected by a thick layer of mucus secreted by goblet cells
in its lining. If, by chance, HCl penetrates this mucus, the
wall can begin to break down, and an ulcer results. An ulcer
is an open sore in the wall caused by the gradual disintegra-
tion of tissue. It now appears that most ulcers are due to a
bacterial (Helicobacter pylori) infection that impairs the ability
of epithelial cells to produce protective mucus.

Alcohol is absorbed in the stomach, but there is no ab-
sorption of food substances. Normally, the stomach empties
in about 2–6 hours. When food leaves the stomach, it is a
thick, soupy liquid called chyme. Chyme leaves the stomach
and enters the small intestine in squirts by way of a sphinc-
ter that repeatedly opens and closes.

The stomach can expand to accommodate large
amounts of food. When food is present, the stomach
churns, mixing food with acidic gastric juice.

Figure 12.5 Anatomy and histology of the stomach. 
a. The stomach has a thick wall with folds that allow it to expand and fill with food. b. The mucosa contains gastric glands, which secrete mucus
and a gastric juice active in protein digestion. c. View of a bleeding ulcer by using an endoscope (a tubular instrument bearing a tiny lens and a
light source) that can be inserted into the abdominal cavity.
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The Small Intestine
The small intestine is named for its small diameter (com-
pared to that of the large intestine); but perhaps it should be
called the long intestine. In life, the small intestine averages
about 3 meters (9 feet) in length, compared to the large in-
testine which is about 1.5 meters (4 1⁄2 ft) in length. (After
death, the small intestine becomes as long as 6 meters due to
relaxation of muscles.)

The first 25 cm of the small intestine is called the duo-
denum. Ducts from the liver and pancreas join to form
usually one duct that enters the duodenum (see Fig. 12.1).
The small intestine receives bile from the liver and pancre-
atic juice from the pancreas via this duct. Bile emulsifies
fat—emulsification causes fat droplets to disperse in water.
The intestine has a slightly basic pH because pancreatic
juice contains sodium bicarbonate (NaHCO3), which neu-
tralizes chyme. The enzymes in pancreatic juice and en-
zymes produced by the intestinal wall complete the process
of digestion.

It’s been suggested that the surface area of the small in-
testine is approximately that of a tennis court. What factors
contribute to increasing its surface area? The wall of the
small intestine contains fingerlike projections called villi,
which give the intestinal wall a soft, velvety appearance

(Fig. 12.6). Each villus has an outer layer of columnar ep-
ithelium and contains blood vessels and a small lymphatic
vessel called a lacteal. The lymphatic system is an adjunct to
the cardiovascular system—its vessels carry a fluid called
lymph to the cardiovascular veins.

Each villus has thousands of microscopic extensions
called microvilli. Collectively in electron micrographs, mi-
crovilli give the villi a fuzzy border known as a “brush bor-
der.” Since the microvilli bear the intestinal enzymes, these
enzymes are called brush-border enzymes. The microvilli
greatly increase the surface area of the villus for the absorp-
tion of nutrients. Sugars and amino acids pass through the
mucosa and enter a blood vessel. The components of fats
(glycerol and fatty acids) rejoin in smooth endoplasmic retic-
ulum and are combined with proteins in the Golgi appara-
tus before they enter a lacteal.

The small intestine is specialized to absorb the
products of digestion. It is quite long (3 meters)
and has fingerlike projections called villi, where
nutrient molecules are absorbed into the
cardiovascular (glucose and amino acids) and
lymphatic (fats) systems.
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Figure 12.6 Anatomy of small intestine.
The wall of the small intestine has folds that bear fingerlike projections called villi. The products of digestion are absorbed by
villi, which contain blood vessels and a lacteal. Each villus has many microscopic extensions called microvilli.
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Regulation of Digestive Secretions
The nervous system promotes the secretion of digestive
juices, but so do hormones (Fig. 12.7). A hormone is a sub-
stance produced by one set of cells that affects a different set
of cells, the so-called target cells. Hormones are usually
transported by the bloodstream. When a person has eaten a
meal particularly rich in protein, the stomach produces the
hormone gastrin. Gastrin enters the bloodstream, and soon
the stomach is churning, and the secretory activity of gastric
glands is increasing. A hormone produced by the duodenal
wall, GIP (gastric inhibitory peptide), works opposite from
gastrin: it inhibits gastric gland secretion.

Cells of the duodenal wall produce two other hormones
that are of particular interest—secretin and CCK (cholecys-
tokinin). Acid, especially hydrochloric acid (HCl) present in
chyme, stimulates the release of secretin, while partially di-
gested protein and fat stimulate the release of CCK. Soon af-
ter these hormones enter the bloodstream, the pancreas in-
creases its output of pancreatic juice, which helps digest
food, and the liver increases its output of bile. The gallblad-
der contracts to release bile.

The Large Intestine
The large intestine, which includes the cecum, the colon, the
rectum, and the anal canal, is larger in diameter than the
small intestine (6.5 cm compared to 2.5 cm), but it is shorter
in length (1.5 meters compared to 3 meters) (see Fig. 12.1).
The large intestine absorbs water, salts, and some vitamins.
It also stores indigestible material until it is eliminated at the
anus.

The cecum, which lies below the junction with the small
intestine, is the blind end of the large intestine. The cecum
has a small projection called the vermiform appendix (ver-
miform means wormlike) (Fig. 12.8). In humans, the appen-
dix also may play a role in fighting infections. This organ is
subject to inflammation, a condition called appendicitis. If
inflamed, the appendix should be removed before the fluid
content rises to the point that the appendix bursts, a situa-
tion that may cause peritonitis, a generalized infection of
the lining of the abdominal cavity. Peritonitis can lead to
death.

The colon includes the ascending colon, which goes up
the right side of the body to the level of the liver; the trans-
verse colon, which crosses the abdominal cavity just below
the liver and the stomach; the descending colon, which passes
down the left side of the body; and the sigmoid colon, which
enters the rectum, the last 20 cm of the large intestine. The
rectum opens at the anus, where defecation, the expulsion
of feces, occurs. When feces are forced into the rectum by
peristalsis, a defecation reflex occurs. The stretching of the
rectal wall initiates nerve impulses to the spinal cord, and
shortly thereafter contraction of the rectal muscles and re-
laxation of anal sphincters occur (Fig. 12.9). Feces are three-
quarters water and one-quarter solids. Bacteria, fiber (indi-
gestible remains), and other indigestible materials are in the
solid portion. The brown color of feces is due to bilirubin
(see page 222), and the odor is due to breakdown products
as bacteria work on the nondigested remains. This bacterial
action also produces gases.

For many years, it was believed that facultative bacteria
(bacteria that can live with or without oxygen), such as Es-
cherichia coli, were the major inhabitants of the colon, but
new culture methods show that over 99% of the colon bacte-
ria are obligate anaerobes (bacteria that die in the presence
of oxygen). Not only do the bacteria break down indi-
gestible material, they also produce some vitamins and
other molecules that can be absorbed and used by us. In this
way, they perform a service for us.

Water is considered unsafe for swimming when the
coliform (nonpathogenic intestinal) bacterial count reaches a
certain number. A high count is an indication that a signifi-
cant amount of feces has entered the water. The more feces
present, the greater the possibility that disease-causing bac-
teria are also present.
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Figure 12.7 Hormonal control of digestive gland secretions.
Gastrin ➀ , produced by the lower part of the stomach, enters the
bloodstream and thereafter stimulates the upper part of the stomach
to produce more digestive juice. Secretin ➁ and CCK ➂ , produced
by the duodenal wall, stimulate the pancreas to secrete its digestive
juice and the gallbladder to release bile.
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Polyps
The colon is subject to the development of polyps, small
growths arising from the epithelial lining. Polyps, whether
benign or cancerous, can be removed surgically. If colon can-
cer is detected while still confined to a polyp, the expected
outcome is a complete cure. Some investigators believe that
dietary fat increases the likelihood of colon cancer because
dietary fat causes an increase in bile secretion. It could be
that intestinal bacteria convert bile salts to substances that
promote the development of cancer. On the other hand, fiber
in the diet seems to inhibit the development of colon cancer.
Dietary fiber absorbs water and adds bulk, thereby diluting
the concentration of bile salts and facilitating the movement
of substances through the intestine. Regular elimination re-
duces the time that the colon wall is exposed to any cancer-
promoting agents in feces.

Diarrhea and Constipation
Two common everyday complaints associated with the large
intestine are diarrhea and constipation. The major causes of
diarrhea are infection of the lower tract and nervous stimu-
lation. In the case of infection, such as food poisoning
caused by eating contaminated food, the intestinal wall be-
comes irritated, and peristalsis increases. Water is not ab-
sorbed, and the diarrhea that results rids the body of the in-
fectious organisms. In nervous diarrhea, the nervous system
stimulates the intestinal wall, and diarrhea results. Pro-

longed diarrhea can lead to dehydration because of water
loss and to disturbances in the heart’s contraction due to an
imbalance of salts in the blood.

When a person is constipated, the feces are dry and
hard. One reason for this condition is that socialized persons
have learned to inhibit defecation to the point that the desire
to defecate is ignored. Two components of the diet that can
help prevent constipation are water and fiber. Water intake
prevents drying out of the feces, and fiber provides the bulk
needed for elimination. The frequent use of laxatives is dis-
couraged. If, however, it is necessary to take a laxative, a
bulk laxative is the most natural because, like fiber, it pro-
duces a soft mass of cellulose in the colon. Lubricants, like
mineral oil, make the colon slippery, and saline laxatives,
like milk of magnesia, act osmotically—they prevent water
from being absorbed and, depending on the dosage, may
even cause water to enter the colon. Some laxatives are irri-
tants; they increase peristalsis to the degree that the contents
of the colon are expelled.

Chronic constipation is associated with the develop-
ment of hemorrhoids, enlarged and inflamed blood vessels
at the anus.

The large intestine does not produce digestive
enzymes; it does absorb water, salts, and some
vitamins.
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Figure 12.8 Junction of the small intestine and the large
intestine. 
The cecum is the blind end of the ascending colon. The appendix is
attached to the cecum.

Figure 12.9 Defecation reflex. 
The accumulation of feces in the rectum causes it to stretch, which
initiates a reflex action resulting in rectal contraction and expulsion of
the fecal material.
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12.2 Three Accessory Organs M

The pancreas, liver, and gallbladder are accessory digestive
organs. Figure 12.1 shows how the pancreatic duct from the
pancreas and the common bile duct from the liver and gall-
bladder join before entering the duodenum.

The Pancreas
The pancreas lies deep in the abdominal cavity, resting on
the posterior abdominal wall. It is an elongated and some-
what flattened organ that has both an endocrine and an ex-
ocrine function. As an endocrine gland it secretes insulin
and glucagon, hormones that help keep the blood glucose
level within normal limits. We are now interested in its ex-
ocrine function. Most pancreatic cells produce pancreatic
juice, which contains sodium bicarbonate (NaHCO3) and di-
gestive enzymes for all types of food. Sodium bicarbonate
neutralizes chyme; whereas pepsin acts best in an acid pH of
the stomach, pancreatic enzymes require a slightly basic pH.
Pancreatic amylase digests starch, trypsin digests protein,
and lipase digests fat. In cystic fibrosis, a thick mucus blocks
the pancreatic duct, and the patient must take supplemental
pancreatic enzymes by mouth for proper digestion to occur.

The Liver
The liver, which is the largest organ in the body, lies mainly
in the upper right section of the abdominal cavity, under the
diaphragm (see Fig. 12.1). The liver has two main lobes, the
right lobe and the smaller left lobe, which crosses the midline
and lies above the stomach. The liver contains approximately
100,000 lobules that serve as the structural functional units of
the liver (Fig. 12.10). Triads consisting of these three struc-
tures are located between the lobules: (1) a branch of the he-
patic artery that brings oxygenated blood to the liver; (2) a
branch of the hepatic portal vein that transports nutrients
from the intestines; and (3) a bile duct that takes bile away
from the liver. The central veins of lobules enter the hepatic
vein. Note in Figure 12.11 that the liver lies between the he-
patic portal vein (number 2 in the figure) and the hepatic vein
(number 4 in the figure), which enters the vena cava.

In some ways, the liver acts as the gatekeeper to the
blood. As the blood from the intestines passes through the
liver, it removes poisonous substances and works to keep the
contents of the blood constant. It also removes and stores iron
and the fat-soluble vitamins A, D, E, and K. The liver makes
the plasma proteins from amino acids, and lipids from fatty
acids. It also produces cholesterol and helps regulate the
quantity of this substance in the blood.

The liver maintains the blood glucose level at about
100 mg/100 ml (0.1%), even though a person eats intermit-
tently. Any excess glucose that is present in the hepatic por-
tal vein is removed and stored by the liver as glycogen. Be-

tween eating, glycogen is broken down to glucose, which
enters the hepatic vein, and in this way, the blood glucose
level remains constant.

If the supply of glycogen is depleted, the liver will con-
vert glycerol (from fats) and amino acids to glucose mole-
cules. The conversion of amino acids to glucose necessitates
deamination, the removal of amino acids. By a complex
metabolic pathway, the liver then combines ammonia with
carbon dioxide to form urea:

Urea is the usual nitrogenous waste product from amino
acid breakdown in humans. After its formation in the liver,
urea is excreted by the kidneys.

The liver produces bile, which is stored in the gallblad-
der. Bile has a yellowish green color because it contains the
bile pigment bilirubin, derived from the breakdown of he-
moglobin, the red pigment of red blood cells. Bile also con-
tains bile salts, which are derived from cholesterol and emul-
sify fat in the small intestine. When fat is emulsified, it breaks

2 NH3     +      CO2                 H2N  — C —  NH2
ammonia carbon dioxide urea

O

222 Part 3 Maintenance of the Human Body 12-10

from gut capillaries

to hepatic 
vein

hepatic
portal
vein

central 
vein

sinusoid

bile canals

bile duct

hepatic artery

Figure 12.10 Hepatic lobules. 
The liver contains over 100,000 lobules. Each lobule contains many
cells that perform the various functions of the liver. They remove from
and/or add materials to blood and deposit bile in bile ducts.
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up into droplets, providing a much larger surface area, which
can be acted upon by a digestive enzyme from the pancreas.

Altogether, the following are significant functions of the
liver:

1. Detoxifies blood by removing and metabolizing
poisonous substances.

2. Stores iron (Fe2�) and the fat-soluble vitamins A, D, E,
and K.

3. Makes plasma proteins, such as albumins and
fibrinogen, from amino acids.

4. Stores glucose as glycogen after eating, and breaks
down glycogen to glucose to maintain the glucose
concentration of blood between eating periods.

5. Produces urea from the breakdown of amino acids.
6. Removes bilirubin, a breakdown product of

hemoglobin from the blood, and excretes it in bile, a
liver product.

7. Produces lipids from fatty acids; produces and helps
regulate blood cholesterol level, converting some to
bile salts.

Liver Disorders
Jaundice, hepatitis, and cirrhosis are three serious diseases
that affect the entire liver and hinder its ability to repair it-
self. Therefore, they are life-threatening diseases. When a
person has jaundice, there is a yellowish tint to the whites of
the eyes and also to the skin of light-pigmented persons.

Bilirubin is deposited in the skin due to an abnormally large
amount in the blood. In hemolytic jaundice, red blood cells
have been broken down in abnormally large amounts; in ob-
structive jaundice, bile ducts are blocked or liver cells are
damaged.

Jaundice can also result from hepatitis, inflammation of
the liver. Viral hepatitis occurs in several forms. Hepatitis A
is usually acquired from sewage-contaminated drinking wa-
ter. Hepatitis B, which is usually spread by sexual contact,
can also be spread by blood transfusions or contaminated
needles. The hepatitis B virus is more contagious than the
AIDS virus, which is spread in the same way. Thankfully,
however, there is now a vaccine available for hepatitis B. He-
patitis C, which is usually acquired by contact with infected
blood and for which there is no vaccine, can lead to chronic
hepatitis, liver cancer, and death.

Cirrhosis is another chronic disease of the liver. First the
organ becomes fatty, and liver tissue is then replaced by in-
active fibrous scar tissue. Cirrhosis of the liver is often seen
in alcoholics due to malnutrition and to the excessive
amounts of alcohol (a toxin) the liver is forced to break
down.

The liver has amazing generative powers and can re-
cover if the rate of regeneration exceeds the rate of damage.
During liver failure, however, there may not be enough
time to let the liver heal itself. Liver transplantation is usu-
ally the preferred treatment for liver failure, but artificial
livers have been developed and tried in a few cases. One
type is a cartridge that contains liver cells. The patient’s
blood passes through cellulose acetate tubing of the car-
tridge and is serviced in the same manner as with a normal
liver. In the meantime, the patient’s liver has a chance to re-
cover.

The Gallbladder
The gallbladder is a pear-shaped, muscular sac attached to
the surface of the liver (see Fig. 12.1). About 1,000 ml of bile
are produced by the liver each day, and any excess is stored
in the gallbladder. Water is reabsorbed by the gallbladder so
that bile becomes a thick, mucus-like material. When
needed, bile leaves the gallbladder and proceeds to the duo-
denum via the common bile duct.

The cholesterol content of bile can come out of solution
and form crystals. If the crystals grow in size, they form gall-
stones. The passage of the stones from the gallbladder may
block the common bile duct and cause obstructive jaundice.
Then the gallbladder must be removed.

The pancreas produces pancreatic juice, which
contains enzymes for the digestion of food. Among
its many functions, the liver produces bile, which is
stored in the gallbladder.
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Figure 12.11 Hepatic portal system. 
The hepatic portal vein takes the products of digestion from the
digestive system to the liver, where they are processed before
entering the cardiovascular system proper.
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12.3 Digestive Enzymes
The digestive enzymes are hydrolytic enzymes, which
break down substances by the introduction of water at spe-
cific bonds. Digestive enzymes, like other enzymes, are pro-
teins with a particular shape that fits their substrate. They
also have an optimum pH, which maintains their shape,
thereby enabling them to speed up their specific reaction.

The various digestive enzymes present in the digestive
juices, mentioned previously, help break down carbohy-
drates, proteins, nucleic acids, and fats, the major compo-
nents of food. Starch is a carbohydrate, and its digestion be-
gins in the mouth. Saliva from the salivary glands has a
neutral pH and contains salivary amylase, the first enzyme
to act on starch:

salivary
amylase

starch + H2O → maltose

In this equation, salivary amylase is written above the arrow
to indicate that it is neither a reactant nor a product in the re-
action. It merely speeds the reaction in which its substrate,
starch, is digested to many molecules of maltose, a disaccha-
ride. Maltose molecules cannot be absorbed by the intestine;
additional digestive action in the small intestine converts
maltose to glucose, which can be absorbed.

Protein digestion begins in the stomach. Gastric juice se-
creted by gastric glands has a very low pH—about 2—be-
cause it contains hydrochloric acid (HCl). Pepsinogen, a pre-
cursor that is converted to the enzyme pepsin when
exposed to HCl, is also present in gastric juice. Pepsin acts
on protein to produce peptides:

pepsin
protein + H2O → peptides

Peptides vary in length, but they always consist of a number
of linked amino acids. Peptides are usually too large to be
absorbed by the intestinal lining, but later they are broken
down to amino acids in the small intestine.

Starch, proteins, nucleic acids, and fats are all enzymati-
cally broken down in the small intestine. Pancreatic juice,
which enters the duodenum, has a basic pH because it con-
tains sodium bicarbonate (NaHCO3). Sodium bicarbonate
neutralizes chyme, producing the slightly basic pH that  is
optimum for pancreatic enzymes. One pancreatic enzyme,
pancreatic amylase, digests starch:

pancreatic
amylase

starch + H2O → maltose

Another pancreatic enzyme, trypsin, digests protein:

trypsin
protein + H2O → peptides

Trypsin is secreted as trypsinogen, which is converted to
trypsin in the duodenum.

Lipase, a third pancreatic enzyme, digests fat molecules
in the fat droplets after they have been emulsified by bile salts:

bile salts
fat → fat droplets

lipase
fat droplets + H2O → glycerol + fatty acids

The end products of lipase digestion, glycerol and fatty acid
molecules, are small enough to cross the cells of the intesti-
nal villi, where absorption takes place. As mentioned previ-
ously, glycerol and fatty acids enter the cells of the villi, and
within these cells, they are rejoined and packaged as
lipoprotein droplets before entering the lacteals (see
Fig. 12.6).

Peptidases and maltase, two enzymes secreted by the
small intestine, complete the digestion of protein to amino
acids and starch to glucose, respectively. Amino acids and
glucose are small molecules that cross into the cells of the
villi. Peptides, which result from the first step in protein di-
gestion, are digested to amino acids by peptidases:

peptidases
peptides + H2O → amino acids

Maltose, a disaccharide that results from the first step in
starch digestion, is digested to glucose by maltase:

maltase
maltose + H2O → glucose + glucose

Other disaccharides, each of which has its own enzyme,
are digested in the small intestine. The absence of any one of
these enzymes can cause illness. For example, many people,
including as many as 75% of African Americans, cannot di-
gest lactose, the sugar found in milk, because they do not
produce lactase, the enzyme that converts lactose to its com-
ponents, glucose and galactose. Drinking untreated milk of-
ten gives these individuals the symptoms of lactose intoler-
ance (diarrhea, gas, cramps), caused by a large quantity of
nondigested lactose in the intestine. In most areas, it is pos-
sible to purchase milk made lactose-free by the addition of
synthetic lactase or Lactobacillus acidophilus bacteria, which
break down lactose.

Table 12.2 lists some of the major digestive enzymes pro-
duced by the digestive tract, salivary glands, or the pan-
creas. Each type of food is broken down by specific en-
zymes.

Digestive enzymes present in digestive juices help
break down food to the nutrient molecules:
glucose, amino acids, fatty acids, and glycerol.
The first two are absorbed into the blood
capillaries of the villi, and the last two re-form
within epithelial cells before entering the lacteals
as lipoprotein droplets.
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Conditions for Digestion
Laboratory experiments can define the necessary conditions
for digestion. For example, the four test tubes described in
Figure 12.12 can be prepared and observed for the digestion
of egg white, a protein digested in the stomach by the en-
zyme pepsin.

After all tubes are placed in an incubator at body tem-
perature for at least one hour, the results depicted are ob-
served. Tube 1 is a control tube; no digestion has occurred in
this tube because the enzyme and HCl are missing. (If a con-

trol gives a positive result, then the experiment is invali-
dated.) Tube 2 shows limited or no digestion because HCl is
missing, and therefore the pH is too high for pepsin to be ef-
fective. Tube 3 shows no digestion because although HCl is
present, the enzyme is missing. Tube 4 shows the best diges-
tive action because the enzyme is present and the presence
of HCl has resulted in an optimum pH. This experiment
supports the hypothesis that for digestion to occur, the sub-
strate and enzyme must be present and the environmental
conditions must be optimum. The optimal environmental
conditions include a warm temperature and the correct pH.
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Figure 12.12 Digestion experiment. 
This experiment is based on the optimum conditions for digestion by pepsin in the stomach. Knowing that the correct enzyme, optimum pH,
optimum temperature, and the correct substrate must be present for digestion to occur, explain the results of this experiment. 

Food Digestion Enzyme Optimum pH Produced by Site of Action

Starch � H2O → maltose Salivary amylase Neutral Salivary glands Mouth

Starch Pancreatic amylase Basic Pancreas Small intestine

Maltose � H2O → glucose Maltase Basic Small intestine Small intestine

Protein � H2O → peptides Pepsin Acidic Gastric glands Stomach

Protein Trypsin Basic Pancreas Small intestine

Peptides � H2O → amino acids Peptidases Basic Small intestine Small intestine

RNA and DNA � H2O → nucleotides Nuclease Basic Pancreas Small intestine

Nucleic Acid

Nucleotides → bases, sugars, Nucleosidases Basic Small intestine Small intestine
phosphate ions

Fat Fat droplets � H2O → glycerol + fatty acids Lipase Basic Pancreas Small intestine

Table 12.2 Major Digestive Enzymes
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12.4 Nutrition
The body requires three major classes of macronutrients in
the diet: carbohydrate, protein, and fat. These supply the en-
ergy and the building blocks that are needed to synthesize
cellular contents. Micronutrients—especially vitamins and
minerals—are also required because they are necessary for
optimum cellular metabolism.

Several modern nutritional studies suggest that certain
nutrients can protect against heart disease, cancer, and other
serious illnesses. These studies include an analysis of the
eating habits of people in the United States and from around
the world, especially those with and without heart disease
and cancer. The result has been the dietary recommenda-
tions illustrated by a food pyramid (Fig. 12.13).

The bulk of the diet should consist of bread, cereal, rice,
and pasta as energy sources. Whole grains are preferred
over those that have been milled because they contain fiber
and vitamins and minerals. Vegetables and fruits are an-
other rich source of fiber, vitamins, and minerals. Notice,
then, that a largely vegetarian diet is recommended. A vege-

tarian diet is not only healthy, it also makes sense in another
way. As a rule of thumb, it is generally stated that only about
10 percent of the energy available in a food source is incor-
porated into the tissues of a consumer. This being the case, it
can be reasoned that 100 lbs of grain could directly result in
10 human lbs, but if fed to cattle it would result in only one
human lb. Therefore, a larger human population can be sus-
tained on grain than on grain-consuming animals.

Animal products, especially meat, need only be mini-
mally included in the diet; fats and sweets should be used
sparingly. Dairy products and meats tend to be high in satu-
rated fats, and an intake of saturated fats increases the risk
of cardiovascular disease. Low-fat dairy products are avail-
able, but there is no way to take much of the fat out of beef,
which has a relatively high fat content. Ironically, the afflu-
ence of people in the United States contributes to a poor diet
and, therefore, possible illness. Only comparatively rich
people can afford fatty meats from grain-fed cattle and car-
bohydrates that have been highly processed to remove fiber
and to add sugar and salt.
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Fats, Oils, Sweets
(Use sparingly)

Milk, Yogurt,
Cheese
(2-3 servings)

Vegetables
(3-5 servings)

Key
Fat (naturally occurring
and added)
Sugars (added)

These symbols show
fat and added sugars in foods.

Meat, Poultry, Fish,
Dry Beans, Eggs, Nuts
(2-3 servings)

Fruit
(2-4 servings)

Bread, Cereals,
Rice, Pasta
(6-11 servings)

Figure 12.13 Food guide pyramid: A guide to daily food choices. 
The U.S. Department of Agriculture uses a pyramid to show the ideal diet because it emphasizes the importance of including grains, fruits, and
vegetables in the diet. Meats and dairy products are needed in limited amounts; fats, oils, and sweets should be used sparingly.
Source: Data from the U.S. Department of Agriculture.
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Carbohydrates
The quickest, most readily available source of energy for the
body is glucose. Carbohydrates are digested to simple sug-
ars, which are or can be converted to glucose. Glucose is
stored by the liver in the form of glycogen. Between eating
periods, the blood glucose level is maintained at about 100
mg/100 ml of blood by the breakdown of glycogen or by the
conversion of glycerol (from fats) or amino acids to glucose.
If necessary, amino acids are taken from the muscles—even
from the heart muscle. While body cells can utilize fatty
acids as an energy source, brain cells require glucose. For
this reason alone, it is necessary to include carbohydrates in
the diet. According to Fig. 12.13, carbohydrates should
make up the bulk of the diet. Further, these carbohydrates
should be complex and not simple carbohydrates. Complex
sources of carbohydrates include preferably whole-grain
pasta, rice, bread, and cereal (Fig 12.14). Potatoes and corn,
although considered vegetables, are also sources of carbo-
hydrates.

Simple carbohydrates (e.g., sugars) are labeled “empty
calories” by some dieticians because they contribute to en-
ergy needs and weight gain without supplying any other
nutritional requirements. Table 12.3 gives suggestions on
how to reduce dietary sugars (simple carbohydrates). In
contrast to simple sugars, complex carbohydrates are likely
to be accompanied by a wide range of other nutrients and by
fiber, which is indigestible plant material.

The intake of fiber is recommended because it decreases
the risk of colon cancer, a major type of cancer, and cardio-
vascular disease, the number one killer in the United States.
Insoluble fiber, such as that found in wheat bran, has a laxa-
tive effect and may guard against colon cancer, because any

cancer-causing substances are in contact with the intestinal
wall for a limited amount of time. Soluble fiber, such as that
found in oat bran, combines with bile acids and cholesterol
in the intestine and prevents them from being absorbed. The
liver now removes cholesterol from the blood and changes it
to bile acids, replacing those that were lost. While the diet
should have an adequate amount of fiber, a high-fiber diet
can be detrimental. Some evidence suggests that the absorp-
tion of iron, zinc, and calcium is impaired by a diet too high
in fiber.

Complex carbohydrates, which contain fiber,
should form the bulk of the diet.
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Figure 12.14
Complex carbohydrates. 
To meet our energy needs, dieticians
recommend consuming foods rich in complex
carbohydrates, like those shown here, rather
than foods consisting of simple carbohydrates,
like candy and ice cream. Simple carbohydrates
provide monosaccharides but few other types of
nutrients.

To reduce dietary sugar:

1. Eat fewer sweets, such as candy, soft drinks, ice cream, and 
pastry.

2. Eat fresh fruits or fruits canned without heavy syrup.

3. Use less sugar—white, brown, or raw—and less honey and 
syrups.

4. Avoid sweetened breakfast cereals.

5. Eat less jelly, jam, preserves

6. Drink pure fruit juices, not imitations.

7. When cooking, use spices like cinnamon instead of sugar to 
flavor foods.

8. Do not put sugar in tea or coffee.

Table 12.3 Reducing Dietary Sugar
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Proteins
Foods rich in protein include red meat, fish, poultry, dairy
products, legumes (i.e., peas and beans), nuts, and cereals.
Following digestion of protein, amino acids enter the blood-
stream and are transported to the tissues. Ordinarily, amino
acids are not used as an energy source. Most are incorpo-
rated into structural proteins found in muscles, skin, hair,
and nails. Others are used to synthesize such proteins as he-
moglobin, plasma proteins, enzymes, and hormones.

Adequate protein formation requires 20 different types
of amino acids. Of these, eight are required from the diet in
adults (nine in children) because the body is unable to pro-
duce them. These are termed the essential amino acids. The
body produces the other 11 amino acids by simply trans-
forming one type into another type. Some protein sources,
such as meat, are complete; they provide all 20 types of amino
acids. Vegetables and grains supply us with amino acids, but
each vegetable or grain alone is an incomplete protein source
because of a deficiency in at least one of the essential amino
acids. Absence of one essential amino acid prevents utiliza-
tion of the other 19 amino acids. Soybeans and tofu, made
from soybeans, are rich in amino acids, but it is wise to com-
bine foods to acquire all the essential amino acids. For ex-
ample, the combinations of cereal with milk, or beans, a
legume, with rice, a grain, will provide all the essential
amino acids (Table 12.4).

Amino acids are not stored in the body, and a daily sup-
ply is needed. However, it does not take very much protein
to meet the daily requirement. Two servings of meat a day
(equal in total quantity to a deck of cards) is usually
enough. Some meats (e.g., hamburger) are high in protein
but also high in fat. Everything considered, it is probably a
good idea to depend on protein from plant origins (e.g.,
whole-grain cereals, dark breads, and legumes) to a greater
extent than is often the custom in the United States. This can
be illustrated by the health statistics of native Hawaiians

who no longer eat as their ancestors did (Fig. 12.15). The
modern diet depends on animal rather than plant protein
and is 42% fat. A statistical study showed that the island’s
native peoples now have a higher than average death rate
from cardiovascular disease and cancer. Diabetes is also
common in persons who follow the modern diet. But the
health of those who have switched back to the ancient diet
has improved immensely!
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Figure 12.15 Ancient versus modern diet of native
Hawaiians.
Among those native Hawaiians who have switched back to the native
diet, the incidence of cardiovascular disease, cancer, and diabetes
has dropped.

For any particular meal, choose foods from two or more columns.

Legumes Grains Vegetables Seeds and Nuts

Dried beans Barley Broccoli Nut butters

Soy products Cornmeal Brussel sprouts Sesame seeds

Dried lentils Pasta Leafy greens Cashews

Peanuts Oats Sunflower seeds

Dried peas Rice Walnuts

Whole-grain breads

Table 12.4 Complementary Protein Combinations 
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Nutritionists do not recommend the use of protein
and/or amino acid supplements. Protein supplements that
people take to build muscle or as part of a diet are not di-
gested as well as protein-rich foods and they cost more than
food. Amino acid supplements can be dangerous to your
health. An excess of any particular amino acid can lead to a
deficiency of absorption of other amino acids present in
lesser amounts. Contrary to popular reports, the taking of
lysine does not relieve or cure herpes sores. It is also unwise
to take tryptophan to relieve pain or cure insomnia. Some
who have taken supplements of tryptophan have come
down with a blood disorder (eosinophilia-myalgia syn-
drome) characterized by severe muscle and joint pain and
swelling of the limbs.

Lipids
Fat and cholesterol are both lipids. Fat is present not only in
butter, margarine, and oils, but also in many foods high in
animal protein. The body can alter ingested fat to suit the
body’s needs, except it is unable to produce linoleic acid,
which is a polyunsaturated fatty acid. Saturated fatty acids
have no double bonds; polyunsaturated fatty acids have
many double bonds.

The current guidelines suggest that fat should account
for no more than 30% of our daily calories. The chief reason
is that an intake of fat not only causes weight gain, it also in-
creases the risk of cancer and cardiovascular disease. Di-
etary fat apparently increases the risk of colon, hepatic, and
pancreatic cancers. Although recent studies suggest no link
between dietary fat and breast cancer, other researchers still
believe that the matter deserves further investigation.

Cardiovascular disease is often due to arteries blocked
by fatty deposits, called plaque, that contain saturated fats
and cholesterol. Cholesterol is carried in the blood by two
types of lipoproteins: low-density lipoprotein (LDL) and
high-density lipoprotein (HDL). LDL is thought of as being
“bad” because it carries cholesterol from the liver to the
cells, while HDL is thought of as being “good” because it
carries cholesterol to the liver, which takes it up and con-
verts it to bile salts. Saturated fats, whether in butter or mar-
garine, can raise LDL cholesterol levels, while monounsatu-
rated (one double bond) fats and polyunsaturated (many
double bonds) fats lower LDL cholesterol levels. Olive oil
and canola oil contain mostly monounsaturated fats; corn
oil and safflower oil contain mostly polyunsaturated fats.
These oils have a liquid consistency and come from plants.
Saturated fats, which are solids at room temperature, usu-
ally have an animal origin; two well-known exceptions are
palm oil and coconut oil, which contain mostly saturated
fats and come from the plants mentioned.

Nutritionists stress that it is more important for the diet
to be low in fat rather than be overly concerned about which

type fat is in the diet. Table 12.5 gives suggestions on how to
reduce dietary fat.

Fake Fat
Olestra is a substance made to look, taste, and act like real fat
but the digestive system is unable to digest it. Therefore it is
commonly known as “fake fat.” Unfortunately, the fat-soluble
vitamins A, D, E, and K tend to be taken up by olestra and
thereafter they are not absorbed by the body. Similarly, people
using olestra have reduced amounts of carotenoids in the
blood. In one study, just a handful of olestra-soaked potato
chips caused a 20% decline in blood beta-carotene levels.
Manufacturers fortify olestra-containing foods with the vita-
mins mentioned but not carotenoids.

More apparent, some people who consume olestra have
developed anal leakage or underwear staining. Others expe-
rience diarrhea, intestinal cramping, and gas.

Dietary protein supplies the essential amino acids;
proteins from plant origins generally have less
accompanying fat. A diet no more than 30% fat is
recommended because fat intake, particularly
saturated fats, are known to be associated with
various health problems.
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To reduce dietary fat:

1. Choose poultry, fish, or dry beans and peas as a protein source.

2. Remove skin from poultry before cooking, and place on a rack so
that fat drains off.

3. Broil, boil, or bake rather than fry.

4. Limit your intake of butter, cream, hydrogenated oils, shortenings,
and tropical oils (coconut and palm oils).*

5. Use herbs and spices to season vegetables instead of butter,
margarine, or sauces. Use lemon juice instead of salad dressing.

6. Drink skim milk instead of whole milk, and use skim milk in cook-
ing and baking.

7. Eat nonfat or low-fat foods.

To reduce dietary cholesterol:

1. Avoid cheese, egg yolks, liver, and certain shellfish (shrimp and
lobster). Preferably, eat white fish and poultry.

2. Substitute egg whites for egg yolks in both cooking and eating.

3. Include soluble fiber in the diet. Oat bran, oatmeal, beans, corn,
and fruits such as apples, citrus fruits, and cranberries are high in
soluble fiber.

Table 12.5 Reducing Lipids

*Although coconut and palm oils are from plant sources, they are mostly
saturated fats.
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Vitamins
Vitamins are organic compounds (other than carbohydrate,
fat, and protein) that the body is unable to produce but uses
for metabolic purposes. Many vitamins are portions of coen-
zymes, which are enzyme helpers. For example, niacin is part
of the coenzyme NAD�, and riboflavin is part of another de-
hydrogenase, FAD. Coenzymes are needed in only small
amounts because each can be used over and over again. Not
all vitamins are coenzymes; vitamin A, for example, is a pre-
cursor for the visual pigment that prevents night blindness.

If vitamins are lacking in the diet, various symptoms de-
velop (Fig. 12.16). Altogether there are 13 vitamins, which
are divided into those that are fat soluble (Table 12.6) and
those that are water soluble (Table 12.7).

Antioxidants
Over the past 20 years, numerous statistical studies have
been done to determine whether a diet rich in fruits and
vegetables is protective against cancer. Cellular metabolism
generates free radicals, unstable molecules that carry an ex-
tra electron. The most common free radicals in cells are the
superoxide (O2

�) and hydroxide (OH�). In order to stabilize
themselves, free radicals donate an electron to DNA, or pro-
teins, including enzymes, or lipids, which are found in
plasma membranes. Such donations most likely damage
these cellular molecules and thereby may lead to disorders,
perhaps even cancer.

Vitamins C, E, and A are believed to defend the body
against free radicals, and therefore they are termed antioxi-
dants. These vitamins are especially abundant in fruits and
vegetables. The dietary guidelines shown in Figure 12.13
suggest that we eat a minimum of five servings of fruits and
vegetables a day. To achieve this goal, include salad greens,
raw or cooked vegetables, dried fruit, and fruit juice, in ad-
dition to traditional apples and oranges and such.

Dietary supplements may provide a potential safeguard
against cancer and cardiovascular disease, but nutritionists
do not think it is appropriate to take supplements instead of
improving intake of fruits and vegetables. There are many
beneficial compounds in fruits that cannot be obtained from
a vitamin pill. These compounds enhance each other’s ab-
sorption or action and also perform independent biological
functions.

Vitamin D
Skin cells contain a precursor cholesterol molecule that first
must be exposed to ultraviolet light and then when it enters
the bloodstream must be acted on by the kidneys and liver
before it finally becomes active vitamin D (calcitriol). Vita-
min D promotes the absorption of calcium. Calcitriol pro-
motes the absorption of calcium by the intestines. The lack
of vitamin D leads to rickets in children (see Fig. 12.16a).
Rickets, characterized by a bowing of the legs, is caused by
defective mineralization of the skeleton. Most milk today is
fortified with vitamin D, which helps prevent the occur-
rence of rickets.

Vitamins are essential to cellular
metabolism; many are protective
against identifiable illnesses and
conditions.
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a. b.

Figure 12.16 Illnesses due to vitamin deficiency. 
a. Bowing of bones (rickets) due to vitamin D deficiency. b. Dermatitis (pellagra) of areas exposed to light due to niacin (vitamin B3) deficiency.
c. Bleeding of gums (scurvy) due to vitamin C deficiency. 

c.
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Vitamin Functions Food Sources Conditions with

Too Little Too Much

Vitamin A Antioxidant synthesized from beta- Deep yellow/orange Night blindness, Headache, dizziness,
carotene; needed for healthy eyes, vegetables, fruits, cheese, impaired growth nausea, hair loss
skin, hair, and mucous membranes, whole milk, butter, and eggs of bones and teeth
and for proper bone growth

Vitamin D A group of steroids needed for Milk fortified with vitamin D, Rickets, bone Calcification of soft 
development and maintenance fish liver oil; also made in the decalcification and tissues, diarrhea, 
of bones and teeth skin when exposed to sunlight weakening and possible renal 

damage

Vitamin E Antioxidant that prevents oxidation Leafy green vegetables, fruits, Unknown Diarrhea, nausea,
of vitamin A and polyunsaturated vegetable oils, nuts, whole- headaches, fatigue,
fatty acids grain breads and cereals muscle weakness

Vitamin K Needed for synthesis of substances Leafy green vegetables, Easy bruising Can interfere with
active in clotting of blood cabbage and cauliflower and bleeding anticoagulant

medication 

Vitamin Functions Food Sources Conditions with

Too Little Too Much

Vitamin C Antioxidant; needed for forming Citrus fruits, leafy green Scurvy, wounds Gout, kidney stones,
collagen; helps maintain capillaries, vegetables, tomatoes, heal slowly, infections diarrhea, decreased 
bones, and teeth potatoes, cabbage copper

Thiamine Part of coenzyme needed for cellular Whole-grain cereals, Beriberi, muscular Interferes with
(Vitamin B1) respiration; also promotes activity of dried beans and peas, weakness, heart absorption of

the nervous system sunflower seeds, and nuts enlarges other vitamins

Riboflavin Part of coenzymes, such as FAD;  Nuts, dairy products, whole- Dermatitis, blurred Unknown
(Vitamin B2) aids cellular respiration, including grain cereals, poultry, and vision, growth failure

oxidation of protein and fat leafy green vegetables

Niacin Part of coenzymes NAD� and NADP�; Peanuts, poultry, whole- Pellagra, diarrhea, High blood sugar 
(Nicotinic needed for cellular respiration, grain cereals, leafy green and mental disorders and uric acid, 
acid) including oxidation of protein and fat vegetables, and beans vasodilation, etc.

Folacin Coenzyme needed for production of Dark leafy green Megaloblastic May mask B12

(Folic acid) hemoglobin and the formation of vegetables, nuts, beans, anemia, spina bifida deficiency
DNA whole-grain cereals

Vitamin B6 Coenzyme needed for the synthesis Whole-grain cereals, bananas, Rarely, convulsions, Insomnia
of hormones and hemoglobin; CNS beans, poultry, nuts, leafy vomiting, seborrhea,
control green vegetables muscular weakness

Pantothenic Part of coenzyme A needed for Nuts, beans, dark green Rarely, loss of appetite, Unknown
acid oxidation of carbohydrates and fats;  vegetables, poultry, mental depression, 

aids in the formation of hormones  fruits, and milk numbness
and certain neurotransmitters

Vitamin B12 Complex, cobalt-containing com- Dairy products, fish, Pernicious anemia Unknown
pound; part of the coenzyme needed poultry, eggs, 
for synthesis of nucleic acids and fortified cereals
myelin

Biotin Coenzyme needed for metabolism of Generally in foods, especially Skin rash, nausea, Unknown
amino acids and fatty acids eggs fatigue

Table 12.6 Fat-Soluble Vitamins

Table 12.7 Water-Soluble Vitamins
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Minerals
In addition to vitamins, various minerals are required by
the body. Minerals are divided into macrominerals and mi-
crominerals. The body contains more than 5 grams of each
macromineral and less than 5 grams of each micromineral
(Fig. 12.17). The macrominerals are constituents of cells and
body fluids and are structural components of tissues. For ex-
ample, calcium (present as Ca2�) is needed for the construc-
tion of bones and teeth and for nerve conduction and mus-
cle contraction. Phosphorus (present as PO4

3�) is stored in
the bones and teeth and is a part of phospholipids, ATP, and
the nucleic acids. Potassium (K�) is the major positive ion
inside cells and is important in nerve conduction and mus-
cle contraction, as is sodium (Na�). Sodium also plays a ma-
jor role in regulating the body’s water balance, as does chlo-
ride (Cl�). Magnesium (Mg2�) is critical to the functioning
of hundreds of enzymes.

The microminerals are parts of larger molecules. For ex-
ample, iron is present in hemoglobin, and iodine is a part of
thyroxin, a hormone produced by the thyroid gland. Zinc,
copper, and selenium are present in enzymes that catalyze a
variety of reactions. Proteins, called zinc-finger proteins be-
cause of their characteristic shapes, bind to DNA when a
particular gene is to be activated. As research continues,
more and more elements are added to the list of micromin-
erals considered to be essential. During the past three
decades, for example, very small amounts of selenium,
molybdenum, chromium, nickel, vanadium, silicon, and
even arsenic have been found to be essential to good health.
Table 12.8 lists the functions of various minerals and gives their
functions, food sources, and signs of deficiency and toxicity.

Occasionally, individuals do not receive enough iron
(especially women), calcium, magnesium, or zinc in their
diet. Adult females need more iron in the diet than males
(18 mg compared to 10 mg) because they lose hemoglobin
each month during menstruation. Stress can bring on a mag-
nesium deficiency, and due to its high-fiber content, a vege-
tarian diet may make zinc less available to the body. How-
ever, a varied and complete diet usually supplies enough of
each type of mineral.

Calcium
Many people take calcium supplements (Fig. 12.17) to coun-
teract osteoporosis, a degenerative bone disease that afflicts
an estimated one-fourth of older men and one-half of older
women in the United States. Osteoporosis develops because
bone-eating cells called osteoclasts are more active than
bone-forming cells called osteoblasts. Therefore, the bones
are porous, and they break easily because they lack suffi-
cient calcium. Due to recent studies that show consuming
more calcium does slow bone loss in elderly people, the
guidelines have been revised. A calcium intake of 1,000 mg a
day is recommended for men and for women who are pre-
menopausal or who use estrogen replacement therapy, and
1,300 mg a day is recommended for postmenopausal
women who do not use estrogen replacement therapy. To
achieve this amount, supplemental calcium is most likely
necessary.

Estrogen replacement therapy and exercise in addition
to calcium supplements are effective means to prevent os-
teoporosis. Medications are also available that slow bone
loss while increasing skeletal mass. Etidronate disodium
needs to be taken cyclically or else weak, abnormal bone in-
stead of normal bone develops. Fosamax is a new drug that

can be taken continually but may accu-
mulate in the skeleton. Therefore, studies
are needed to determine if the drug can
safely be given for a long time.

Presently, calcium supplements,
estrogen therapy for women, and
exercise are thought to be the best
ways to prevent osteoporosis.
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Figure 12.17 Minerals in the body.
This chart shows the usual amount of certain minerals in a 60-kilogram (135 lb) person. 
The macrominerals are present in amounts larger than 5 grams (about a teaspoon) and the
microminerals are present in lesser amounts. The function of these minerals is given in
Table 12.8. 
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Sodium
The recommended amount of sodium intake per day is
500 mg, although the average American takes in 4,000–4,700
mg every day. In recent years, this imbalance has caused
concern because high sodium intake has been linked to hy-
pertension (high blood pressure) in some people. About
one-third of the sodium we consume occurs naturally in
foods; another one-third is added during commercial pro-
cessing; and we add the last one-third either during home
cooking or at the table in the form of table salt.

Clearly, it is possible for us to cut down on the amount of
sodium in the diet. Table 12.9 gives recommendations for doing so.

Excess sodium in the diet can lead to
hypertension; therefore, excess sodium intake
should be avoided.
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To reduce dietary sodium:

1. Use spices instead of salt to flavor foods.

2. Add little or no salt to foods at the table, and add only small
amounts of salt when you cook.

3. Eat unsalted crackers, pretzels, potato chips, nuts, and popcorn.

4. Avoid hot dogs, ham, bacon, luncheon meats, smoked salmon, 
sardines, and anchovies.

5. Avoid processed cheese and canned or dehydrated soups.

6. Avoid brine-soaked foods, such as pickles or olives.

7. Read labels to avoid high salt products.

Table 12.9 Reducing Dietary Sodium

Mineral Functions Food Sources Conditions with

Too Little Too Much

Macrominerals (more than 100 mg/day needed)

Calcium Strong bones and teeth, Dairy products, Stunted growth Kidney stones, 
(Ca2�) nerve conduction, leafy green vegetables in children, low bone interferes with iron 

muscle contraction density in adults and zinc absorption

Phosphorus Bone and soft tissue growth, Meat, dairy products, Weakness, confusion, Low blood and bone 
(PO4

3�) part of phospholipids, sunflower seeds, food pain in bones and joints calcium levels
ATP, and nucleic acids additives

Potassium Nerve conduction, Many fruits and Paralysis, irregular heart Vomiting, heart attack,
(K�) muscle contraction vegetables, bran beat, eventual death death

Sodium (Na�) Nerve conduction, Table salt Lethargy, muscle cramps, Edema, high blood 
pH and water balance loss of appetite pressure

Chloride (Cl�) Water balance Table salt Not likely Vomiting, dehydration

Magnesium Part of various enzymes Whole grains, Muscle spasm, irregular Diarrhea
(Mg2�) for nerve and muscle leafy green vegetables heartbeat, convulsions,

contraction, protein synthesis confusion, personality 
changes

Microminerals (less than 20 mg/day needed)

Zinc (Zn2�) Protein synthesis, wound healing, Meats, legumes, Delayed wound healing, Anemia, diarrhea,
fetal development and growth, whole grains night blindness, diarrhea, vomiting, renal failure,
immune function mental lethargy abnormal cholesterol

levels

Iron (Fe2�) Hemoglobin synthesis Whole grains, meats, Anemia, physical, Iron toxicity disease,
prune juice and mental sluggishness organ failure, eventual

death

Copper (Cu2�) Hemoglobin synthesis Meat, nuts, legumes Anemia, stunted growth Damage to internal
in children organs if not excreted

Iodine (I�) Thyroid hormone synthesis Iodized table salt, Thyroid deficiency Depressed thyroid,
seafood function, anxiety

Selenium Part of antioxidant enzyme Seafood, meats, eggs Possible cancer develop- Hair and fingernail 
(SeO4

2�) ment loss, discolored skin

Table 12.8 Minerals
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Eating Disorders
Authorities recognize three primary eating disorders: obe-
sity, bulimia nervosa, and anorexia nervosa. Although they
exist in a continuum as far as body weight is concerned, they
all represent an inability to maintain normal body weight
because of eating habits.

Obesity
As indicated in Figure 12.18, obesity is most often defined as
a body weight 20% or more above the ideal weight for a per-
son’s height. By this standard, 28% of women and 10% of
men in the United States are obese. Moderate obesity is
41–100% above ideal weight, and severe obesity is 100% or
more above ideal weight.

Obesity is most likely caused by a combination of fac-
tors, including genetic, hormonal, metabolic, and social fac-
tors. It’s known that obese individuals have more fat cells
than normal, and when they lose weight the fat cells simply
get smaller; they don’t disappear. The social factors that
cause obesity include the eating habits of other family mem-
bers. Consistently eating fatty foods, for example, will make
you gain weight. Sedentary activities, like watching televi-
sion instead of exercising, also determine how much body
fat you have. The risk of heart disease is higher in obese in-
dividuals, and this alone tells us that excess body fat is not
consistent with optimal health.

The treatment depends on the degree of obesity. Surgery
to remove body fat may be required for those who are mod-
erately or greatly overweight. For most, a knowledge of
good eating habits along with behavior modification may
suffice, particularly if a balanced diet is accompanied by a
sensible exercise program. A lifelong commitment to a prop-
erly planned program is the best way to prevent a cycle of

weight gain followed by weight loss. Such a cycle is not con-
ducive to good health. The Health reading on page 236 dis-
cusses the proper way to lose weight.

Bulimia Nervosa
Bulimia nervosa can coexist with either obesity or anorexia
nervosa, which is discussed next. People with this condition
have the habit of eating to excess (called binge eating) and
then purging themselves by some artificial means, such as
self-induced vomiting or use of a laxative. Bulimic individu-
als are overconcerned about their body shape and weight,
and therefore they may be on a very restrictive diet. A re-
strictive diet may bring on the desire to binge, and typically
the person chooses to consume sweets, like cakes, cookies,
and ice cream (Fig. 12.19). The amount of food consumed is
far beyond the normal number of calories for one meal, and
the person keeps on eating until every bit is gone. Then, a
feeling of guilt most likely brings on the next phase, which is
a purging of all the calories that have been taken in.

Bulimia can be dangerous to your health. Blood compo-
sition is altered, leading to an abnormal heart rhythm, and
damage to the kidneys can even result in death. At the very
least, vomiting may result in inflammation of the pharynx
and esophagus, and stomach acids can cause teeth to erode.
The esophagus and stomach may even rupture and tear due
to strong contractions during vomiting.

The most important aspect of treatment is to get the pa-
tient on a sensible and consistent diet. Again, behavioral
modification is helpful and so perhaps is psychotherapy to
help the patient understand the emotional causes of the be-
havior. Medications, including antidepressant medications,
have sometimes been helpful to reduce the bulimic cycle
and restore normal appetite.

12-22

Figure 12.18 Recognizing obesity.

Persons with obesity have

• weight 20% or more above
appropriate weight for height.

• body fat content in excess of that
consistent with optimal health;
probably due to a diet rich in
fats. 

• low levels of exercise.
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Anorexia Nervosa
In anorexia nervosa, a morbid fear of
gaining weight causes the person to
be on a very restrictive diet. Athletes
such as distance runners, wrestlers,
and dancers are at risk of anorexia
nervosa because they believe that be-
ing thin gives them a competitive
edge. In addition to eating only low-
calorie foods, the person may induce
vomiting and use laxatives to bring
about further loss of weight. No mat-
ter how thin they have become, peo-
ple with anorexia nervosa think they
are overweight (Fig. 12.20). Such a
distorted self-image may prevent
recognition of the need for medical
help.

Actually, the person is starving
and has all the symptoms of star-
vation, such as low blood pressure,
irregular heartbeat, constipation, and
constant chilliness. Bone density de-
creases and stress fractures occur.
The body begins to shut down; men-
struation ceases in females; the inter-
nal organs including the brain don’t
function well, and the skin dries up.
Impairment of the pancreas and di-
gestive tract means that any food
consumed does not provide nourish-
ment. Death may be imminent. If so,
the only recourse may be hospitaliza-
tion and force-feeding. Eventually, it
is necessary to use behavior therapy
and psychotherapy to enlist the
cooperation of the person to eat
properly. Family therapy may be nec-
essary, because anorexia nervosa in
children and teens is believed to be a
way for them to gain some control
over their lives.

In anorexia nervosa, the
individual has a distorted
body image and always feels
fat. Medical help is often a
necessity. 

12-23

Persons with bulimia nervosa have

• recurrent episodes of binge eating
characterized by consuming an
amount of food much higher than
normal for one sitting and a sense of
lack of control over eating during
the episode.

• an obsession about their body shape
and weight.

Body weight is regulated by 

• a restrictive diet, excessive exercise.
• purging (self-induced vomiting or

misuse of laxatives).

Persons with anorexia nervosa have  

• a morbid fear of gaining weight;
body weight no more than 85%
normal.

• a distorted body image so that
person feels fat even when
emaciated.

• in females, an absence of a men-
strual cycle for at least three
months.

Body weight is kept too low by
either/or

• a restrictive diet often with
excessive exercise

• binge eating/purging (person
engages in binge eating and then
self-induces vomiting or misuse of
laxatives) 

Figure 12.19 Recognizing bulimia nervosa.

Figure 12.20 Recognizing anorexia nervosa.
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Those who need to lose weight should reduce their caloric in-
take and/or increase their level of exercise. However, a diet
needs to be judged according to the principles of adequacy of nu-
trients; balance in regard to carbohydrates, proteins, and fats;
caloric content; and variety of food sources. Unfortunately, many
of the diets and gimmicks people use to lose weight are bad for
their health. Unhealthy approaches include the following:

Pills The most familiar pills, and the only ones approved
by the FDA, are those that claim to suppress the appetite. They
may work at first, but the appetite soon returns to normal and
weight lost is regained. Then the user has the problem of trying
to get off the drug without gaining more weight. Other types
of pills are under investigation and sometimes can be obtained
illegally. But, as yet, there is no known drug that is both safe
and effective for weight loss.

Low-Carbohydrate Diets The dramatic weight loss
that occurs with a low-carbohydrate diet is not due to a loss of
fat; it is due to a loss of muscle mass and water. Glycogen and
important minerals are also lost. When a normal diet is
resumed, so is the normal weight.

Liquid Diets Despite the fact that liquid diets provide
proteins and vitamins, the number of calories is so restricted
that the body cannot burn fat quickly enough to compensate,
and muscle is still broken down to provide energy. A few

people on this regime have died, probably because even the
heart muscle was not spared by the body.

Single-Category Diets These diets rely on the intake
of only one kind of food, either a fruit or vegetable or rice
alone. However, no single type of food provides the balance of
nutrients needed to maintain health. Some dieters on strange
diets suffer the consequences—in one instance, an individual
lost hair and fingernails.

Questions to Ask About a Weight-Loss Diet
1. Does the diet have a reasonable number of calories (Cal*),

that is, usually no fewer than 1,000–1,200 Cal? 
2. Does the diet provide the right amount of protein? For a

154 lb man, 56 grams is recommended. More than twice
this amount is too much. For reference, 1c milk and 1 oz
meat each has 8 grams protein.

3. Does the diet provide too much fat? No more than 20–30%
of total Cal is recommended. For reference , a pat of butter
has 45 Cal.

4. Does the diet provide enough carbohydrates? 
100 grams � 400 Cal is the very least recommended per
day. For reference, a slice of bread contains 14 grams of
carbohydrate.

5. Does the diet provide a balanced assortment of foods?
6. Does the diet make use of ordinary foods that are available

locally?

*Cal � 1,000 calories

Weight Loss the Healthy Way

Afat-free fat, called olestra, is now be-
ing used to produce foods that are

free of calories from fat. A slice of pie ordi-
narily contains 405 calories, but when the
crust is made with olestra, it has only 252
calories. Just three chocolate chip cookies
ordinarily adds 63 calories to your daily
calorie count, but with olestra it’s only 38
calories. And one brownie suddenly goes
down from 85 to 49 calories. Olestra mole-
cules made of six or eight fatty acids at-
tached to a sugar molecule are much big-
ger than a triglyceride, and lipase can’t
break the molecule down. Olestra goes
through the intestines without being ab-
sorbed. Proctor and Gamble, who devel-
oped olestra, expects to make one billion
dollars within ten years on its product.

It is generally recognized that olestra
can cause intestinal cramping, flatulence
(gas), and diarrhea in a small segment of
the population, and can prevent the ab-
sorption of some carotenoids, a nutrient
that has health benefits in all of us. Even
so, the Federal Drug Administration
(FDA) approved it for use on the basis that
olestra was reasonably harmless. Henry
Blackburn, professor of public health at
the University of Minnesota, thinks this
standard is too low. Instead, the standard
for approval ought to be, “Does this prod-
uct contribute to the nutritional health of
the nation?” 

David Kessler, FDA commissioner,
says, “Ask the American people if govern-
ment should be off the backs of business,

and you will get a resounding Yes!” How-
ever, what is the role of government in
protecting public health? Do Americans
want more protection than they already
have from food additives? Or would they
rather be free to make their own choices? 

Questions
1. Should the government only approve

food additives that will contribute to our
health? Why or why not?

2. Are people responsible, themselves, for
what they eat? Why or why not?

3. Is there too much emphasis in our culture
on staying slim, despite what it may do to
our health? Why or why not? 
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Summarizing the Concepts

12.1 The Digestive System
The salivary glands send saliva into the mouth, where the teeth chew
the food and the tongue forms a bolus for swallowing. The air passage
and food passage cross in the pharynx. When one swallows, the air
passage is usually blocked off and food must enter the esophagus
where peristalsis begins. The stomach expands and stores food. While
food is in the stomach, it churns, mixing food with the acidic gastric
juices. The walls of the small intestine have fingerlike projections called
villi where nutrient molecules are absorbed into the cardiovascular and
lymphatic systems. The large intestine consists of the cecum, colons
(ascending, transverse, descending, and sigmoid), and the rectum,
which ends at the anus. The large intestine does not produce digestive
enzymes; it does absorb water, salts, and some vitamins.

12.2 Three Accessory Organs
The three accessory organs of digestion—the pancreas, liver, and gall-
bladder—send secretions to the duodenum via ducts. The pancreas
produces pancreatic juice, which contains digestive enzymes for carbo-
hydrate, protein, and fat.

The liver produces bile, which is stored in the gallbladder. The
liver receives blood from the small intestine by way of the hepatic por-
tal vein. It has numerous important functions, and any malfunction of
the liver is a matter of considerable concern.

12.3 Digestive Enzymes
Digestive enzymes are present in digestive juices and break down food
into the nutrient molecules glucose, amino acids, fatty acids, and glyc-
erol (see Table 12.2). Glucose and amino acids are absorbed into the
blood capillaries of the villi. Fatty acids and glycerol rejoin to produce
fat, which enters the lacteals. Digestive enzymes have the usual enzy-
matic properties. They are specific to their substrate and speed up spe-
cific reactions at body temperature and optimum pH.

12.4 Nutrition
The nutrients released by the digestive process should provide us with
an adequate amount of energy, essential amino acids and fatty acids,
and all necessary vitamins and minerals.

The bulk of the diet should be carbohydrates (like bread, pasta,
and rice) and fruits and vegetables. These are low in saturated fatty
acids and cholesterol molecules, whose intake is linked to cardiovascu-
lar disease. The vitamins A, E, and C are antioxidants that protect cell
contents from damage due to free radicals.

Studying the Concepts

1. List the organs of the digestive tract, and state the contribu-
tion of each to the digestive process. 214–20

2. Discuss the absorption of the products of digestion into the
lymphatic and cardiovascular systems. 219

3. Name and state the functions of the hormones that assist the
nervous system in regulating digestive secretions. 220

4. Name the accessory organs, and describe the part they play
in the digestion of food. 222–23

5. Choose and discuss any three functions of the liver. 222–23
6. Name and discuss three serious illnesses of the liver. 223
7. Discuss the digestion of starch, protein, and fat, listing all the

steps that occur to bring about digestion of each of these.
224–25

8. What is the chief contribution of each of these constituents of
the diet: a. carbohydrates; b. proteins; c. fats; d. fruits and
vegetables? 228–32

9. Why should the amount of saturated fat be curtailed in the
diet? 230–32

10. Name and discuss three eating disorders. 234–35

Testing Yourself

Choose the best answer for each question.
1. If you were tracing the path of food, which is out of order

first?
a. mouth d. small intestine
b. pharynx e. stomach
c. esophagus f. large intestine

2. Which association is incorrect?
a. mouth—starch digestion
b. esophagus—protein digestion
c. small intestine—starch, lipid, protein digestion
d. stomach—food storage
e. liver—production of bile

3. Which of these could be absorbed directly without need of
digestion?
a. glucose d. protein
b. fat e. nucleic acid
c. polysaccharides

4. Which association is incorrect?
a. protein—trypsin d. maltose—pepsin
b. fat—bile e. starch—amylase
c. fat—lipase

5. Most of the products of digestion are absorbed across the
a. squamous epithelium of the esophagus.
b. striated walls of the trachea.
c. convoluted walls of the stomach.
d. fingerlike villi of the small intestine.
e. smooth wall of the large intestine.

6. Bile
a. is an important enzyme for the digestion of fats.
b. cannot be stored.
c. is made by the gallbladder.
d. emulsifies fat.
e. All of these are correct.

7. Which of these is not a function of the liver in adults?
a. produce bile d. produce urea
b. detoxify alcohol e. make red blood cells
c. store glucose

8. The large intestine
a. digests all types of food.
b. is the longest part of the intestinal tract.
c. absorbs water.
d. is connected to the stomach.
e. is subject to hepatitis.

9. Bulimia nervosa and anorexia nervosa have many elements
in common, except
a. restrictive diet often with excessive exercise.
b. binge eating followed by purging.
c. obsession about body shape and weight.
d. distorted body image so person feels fat even when

emaciated.
e. health can be damaged by this complex.
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Thinking Scientifically

1. Considering homeostasis:
a. What type of tissue found in the mucous membrane of the

stomach and the small intestine produces digestive
enzymes? (page 217)

b. All systems of the body contribute to homeostasis. How
does the digestive system contribute?

c. The liver “fine tunes” the contribution to homeostasis by
the digestive system. How? 

2. Considering the experiment described in Figure 12.12
(page 225):
a. Does the experiment show that the enzyme pepsin prefers

an acidic rather than a basic pH? Describe an experiment
that would show this.

b. Does the experiment described in Figure 12.12 show that
pepsin will digest only protein and not starch, for exam-
ple? Describe an experiment that would show this.

c. Does the experiment described in Figure 12.12 show that
better digestion occurs at a warm temperature rather than
a cold temperature? Describe an experiment that would
show this.
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Match the terms to these definitions:
a. First portion of the small intestine into which

secretions from the liver and pancreas enter.
b. Muscle that surrounds a tube and closes or opens

the tube by contracting and relaxing.
c. Discharge of feces from the rectum through the

anus.
d. Fat-digesting enzyme secreted by the pancreas.
e. Saclike organ associated with the liver that stores

and concentrates bile.

Using Technology

Your study of the digestive system and nutrition is supported by
these available technologies:

Essential Study Partner CD-ROM
Animals ££Digestion

Visit the Mader web site for related ESP activities.

http://www.mhhe.com/biosci/genbio/mader/
(Click on Inquiry into Life.)

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Human Body ££Digestive System

Virtual Physiology Laboratory CD-ROM
Digestion of Fat
Enzyme Characteristics

10. Label each organ indicated in the diagram.
For the arrows, use either glucose, amino acids, lipids, or
water.

12-26

Understanding the Terms

anorexia nervosa 235
anus 220
appendix 220
bile 219
bulimia nervosa 234
cecum 220
chyme 218
cirrhosis 223
colon 220
constipation 221

defecation 220
dental caries 215
diarrhea 221
duodenum 219
epiglottis 216
esophagus 217
essential amino acids 228
fiber 227
gallbladder 223
gastric gland 218

a.

b.

d.

e.

f.

g.

h.

feces

anus

Digestion

Absorption

Defecation

lymphatic
vessel
(to vein)

blood
vessel
(to liver)

c.

k.

j.
i.

glottis 216
hard palate 214
heartburn 217
hepatitis 223
hormone 220
hydrolytic enzyme 224
jaundice 223
lacteal 219
lactose intolerance 224
large intestine 220
lipase 222 
liver 222
lumen 217
maltase 224
mineral 232
nasopharynx 216
obesity 234
pancreas 222
pancreatic amylase 222
pepsin 218 

peptidase 224
periodontitis 215
peristalsis 217
peritonitis 220
pharynx 216
plaque 229
polyp 221
reflex action 216
salivary amylase 224
salivary gland 214
small intestine 219
soft palate 214
sphincter 217
stomach 218
tonsillitis 214
trypsin 222
ulcer 218
villus 219
vitamin 230
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Chapter Concepts

Cardiovascular
System

13.1 The Blood Vessels
• A series of vessels delivers blood from the heart

to the capillaries, where exchange of substances
takes place, and then another series of vessels
delivers blood from the capillaries back to the
heart. 240

13.2 The Heart
• The human heart is a double pump: the right

side pumps blood to the lungs, and the left side
pumps blood to the rest of the body. 242

13.3 The Vascular Pathways
• The pulmonary arteries transport blood low in

oxygen to the lungs, and the pulmonary veins
return blood high in oxygen to the heart. 246

• The systemic circuit transports blood from the
left ventricle of the heart to the body and then
returns it to the right atrium of the heart. 246

13.4 Blood
• Blood is composed of cells and a fluid contain-

ing proteins and various other molecules and
ions. 249

• Blood clotting is a series of reactions that pro-
duces a clot—fibrin threads in which red blood
cells are trapped. 254

• Exchange of substances between blood and tis-
sue fluid across capillary walls supplies cells
with nutrients and removes wastes. 255

13.5 Cardiovascular Disorders
• Although the cardiovascular system is very effi-

cient, it is still subject to degenerative disorders.
256

Red blood cells packed with the red respiratory pigment hemo-
globin fill a blood vessel. Hemoglobin combines with oxygen and
in this way red blood cells transport oxygen to the tissues.
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13.1 The Blood Vessels
The cardiovascular system has three types of blood vessels:
the arteries (and arterioles), which carry blood away from
the heart to the capillaries; the capillaries, which permit ex-
change of material with the tissues; and the veins (and
venules), which return blood from the capillaries to the
heart.

The Arteries
The arterial wall has three layers (Fig. 13.1a). The inner layer is
a simple squamous epithelium called endothelium with a
connective tissue basement membrane that contains elastic
fibers. The middle layer is the thickest layer and consists of
smooth muscle that can contract to regulate blood flow and
blood pressure. The outer layer is fibrous connective tissue
near the middle layer, but it becomes loose connective tissue
at its periphery. Some arteries are so large that they require
their own blood vessels. 

Arterioles are small arteries just visible to the naked
eye. The middle layer of arterioles has some elastic tissue
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J ane stretched out her arm and watched as the nurse
slipped a needle into a vein at the crook of her arm. She
was thinking about her friend who needed the blood that
was now coursing through a plastic tube into a bag. Jane 

had the same blood type as her friend who had been in an
automobile accident. Blood, a vital fluid, carries oxygen from
the lungs and nutrients from the intestines to the cells. Kept
in motion by the pumping of the heart, it helps fight infection,
helps regulate body temperature, coordinates body tissues,
and carries wastes to the kidneys. A severe loss of blood
must be replaced by transfusion if life is to continue.

This chapter discusses the cardiovascular system,
which includes blood but also the heart and blood vessels.
Humans have a closed system in that the blood never runs
free and is conducted to and from the tissues by blood ves-
sels. Only the capillaries have walls thin enough to allow ex-
change of molecules with the tissues. The heart is the organ
that keeps the blood moving through the vessels to the cap-
illaries. If the heart fails to pump the blood for even a few
minutes, the individual’s life is in danger. The body has vari-
ous mechanisms for ensuring that blood remains in the ves-
sels and under a pressure that will maintain the transport
function of blood. 

Figure 13.1 Blood vessels.
The walls of arteries and veins have three layers. The inner layer is composed largely of endothelium with a basement membrane that has elastic
fibers; the middle layer is smooth muscle tissue; the inner layer is connective tissue (largely collagen fibers). a. Arteries have a thicker wall than
veins because they have a larger middle layer than veins. b. Capillary walls are one-cell-thick endothelium. c. Veins are larger in diameter than
arteries, so that collectively veins have a larger holding capacity than arteries. d. Scanning electron micrograph of an artery and vein.
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but is composed mostly of smooth muscle whose fibers en-
circle the arteriole. When these muscle fibers are contracted,
the vessel has a smaller diameter (is constricted); and when
these muscle fibers relax, the vessel has a larger diameter (is
dilated). Whether arterioles are constricted or dilated affects
blood pressure. The greater the number of vessels dilated,
the lower the blood pressure.

The Capillaries
Arterioles branch into capillaries (Fig. 13.1b). Each capillary
is an extremely narrow, microscopic tube with one-cell-thick
walls composed only of endothelium with a basement mem-
brane. Capillary beds (networks of many capillaries) are pres-
ent in all regions of the body; consequently, a cut to any
body tissue draws blood. Capillaries are a very important
part of the human cardiovascular system because an ex-
change of substances takes place across their thin walls.
Oxygen and nutrients, such as glucose, diffuse out of a cap-
illary into the tissue fluid that surrounds cells. Wastes, such
as carbon dioxide, diffuse into the capillary.

Since the capillaries serve the cells, the heart and the
other vessels of the cardiovascular system can be thought of
as the means by which blood is conducted to and from the
capillaries. Only certain capillaries are open at any given
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Figure 13.2 Anatomy of a capillary bed.
A capillary bed forms a maze of capillary vessels that lies between an arteriole and a venule. When sphincter muscles are relaxed, the capillary
bed is open, and blood flows through the capillaries. When sphincter muscles are contracted, blood flows through a shunt that carries blood
directly from an arteriole to a venule. As blood passes through a capillary in the tissues, it gives up its oxygen (O2). Therefore, blood goes from
carrying more oxygen in the arteriole (red color) to carrying less oxygen (blue color) in the vein.

time. For example, after eating, the capillaries that serve the
digestive system are open and those that serve the muscles
are closed. When a capillary bed is closed, the precapillary
sphincters contract, and the blood moves from arteriole to
venule by way of an arteriovenous shunt (Fig. 13.2). 

The Veins
Venules are small veins that drain blood from the capillaries
and then join to form a vein. The walls of venules (and
veins) have the same three layers as arteries, but there is less
smooth muscle and connective tissue (Fig. 13.1c). Veins often
have valves, which allow blood to flow only toward the
heart when open and prevent the backward flow of blood
when closed.

Since walls of veins are thinner, they can expand to a
greater extent (Fig. 13.1d). At any one time about 70% of the
blood is in the veins. In this way, the veins act as a blood
reservoir.

Arteries and arterioles carry blood away from the
heart toward the capillaries; capillaries join
arterioles to venules; veins and venules return
blood from the capillaries to the heart.
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13.2 The Heart
The heart is a cone-shaped, muscular organ about the size
of a fist (Fig. 13.3). It is located between the lungs directly
behind the sternum (breastbone) and is tilted so that the
apex (the pointed end) is oriented to the left. The major
portion of the heart, called the myocardium, consists
largely of cardiac muscle tissue. The muscle fibers of the
myocardium are branched and tightly joined to one
another. The heart lies within the pericardium, a thick,
membranous sac that secretes a small quantity of lubricat-
ing liquid. The inner surface of the heart is lined with en-
docardium, which consists of connective tissue and en-
dothelial tissue.

Internally, a wall called the septum separates the heart
into a right side and a left side (Fig. 13.4) The heart has four
chambers. The two upper, thin-walled atria (sing., atrium)
have wrinkled protruding appendages called auricles. The
two lower chambers are the thick-walled ventricles, which
pump the blood. 

The heart also has four valves, which direct the flow of
blood and prevent its backward movement. The two valves
that lie between the atria and the ventricles are called the atri-
oventricular valves. These valves are supported by strong fi-
brous strings called chordae tendineae. The chordae, which
are attached to muscular projections of the ventricular walls,
support the valves and prevent them from inverting when
the heart contracts. The atrioventricular valve on the right
side is called the tricuspid valve because it has three flaps, or
cusps. The valve on the left side is called the bicuspid (or the
mitral) because it has two flaps. The remaining two valves
are the semilunar valves, whose flaps resemble half-moons,
between the ventricles and their attached vessels. The pul-
monary semilunar valve lies between the right ventricle and
the pulmonary trunk. The aortic semilunar valve lies be-
tween the left ventricle and the aorta.

Humans have a four-chambered heart (two atria
and two ventricles). A septum separates the right
side from the left side.
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Figure 13.3 External heart anatomy.
a. The superior vena cava and the pulmonary arteries are attached to the right side of the heart. The aorta and left pulmonary veins are attached
to the left side of the heart. The right ventricle forms most of the anterior surface of the heart, and the left ventricle forms most of the posterior.
b. The coronary arteries and cardiac veins pervade cardiac muscle. They bring oxygen and nutrients to cardiac cells, and return blood to the right
atrium.
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Passage of Blood Through the Heart
We can trace the path of blood through the heart (Fig. 13.4)
in the following manner:

The superior vena cava and the inferior vena cava,
which carry blood that is relatively low in oxygen
and relatively high in carbon dioxide, enter the
right atrium.

The right atrium sends blood through an atrioventricular
valve (the tricuspid valve) to the right ventricle.

The right ventricle sends blood through the pulmonary
semilunar valve into the pulmonary trunk and the
two pulmonary arteries to the lungs.

Four pulmonary veins, which carry blood that is
relatively high in oxygen and relatively low in
carbon dioxide, enter the left atrium.

The left atrium sends blood through an atrioventricular
valve (the bicuspid or mitral valve) to the left
ventricle.

The left ventricle sends blood through the aortic
semilunar valve into the aorta to the body proper.

From this description, you can see that deoxygenated
blood never mixes with oxygenated blood and that blood
must go through the lungs in order to pass from the right
side to the left side of the heart. In fact, the heart is a double
pump because the right ventricle of the heart sends blood
through the lungs, and the left ventricle sends blood
throughout the body. Since the left ventricle has the harder
job of pumping blood to the entire body, its walls are thicker
than those of the right ventricle, which pumps blood a rela-
tively short distance to the lungs.

The right side of the heart pumps blood to the
lungs, and the left side of the heart pumps blood
throughout the body.
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Figure 13.4 Internal view of the heart.
a. The heart has four valves. The atrioventricular valves allow blood to pass from the atria to the ventricles, and the semilunar valves allow blood
to pass out of the heart. b. This diagrammatic representation of the heart allows you to trace the path of the blood. 
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The Heartbeat
Each heartbeat is called a cardiac cycle
(Fig. 13.5). When the heart beats, first, the
two atria contract at the same time; then
the two ventricles contract at the same
time. Then all chambers relax. The word
systole refers to contraction of heart mus-
cle, and the word diastole refers to relax-
ation of heart muscle. The heart contracts,
or beats, about 70 times a minute, and
each heartbeat lasts about 0.85 seconds.

A normal adult rate at rest can vary from
60 to 80 beats per minute.

When the heart beats, the familiar
lub-dup sound occurs. The longer and
lower-pitched lub is caused by vibrations
occurring when the atrioventricular
valves close due to ventricular contrac-
tion. The shorter and sharper dup is heard
when the semilunar valves close due to
back pressure of blood in the arteries. A
heart murmur, or a slight slush sound af-
ter the lub, is often due to ineffective
valves, which allow blood to pass back
into the atria after the atrioventricular
valves have closed. Rheumatic fever re-
sulting from a bacterial infection is one
cause of a faulty valve, particularly the bicuspid valve.
Faulty valves can be surgically corrected.

The surge of blood entering the arteries causes their
elastic walls to stretch, but then they almost immediately re-
coil. This alternating expansion and recoil of an arterial wall
can be felt as a pulse in any artery that runs close to the
body’s surface. It is customary to feel the pulse by placing
several fingers on a radial artery, which lies near the outer
border of the palm side of the wrist. A carotid artery, on ei-
ther side of the trachea in the neck, is another accessible lo-
cation to feel the pulse. Normally, the pulse rate indicates
the rate of the heartbeat because the arterial walls pulse
whenever the left ventricle contracts.

Intrinsic Control of Heartbeat
The rhythmical contraction of the atria and ventricles is due
to the instrinsic conduction system of the heart. Nodal tis-
sue, which has both muscular and nervous characteristics, is
a unique type of cardiac muscle located in two regions of the
heart. The SA (sinoatrial) node is located in the upper wall
of the right atrium; the other, the AV (atrioventricular)
node, is located in the base of the right atrium very near the

Time Atria Ventricles
0.15 sec Systole Diastole
0.30 sec Diastole Systole
0.40 sec Diastole Diastole

septum (Fig. 13.6a). The SA node initiates the heartbeat and
automatically sends out an excitation impulse every 0.85
seconds; this causes the atria to contract. When impulses
reach the AV node there is a slight delay that allows the atria
to finish their contraction before the ventricles begin theirs.
The signal for the ventricles to contract then travels through
the two branches of the atrioventricular bundle before
reaching the numerous and smaller Purkinje fibers. This
ventricular portion of the conduction system consists of spe-
cialized cardiac muscle fibers that efficiently cause the ven-
tricles to contract. 

The SA node is called the pacemaker because it usually
keeps the heartbeat regular. If the SA node fails to work
properly, the heart still beats due to impulses generated by
the AV node. But the beat is slower (40 to 60 beats per
minute). To correct this condition, it is possible to implant an
artificial pacemaker, which automatically gives an electric
stimulus to the heart every 0.85 seconds. 

The intrinsic conduction system of the heart
consists of the SA node, the AV node, the
atrioventricular bundle, and the Purkinje fibers. 
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Figure 13.5 Stages in the cardiac cycle.
a. When the atria contract, the ventricles are relaxed and filling with blood. b. When the
ventricles contract, the atrioventricular valves are closed, the semilunar valves are open, and
the blood is pumped into the pulmonary trunk and aorta. c. When the heart is relaxed, both
atria and ventricles are filling with blood. 
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Figure 13.6 Conduction system of the heart.
a. The SA node sends out a stimulus, which causes the atria to contract. When this stimulus reaches the AV node, it signals the ventricles to
contract. Impulses pass down the two branches of the atrioventricular bundle to the Purkinje fibers and thereafter the ventricles contract. 
b. A normal ECG indicates that the heart is functioning properly. The P wave occurs just prior to atrial contraction; the QRS complex occurs just
prior to ventricular contraction; and the T wave occurs when the ventricles are recovering from contraction. c. Ventricular fibrillation produces an
irregular electrocardiogram due to irregular stimulation of the ventricles.

Extrinsic Control of Heartbeat
The body has an extrinsic way to regulate the heartbeat. A
cardiac control center in the medulla oblongata, a portion of
the brain that controls internal organs, can alter the beat of
the heart by way of the autonomic system, a division of the
nervous system. This system has two divisions: the
parasympathetic system, which promotes those functions
we tend to associate with a restful state, and the sympathetic
system, which brings about those responses we associate
with increased activity and/or stress. The parasympathetic
system decreases SA and AV nodal activity when we are in-
active, and the sympathetic system increases SA and AV
nodal activity when we are active or excited. 

The hormones epinephrine and norepinephrine, which
are released by the adrenal medulla, also stimulate the heart.
During exercise, for example, the heart pumps faster and
stronger due to sympathetic stimulation and due to the re-
lease of epinephrine and norepinephrine. 

The body has an extrinsic way to regulate the
heartbeat. The autonomic system and hormones
can modify the heartbeat rate. 

The Electrocardiogram
An electrocardiogram (ECG) is a recording of the electrical
changes that occur in myocardium during a cardiac cycle.
Body fluids contain ions that conduct electrical currents, and
therefore the electrical changes in myocardium can be de-
tected on the skin’s surface. When an electrocardiogram is
being taken, electrodes placed on the skin are connected by
wires to an instrument that detects the myocardium’s elec-
trical changes. Thereafter a pen rises or falls on a moving
strip of paper. Figure 13.6b depicts the pen’s movements
during a normal cardiac cycle. 

When the SA node triggers an impulse, the atrial fibers
produce an electrical change that is called the P wave. The P
wave indicates that the atria are about to contract. After that,
the QRS complex signals that the ventricles are about to con-
tract. The electrical changes that occur as the ventricular
muscle fibers recover produces the T wave. 

Various types of abnormalities can be detected by an
electrocardiogram. One of these, called ventricular fibrilla-
tion, is caused by uncoordinated contraction of the ventri-
cles (Fig. 13.6c) Ventricular fibrillation is of special interest
because it can be caused by an injury or drug overdose. It is
the most common cause of sudden cardiac death in a seem-
ingly healthy person. Once the ventricles are fibrillating,
they have to be defibrillated by applying a strong electric
current for a short period of time. Then the SA node may be
able to reestablish a coordinated beat.

The electrocardiogram (ECG) is a recording of
electrical changes occurring in the myocardium
during a cardiac cycle. 
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13.3 The Vascular Pathways
The cardiovascular system, which is rep-
resented in Figure 13.7, includes two cir-
cuits: the pulmonary circuit, which circu-
lates blood through the lungs, and the
systemic circuit, which serves the needs of
body tissues.

The Pulmonary Circuit
The path of blood through the lungs can be
traced as follows. Blood from all regions of
the body first collects in the right atrium
and then passes into the right ventricle,
which pumps it into the pulmonary trunk.
The pulmonary trunk divides into the
right and left pulmonary arteries, which
branch as they approach the lungs. The ar-
terioles take blood to the pulmonary capil-
laries, where carbon dioxide is given off
and oxygen is picked up. Blood then
passes through the pulmonary venules,
which lead to the four pulmonary veins
that enter the left atrium. Since blood in
the pulmonary arteries is relatively low in
oxygen but blood in the pulmonary veins
is relatively high in oxygen, it is not correct
to say that all arteries carry oxygenated
blood and all veins carry deoxygenated
blood. It is just the reverse in the pul-
monary circuit.

The Systemic Circuit
The systemic circuit includes all of the arter-
ies and veins shown in Figure 13.8. The
largest artery in the systemic circuit is the
aorta, and the largest veins are the superior
and inferior venae cavae. The superior vena
cava collects blood from the head, the chest,
and the arms, and the inferior vena cava collects blood from
the lower body regions. Both enter the right atrium. The
aorta and the venae cavae serve as the major pathways for
blood in the systemic circuit.

The pulmonary arteries take blood
that is low in oxygen to the lungs,
and the pulmonary veins return
blood that is high in oxygen to the
heart.
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Figure 13.7 Cardiovascular system diagram.
The blue-colored vessels carry blood that is relatively low in oxygen, and the red-colored
vessels carry blood that is relatively high in oxygen. The arrows indicate the flow of blood.
Compare this diagram, useful for learning to trace the path of blood, to Figure 13.8 to
realize that both arteries and veins go to all parts of the body. Also, there are capillaries in
all parts of the body. No cell is located far from a capillary.
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The path of systemic blood to any organ in the body be-
gins in the left ventricle, which pumps blood into the aorta.

Branches from the aorta go to the organs and
major body regions. For example, this is the
path of blood to and from the legs:

left ventricle—aorta—
common iliac artery—

legs—common iliac vein—
inferior vena cava—

right atrium

Notice when tracing blood, you need
only mention the aorta, the proper branch of
the aorta, the region, and the vein returning
blood to the vena cava. In most instances, the
artery and the vein that serve the same re-
gion are given the same name (Fig. 13.8). In
the systemic circuit, arteries contain oxy-
genated blood and have a bright red color,
but veins contain deoxygenated blood and
appear a dark purplish color.

The coronary arteries (see Fig. 13.3) serve
the heart muscle itself. (The heart is not nour-
ished by the blood in its chambers.) The coro-
nary arteries are the first branches off the
aorta. They originate just above the aortic
semilunar valve, and they lie on the exterior
surface of the heart, where they divide into di-
verse arterioles. Because they have a very
small diameter, the coronary arteries may be-
come clogged, as discussed on page 258. The
coronary capillary beds join to form venules.
The venules converge to form the cardiac
veins, which empty into the right atrium.

The body has a portal system called the
hepatic portal system, which is associated
with the liver. A portal system begins and
ends in capillaries; in this instance, the first set
of capillaries occurs at the villi of the small in-
testine and the second occurs in the liver.
Blood passes from the capillaries of the in-
testinal villi into venules that join to form the
hepatic portal vein, a vessel that connects the
villi of the intestine with the liver, an organ
that monitors the makeup of the blood. The
hepatic vein leaves the liver and enters the
inferior vena cava. While Figure 13.7 is help-
ful in tracing the path of blood, remember
that all parts of the body receive both arteries
and veins, as illustrated in Figure 13.8.

The systemic circuit takes blood
from the left ventricle of the heart to
the right atrium of the heart. It
serves the body proper.
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Figure 13.8 Major arteries and veins of the systemic circuit. 
A more realistic representation of major blood vessels of the systemic  circuit shows
how the systemic arteries and veins are actually arranged in the body. The superior and
inferior venae cavae take their names from their relationship to which organ?
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Blood Flow in Capillaries
There are many more capillaries than arterioles, and blood
moves slowly through the capillaries (Fig. 13.9). This is im-
portant because the slow progress allows time for the ex-
change of substances between blood in the capillaries and
the surrounding tissues.

Blood Flow in Veins 
Blood pressure is minimal in venules and veins (20-0 mm
Hg). Instead of blood pressure, venous return is depen-
dent upon three factors: skeletal muscle contraction, pres-
ence of valves in veins, and respiratory movements. When
the skeletal muscles contract, they compress the weak
walls of the veins. This causes blood to move past the next
valve. Once past the valve, blood cannot flow backward
(Fig. 13.1c). The importance of muscle contraction in mov-
ing blood in the venous vessels can be demonstrated by
forcing a person to stand rigidly still for an hour or so. Fre-
quently, fainting occurs because blood collects in the
limbs, depriving the brain of needed blood flow and
oxygen. In this case, fainting is beneficial because the re-
sulting horizontal position aids in getting blood to the
head.

When inspiration occurs, the thoracic pressure falls and
abdominal pressure rises as the chest expands. This also aids
the flow of venous blood back to the heart because blood
flows in the direction of reduced pressure. Blood velocity in-
creases slightly in the venous vessels due to a progressive re-
duction in the cross-sectional area as small venules join to
form veins 

Blood pressure accounts for the flow of blood in
the arteries and the arterioles. Skeletal muscle
contraction, valves in veins, and respiratory
movements account for the flow of blood in the
venules and the veins.

Dilated and Inflamed Veins
Varicose veins develop when the valves of veins become
weak and ineffective due to the backward pressure of blood.
Abnormal and irregular dilations are particularly apparent
in the superficial (near the surface) veins of the lower legs.
Crossing the legs or sitting in a chair so that its edge presses
against the back of the knees can contribute to the develop-
ment of varicose veins. Varicose veins also occur in the rec-
tum, where they are called piles, or more properly, hemor-
rhoids.

Phlebitis, or inflammation of a vein, is a more serious
condition, particularly when a deep vein is involved. Blood
in an unbroken but inflamed vessel may clot, and the clot
may be carried in the bloodstream until it lodges in a small
vessel. If a blood clot blocks a pulmonary vessel, death can
result.
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Figure 13.9 Cross-sectional area as it relates to blood
pressure and blood velocity.
Blood pressure and blood velocity drop off in capillaries because
capillaries have a greater cross-sectional area than arterioles.

Blood Flow 
Blood flow differs with regard to pressure and velocity in
the different vessels of the cardiovascular system (Fig. 13.9).

Blood Flow in Arteries
Blood pressure created by the pumping of the heart ac-
counts for the velocity of blood in the arteries. Blood pres-
sure, which is simply the pressure of blood against the wall
of a blood vessel, fluctuates in the arteries. Systolic pres-
sure, which occurs when the ventricles contract, is higher
than diastolic pressure when the ventricles relax. Normal
resting blood pressure for a young adult is said to be 120 mm
Hg (mercury) over 80 mm Hg, or simply 120/80. The higher
number is the systolic pressure, and the lower number is the
diastolic pressure. Actually, 120/80 is the expected blood
pressure in the brachial artery of the arm.

Both systolic and diastolic blood pressure decrease with
distance from the left ventricle because the total cross-sectional
area of the blood vessels increase—there are more arterioles
than arteries. The decrease in blood pressure causes the blood
velocity to gradually decrease as it flows toward the capillaries.
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13.4 Blood
If blood is transferred from a person’s vein to a test tube and is
prevented from clotting, it separates into two layers (Fig.
13.10). The lower layer consists of red blood cells (erythro-
cytes), white blood cells (leukocytes), and blood platelets

(thrombocytes). Collectively, these are called the formed ele-
ments. Formed elements make up about 45% of the total vol-
ume of whole blood. The upper layer, called plasma, is the liq-
uid portion of blood. Plasma, which accounts for about 55% of
the total volume of whole blood, contains a variety of inor-
ganic and organic substances dissolved or suspended in water.
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Source
Function and 
Description

Red Blood Cells
(erythrocytes)

White Blood Cells
(leukocytes)
4,000–11,000
per mm3 blood

Granular leukocytes

Transport O2 and help
transport CO2

Red bone
marrow

Red bone
marrow

Fight infection

20–50
per mm3 blood

100–400
per mm3 blood

3,000–7,000
per mm3 blood

100–700
per mm3 blood

1,500–3,000
per mm3 blood

4 million–6 million
per mm3 blood

7–8   m in diameter
Bright-red to dark-purple
biconcave disks without
nuclei 

10–12   m in diameter
Spherical cells with lobed
nuclei; large, irregularly
shaped, deep-blue granules
in cytoplasm 

10–14   m in diameter
Spherical cells with bilobed
nuclei; coarse, deep-red,
uniformly sized granules
in cytoplasm 

µ

10–14   m in diameter
Spherical cells with 
multilobed nuclei; fine, pink
granules in cytoplasm 

10–24   m in diameter
Large spherical cells with
kidney-shaped, round, or 
lobed nuclei 

µ

2–4   m in diameter
Disk-shaped cell fragments
with no nuclei; purple
granules in cytoplasm 

5–17   m in diameter
(average 9–10   m)
Spherical cells with large 
round nuclei 

µ

Basophil

Eosinophil

Neutrophil

Lymphocyte

Agranular leukocytes

with Wright’s stain

Hormones,
vitamins, etc.

Aid metabolism

Excretion by kidneys

Varied

Uric acid
Urea

Fats
Glucose
Amino acids

Nutrients

Other

Oxygen
Carbon dioxide

Lungs
Tissues

Cellular respiration
End product of
metabolism

Gases

LiverNitrogenous
waste

Food for cells Absorbed from
intestine

Salts
(less than 1% of
plasma

Absorbed from
intestine

Maintain blood osmotic
pressure and pH; aid
metabolism

Water
(90–92% of plasma)

Maintains blood volume;
transports molecules

Maintain blood osmotic
pressure and pH

Liver

Maintain blood volume
and pressure

Absorbed from
intestine

Plasma proteins
(7–8% of plasma)

Albumin

Globulins

Fibrinogen Clotting

Transport; fight
infection

Aid clotting Red bone
marrow

FORMED ELEMENTS

150,000–300,000
per mm3 blood

µ

µ

µ

µ

Monocyte

Platelets
(thrombocytes)

Plasma
55%

Formed
elements

45%

SourceFunction 

µ

PLASMA

Figure 13.10 Composition of blood.
When blood is transferred to a test tube and is prevented from
clotting, it forms two layers. The transparent, yellow, top layer is
plasma, the liquid portion of blood. The formed elements are in the
bottom layer. The tables describe these components in detail.
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Plasma proteins, which make up 7–8% of plasma, assist
in transporting large organic molecules in blood. For exam-
ple, albumin transports bilirubin, a breakdown product of
hemoglobin. The lipoproteins that transport cholesterol con-
tain a type of protein called globulins. Plasma proteins also
maintain blood volume because their size prevents them
from readily passing through a capillary wall. Therefore,
capillaries are always areas of lower water concentration
compared to tissue fluid, and water automatically diffuses
into capillaries. Certain plasma proteins have specific func-
tions. As discussed later in the chapter, fibrinogen is neces-
sary to blood clotting, and immunoglobulins are antibodies,
which help fight infection.

We shall see that blood has numerous functions that
help maintain homeostasis. Blood transports substances to
and from the capillaries, where exchanges with tissue fluid
take place. It helps guard the body against invasion by
pathogens (microscopic infectious agents, such as bacteria
and viruses), and it clots, preventing a potentially life-
threatening loss of blood. It also regulates pH by the pres-
ence of buffers in blood. 

The Red Blood Cells
Red blood cells (erythrocytes) are continuously manufac-
tured in the red bone marrow of the skull, the ribs, the ver-
tebrae, and the ends of the long bones. Normally, there are 4
to 6 million red blood cells per mm3 of whole blood.

Red blood cells carry oxygen because they contain he-
moglobin, the respiratory pigment. Since hemoglobin is a
red pigment, the cells appear red, and their color also makes
blood red. A hemoglobin molecule (Fig. 13.11) contains four
polypeptide chains, making up the protein globin. Each
chain is associated with heme, a complex iron-containing
group. The iron portion of hemoglobin acquires oxygen in
the lungs and gives it up in the tissues. Plasma carries only
about 0.3 ml of oxygen per 100 ml of blood, but whole blood
carries 20 ml of oxygen per 100 ml of blood. This shows that
hemoglobin increases the oxygen-carrying capacity of blood
more than 60 times. Unfortunately, as discussed in the read-
ing on page 253, carbon monoxide combines with hemoglo-
bin more readily than does oxygen, and it stays combined
for several hours, making hemoglobin unavailable for oxy-
gen transport. 

The number of red blood cells increases whenever arte-
rial blood carries a reduced amount of oxygen, as happens
when an individual first takes up residence at a high
altitude. Under these circumstances, the kidneys increase
their production of a hormone called erythropoietin,
which speeds the maturation of red blood cells. A stem cell
is a cell that is ever capable of dividing and producing
new cells that differentiate. The stem cell called an
erythroblast produces red blood cells in red bone marrow
(Fig. 13.12). Before they are released from the bone marrow
into blood, red blood cells lose their nuclei and acquire he-
moglobin.
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a. Blood capillary b. Red blood cell c. Hemoglobin molecule

capillary iron group

α chain
β chain

α chain

β chain

helical shape
of the
polypeptide
molecule

heme

Figure 13.11 Physiology of red blood cells.
a. Red blood cells move single file through the capillaries. b. Each red blood cell is a biconcave disk containing many molecules of hemoglobin,
the respiratory pigment. c. Hemoglobin contains four polypeptide chains (color coded blue), two of which are alpha (�) chains and two of which
are beta (�) chains. The plane in the center of each chain represents an iron-containing heme group. Oxygen combines loosely with iron when
hemoglobin is oxygenated. Oxygenated hemoglobin is bright red, and deoxygenated hemoglobin is a darker red color.
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Figure 13.12 Blood cell formation in red bone marrow.
Multipotent stem cells give rise to specialized stem cells. The myeloid stem cell gives rise to still other cells, which become red blood cells,
platelets, and all the white blood cells except lymphocytes. The lymphoid stem cell gives rise to lymphoblasts, which become lymphocytes.

myeloblastmegakaryoblast

megakaryocyte

erythroblast

Red blood cells
Erythropoietin
stimulates
maturation
of red blood cells.

White blood cells
Colony-stimulating factors
(CSFs) enhance production
and maturation of white
blood cells.

erythrocytes thrombocytes

Platelets
Platelet production
is regulated by
thrombopoietin.

basophil eosinophil neutrophil
monocyte

Granular leukocytes Agranular leukocytes

B lymphocyte
processed in
bone marrow

T lymphocyte
processed in
thymus

monoblast lymphoblasts

multipotent
stem cells

lymphoid
stem cell

myeloid
stem cell

Myeloblasts, monoblasts,
and lymphoblasts produce
the white blood cells.

Multipotent stem cells in
red bone marrow divide to
produce specific stem cells.

Early differentiation
separates myeloid stem
cells from lymphoid
stem cells.
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Possibly because they lack nuclei, red blood cells live
only about 120 days. They are destroyed chiefly in the liver
and the spleen, where they are engulfed by large phagocytic
cells. When red blood cells are broken down, the hemoglo-
bin is released. The iron is recovered and returned to the
bone marrow for reuse. The heme portion of hemoglobin
undergoes chemical degradation and is excreted as bile pig-
ments by the liver into the bile. 

When there is an insufficient number of red blood cells
or the red blood cells do not have enough hemoglobin, the
individual suffers from anemia and has a tired, run-down
feeling. In iron-deficiency anemia, the most common type,
hemoglobin level is low, probably due to a diet that does not
contain enough iron. Certain foods that are rich in iron, such
as raisins and liver, can be added to the diet to help prevent
iron-deficiency anemia.

The White Blood Cells
White blood cells (leukocytes) differ from red blood cells in
that they are usually larger, have a nucleus, lack hemoglo-
bin, and without staining appear translucent. White blood
cells are not as numerous as red blood cells, with only
5,000–11,000 cells per mm3. White blood cells fight infection
and they play a role in the development of immunity, the
ability to resist disease.

On the basis of structure, it is possible to divide white
blood cells into granular leukocytes and agranular leuko-

lymphocytes, and each type has a specific role to play in
immunity.

If the total number of white blood cells increases be-
yond normal, leukemia or an infection may be present.
Leukemia is a form of cancer characterized by uncon-
trolled production of abnormal white blood cells. Some-
times an infection results in the increase or decrease of only
one type of white blood cell, a condition that is detected
with a differential white blood cell count. A blood sample
is examined microscopically, and the number of each type
of white blood cell is counted up to a total of 100 cells. A
person with infectious mononucleosis, caused by the Ep-
stein-Barr virus, has an excessive number of lymphocytes
of the B type. A person with AIDS, caused by an HIV infec-
tion, has an abnormally low number of lymphocytes of the
T type.

White blood cells are produced in the red bone marrow
(see Fig. 13.12), from two types of stem cells. Macrophages
and T lymphocytes are the most important source of colony-
stimulating factors (CSFs), hormones that regulate the pro-
duction of white blood cells. Many white blood cells live
only a few days and are believed to die combating invading
microbes. Others live months or even years.

White blood cells fight infection. They attack
microbes that have invaded the body.
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macrophage

bacteria

1 µm

Figure 13.13 Macrophage (red) engulfing bacteria (green).
Monocyte-derived macrophages are the body’s scavengers. They engulf microbes and debris in the body’s
fluids and tissues, as illustrated in this colorized scanning electron micrograph.

cytes. Granular leukocytes
are filled with spheres that
contain various enzymes and
proteins, which help white
blood cells do their job of
defending the body against
microbes. Neutrophils are
granular leukocytes with a
multilobed nucleus joined by
nuclear threads. They are the
most abundant of the white
blood cells and are able
to phagocytize and digest
bacteria. The agranular leuko-
cytes (monocytes and lym-
phocytes) typically have a
spherical or kidney-shaped
nucleus. After monocytes, the
largest of the white blood
cells, take up residence in the
tissues, they differentiate into
the even larger macrophages
(Fig. 13.13). Macrophages
phagocytize microbes and
stimulate other white blood
cells to defend the body. The
lymphocytes are of two
types, B lymphocytes and T
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Carbon monoxide (CO) is an air pollutant that comes primarily
from the incomplete combustion of natural gas and gasoline.
Figure 13A shows that transportation contributes most of the
carbon monoxide to our cities’ air. But power plants, factories,
waste incineration, and home heating also contribute to the car-
bon monoxide level. Cigarette smoke contains carbon monoxide
and is delivered directly to the smoker’s blood and also to non-
smokers nearby.

Because carbon monoxide is a colorless, odorless gas, people
can be unaware that it is affecting their systems. But it binds to
iron 200 times more tightly than oxygen. Hemoglobin contains
iron and so does cytochrome oxidase, the carrier in the electron
transport system that passes electrons on to oxygen. When these
molecules bind to carbon monoxide preferentially, they cannot
perform their usual functions. The end result is that delivery of
oxygen to mitochondria is impaired and so is the functioning of
mitochondria.

Flushed red skin, especially on facial cheeks, is a first sign of
carbon monoxide poisoning, because hemoglobin bound to car-
bon monoxide is brighter red than oxygenated hemoglobin.
Marked euphoria, then sleepiness, coma, and death follow. Re-
moving a person from the carbon monoxide source is not suffi-
cient treatment because carbon monoxide, unlike oxygen, re-
mains tightly bound to iron for many hours. A transfusion of red
blood cells will help to increase the carrying capacity of the

blood, and pure oxygen given under pressure will displace
some carbon monoxide. Despite good medical care, some peo-
ple still die each year from CO poisoning.

The level of carbon monoxide in polluted air may not be suf-
ficient to kill people, but it does interfere with the ability of the
body to function properly. The elderly and those with cardio-
vascular disease are especially at risk. One study found that
even levels once thought to be safe can cause angina patients to
experience chest pains, because oxygen delivery to the heart is
reduced.

We can all lessen air pollution and reduce the amount of car-
bon monoxide in the air by doing the following:

• Don’t smoke (especially indoors).

• Walk or bicycle instead of driving.

• Use public transportation instead of driving.

• Heat your home with solar energy—not furnaces.

• Support the development of more efficient automobiles,
factories, power plants, and home furnaces.

• Support the development of alternative fuels. When
the gas hydrogen is burned, for example, the result is
water, not carbon monoxide and carbon dioxide.

Carbon Monoxide, A Deadly Poison

Figure 13A Air pollution.
Air pollutants enter the atmosphere from the sources noted.
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The Platelets and Blood Clotting
Platelets (thrombocytes) result from fragmentation of cer-
tain large cells, called megakaryocytes, in the red bone mar-
row. Platelets are produced at a rate of 200 billion a day, and
the blood contains 150,000–300,000 per mm3. These formed
elements are involved in the process of blood clotting, or co-
agulation.

There are at least 12 clotting factors in the blood that par-
ticipate in the formation of a blood clot. We will discuss the
roles played by platelets, prothrombin, and fibrinogen.
Fibrinogen and prothrombin are proteins manufactured and
deposited in blood by the liver. Vitamin K, found in green
vegetables and also formed by intestinal bacteria, is necessary
for the production of prothrombin, and if by chance this vita-
min is missing from the diet, hemorrhagic disorders develop.

Blood Clotting
When a blood vessel in the body is damaged, platelets
clump at the site of the puncture and partially seal the leak.
They and the injured tissues release a clotting factor called
prothrombin activator that converts prothrombin to throm-
bin. This reaction requires calcium ions (Ca2�). Thrombin,
in turn, acts as an enzyme that severs two short amino acid
chains from each fibrinogen molecule. These activated frag-
ments then join end to end, forming long threads of fibrin.
Fibrin threads wind around the platelet plug in the dam-
aged area of the blood vessel and provide the framework for
the clot. Red blood cells also are trapped within the fibrin
threads; these cells make a clot appear red (Fig. 13.14). A

fibrin clot is present only temporarily. As soon as blood ves-
sel repair is initiated, an enzyme called plasmin destroys the
fibrin network and restores the fluidity of plasma.

If blood is allowed to clot in a test tube, a yellowish fluid
develops above the clotted material. This fluid is called
serum, and it contains all the components of plasma except
fibrinogen. Table 13.1 reviews the many different terms we
have used to refer to various body fluids related to blood.

Hemophilia
Hemophilia is an inherited clotting disorder due to a defi-
ciency in a clotting factor. The slightest bump can cause the
affected person to bleed into the joints. Cartilage degenera-
tion in the joints and resorption of underlying bone can fol-
low. Bleeding into muscles can lead to nerve damage and
muscular atrophy. The most frequent cause of death is
bleeding into the brain with accompanying neurological
damage.
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Platelets and damaged
tissue cells release Prothrombin activator

Prothrombin
Ca2+ 

Thrombin

Fibrinogen

Blood clot

Fibrin threads
(Red blood cells are
trapped among
fibrin threads)

1 µm

Name Composition

Blood Formed elements and plasma

Plasma Liquid portion of blood

Serum Plasma minus fibrinogen

Tissue fluid Plasma minus most proteins

Lymph Tissue fluid within lymphatic vessels

Table 13.1 Body Fluids

Figure 13.14 Blood clotting.
Platelets and damaged tissue cells release prothrombin activator,
which acts on prothrombin in the presence of calcium ions (Ca2�) to
produce thrombin. Thrombin acts on fibrinogen in the presence of
Ca2� to form fibrin threads. The scanning electron micrograph of a
blood clot shows red blood cells caught in the fibrin threads.
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Capillary Exchange
Two forces primarily control movement of fluid through the
capillary wall: osmotic pressure, which tends to cause water
to move from tissue fluid to blood, and blood pressure,
which tends to cause water to move in the opposite direc-
tion. At the arterial end of a capillary, blood pressure is
higher than the osmotic pressure of blood (Fig. 13.15). Os-
motic pressure is created by the presence of salts and the
plasma proteins. Because blood pressure is higher than os-
motic pressure at the arterial end of a capillary, water exits a
capillary at this end. 

Midway along the capillary, where blood pressure is
lower, the two forces essentially cancel each other, and there
is no net movement of water. Solutes now diffuse according
to their concentration gradient—nutrients (glucose and oxy-
gen) diffuse out of the capillary, and wastes (carbon dioxide)
diffuse into the capillary. Red blood cells and almost all
plasma proteins remain in the capillaries, but small sub-
stances leave. The substances that leave a capillary con-
tribute to tissue fluid, the fluid between the body’s cells.
Since plasma proteins are too large to readily pass out of the
capillary, tissue fluid tends to contain all components of
plasma except lesser amounts of protein.

At the venule end of a capillary, where blood pressure
has fallen even more, osmotic pressure is greater than blood
pressure, and water tends to move into the capillary. Almost
the same amount of fluid that left the capillary returns to it,
although there is always some excess tissue fluid collected
by the lymphatic capillaries (Fig. 13.16). Tissue fluid con-
tained within lymphatic vessels is called lymph. Lymph is

returned to the systemic venous blood when the major lym-
phatic vessels enter the subclavian veins in the shoulder
region.

Oxygen and nutrient substances exit a capillary
near the arterial end; carbon dioxide and waste
molecules enter a capillary near the venous end.
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Figure 13.16 Lymphatic vessels.
Arrows indicate that lymph is formed when lymphatic capillaries take
up excess tissue fluid. Lymphatic capillaries lie near blood capillaries.
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Figure 13.15 Exchanges between blood and tissue fluid across a capillary wall.
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All of us can take steps to prevent the occurrence of cardiovas-
cular disease, the most frequent cause of death in the United
States. There are genetic factors that predispose an individual to
cardiovascular disease, such as family history of heart attack un-
der age 55, male gender, and ethnicity (African Americans are at
greater risk). Those with one or more of these risk factors need
not despair, however. It only means that they need to pay par-
ticular attention to these guidelines for a heart-healthy life-style.

The Don’ts

Smoking
Hypertension is well recognized as a major contributor to car-
diovascular disease. When a person smokes, the drug nicotine,
present in cigarette smoke, enters the bloodstream. Nicotine
causes the arterioles to constrict and the blood pressure to rise.
Restricted blood flow and cold hands are associated with smok-
ing by most people. Now, the heart must pump harder to propel
the blood through the lungs at a time when the oxygen-carrying
capacity of the blood is reduced. (How smoking reduces the
oxygen-carrying capacity is explained in the Ecology reading on
page 253.) Smoking also damages the arterial wall and acceler-
ates the formation of atherosclerosis and plaque (Fig. 13B). 

Weight Gain
Hypertension also occurs more often in persons who are more
than 20% above the recommended weight for their height. Be-
cause more tissue requires servicing, the heart must send extra
blood out under greater pressure in those who are overweight. It
may be very difficult to lose weight once it is gained, and there-
fore it is recommended that weight control be a lifelong en-

deavor. Even a slight decrease in weight can bring with it a re-
duction in hypertension. A 4.5-kilogram weight loss doubles the
chance that blood pressure can be normalized without drugs.

The Do’s

Healthy Diet
It was once thought that a low-salt diet was protective against
cardiovascular disease, and it still may be in certain persons.
Theoretically, hypertension occurs because the more salty the
blood, the greater the osmotic pressure and the higher the water
content. In recent years, the emphasis has switched to a diet low
in saturated fats and cholesterol as protective against cardiovas-
cular disease. Cholesterol is ferried in the blood by two types of
plasma lipoproteins called LDL (low-density lipoprotein) and
HDL (high-density lipoprotein). LDL (called “bad” lipoprotein)
takes cholesterol from the liver to the tissues, and HDL (called
“good” lipoprotein) transports cholesterol out of the tissues to
the liver. When the LDL level in blood is abnormally high or the
HDL level is abnormally low, cholesterol accumulates in the
cells. When cholesterol-laden cells line the arteries, plaque de-
velops, which interferes with circulation (Fig. 13.B).

It is recommended that everyone know his or her blood cho-
lesterol level. Individuals with a high blood cholesterol level (240
mg/100 ml) should be further tested to determine their LDL cho-
lesterol level. The LDL cholesterol level together with other risk
factors such as age, family history, general health, and whether
the patient smokes will determine who needs dietary therapy to
lower their LDL. Drugs are to be reserved for high-risk patients.

Evidence is mounting to suggest a role for antioxidant vita-
mins (A, E, and C) in the prevention of cardiovascular disease.

Prevention of Cardiovascular Disease

13.5 Cardiovascular Disorders
Cardiovascular disease (CVD) is the leading cause of un-
timely death in the Western countries. Modern research ef-
forts have resulted in improved diagnosis, treatment, and
prevention. This section discusses the range of advances
that have been made in these areas. The Health reading for
this chapter emphasizes how to prevent CVD from develop-
ing in the first place.

Hypertension
It is estimated that about 20% of all Americans suffer from
hypertension, which is high blood pressure. Hypertension

is present when the systolic blood pressure is 140 or greater
or the diastolic blood pressure is 90 or greater. While both
systolic and diastolic pressures are considered important, it
is the diastolic pressure that is emphasized when medical
treatment is being considered.

Hypertension is sometimes called a silent killer because
it may not be detected until a stroke or heart attack occurs. It
has long been thought that a certain genetic makeup might
account for the development of hypertension. Now re-
searchers have discovered two genes that may be involved
in some individuals. One gene codes for angiotensinogen, a
plasma protein that is converted to a powerful vasoconstric-
tor in part by the product of the second gene. Persons with
hypertension due to overactivity of these genes might one
day be cured by gene therapy.
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Antioxidants protect the body from free radicals that may dam-
age HDL cholesterol through oxidation or damage the lining of
an artery, leading to a blood clot that can block the vessel. Nu-
tritionists believe that the consumption of at least five servings
of fruit and vegetables a day may be protective against cardio-
vascular disease.

Exercise
Those who exercise are less apt to have cardiovascular disease.
One study found that moderately active men who spent an av-
erage of 48 minutes a day on a leisure-time activity such as gar-

dening, bowling, or dancing had one-third fewer heart attacks
than peers who spent an average of only 16 minutes each day.
Exercise helps to keep weight under control, may help minimize
stress, and reduces hypertension. The heart beats faster when
exercising, but exercise slowly increases its capacity. This means
that the heart can beat slower when we are at rest and still do the
same amount of work. One physician recommends that his car-
diovascular patients walk for one hour, three times a week, and
in addition, they are to practice meditation and yoga-like
stretching and breathing exercises to reduce stress.
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Figure 13B Coronary arteries and plaque.
Plaque (in yellow) is an irregular accumulation of cholesterol and other substances. When plaque is present in a coronary artery, a heart
attack is more apt to occur because of restricted blood flow.

At present, however, the best safeguard against the de-
velopment of hypertension is to have regular blood pressure
checks and to adopt a life-style that lowers the risk of hyper-
tension. The Health reading for this chapter discusses such
health habits.

Atherosclerosis
Hypertension also is seen in individuals who have athero-
sclerosis, an accumulation of soft masses of fatty materials,
particularly cholesterol, beneath the inner linings of arteries.
Such deposits are called plaque. As it develops, plaque tends
to protrude into the lumen of the vessel and interfere with
the flow of blood. In certain families, atherosclerosis is due to
an inherited condition such as familial hypercholesterolemia.

The presence of the associated mutation can be detected, and
this information is helpful if measures are taken to prevent
the occurrence of the disease. In most instances, atherosclero-
sis begins in early adulthood and develops progressively
through middle age, but symptoms may not appear until an
individual is 50 or older. To prevent the onset and develop-
ment of plaque, the American Heart Association and other
organizations recommend a diet low in saturated fat and
cholesterol and rich in fruits and vegetables.

Plaque can cause a clot to form on the irregular arterial
wall. As long as the clot remains stationary, it is called a
thrombus, but when and if it dislodges and moves along
with the blood, it is called an embolus. If thromboem-
bolism is not treated, complications can arise, as mentioned
in the following section.
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Stroke, Heart Attack, and Aneurysm 
Stroke, heart attack, and aneurysm are associated with hy-
pertension and atherosclerosis. A cerebrovascular accident
(CVA), also called a stroke, often results when a small cra-
nial arteriole bursts or is blocked by an embolus. A lack of
oxygen causes a portion of the brain to die, and paralysis or
death can result. A person sometimes is forewarned of a
stroke by a feeling of numbness in the hands or the face, dif-
ficulty in speaking, or temporary blindness in one eye. 

A myocardial infarction (MI), also called a heart attack,
occurs when a portion of the heart muscle dies due to a lack
of oxygen. If a coronary artery becomes partially blocked,
the individual may then suffer from angina pectoris, char-
acterized by a radiating pain in the left arm. Nitroglycerin or
related drugs dilate blood vessels and help relieve the pain.
When a coronary artery is completely blocked, perhaps be-
cause of thromboembolism, a heart attack occurs.

An aneurysm is a ballooning of a blood vessel, most of-
ten the abdominal artery or the arteries leading to the brain.
Atherosclerosis and hypertension can weaken the wall of an
artery to the point that an aneurysm develops. If a major
vessel like the aorta should burst, death is likely. Since capil-
laries are the region of exchange with tissues, it is possible to
replace a damaged or diseased portion of a vessel, such as
an artery, with a plastic tube.

Dissolving Blood Clots
Medical treatment for thromboembolism includes the use of
t-PA, a biotechnology drug. This drug converts plasmino-
gen, a molecule found in blood, into plasmin, an enzyme
that dissolves blood clots. In fact, t-PA, which stands for tis-
sue plasminogen activator, is the body’s own way of con-
verting plasminogen to plasmin. t-PA is also being used for
thrombolytic stroke patients but with limited success be-
cause some patients experience life-threatening bleeding in
the brain. A better treatment might be new biotechnology
drugs that act on the plasma membrane to prevent brain
cells from releasing and/or receiving toxic chemicals caused
by the stroke.

If a person has symptoms of angina or a stroke, then as-
pirin may be prescribed. Aspirin reduces the stickiness of
platelets and therefore lowers the probability that a clot will
form. There is evidence that aspirin protects against first
heart attacks, but there is no clear support for taking aspirin
every day to prevent strokes in symptom-free people. Physi-
cians warn that long-term use of aspirin might have harmful
effects, including bleeding in the brain.

Clearing Clogged Arteries
Surgical procedures are available to treat clogged arteries.
Each year thousands of persons have coronary bypass
surgery. During this operation, surgeons take a segment of
another blood vessel from the patient’s body and stitch one
end to the aorta and the other end to a coronary artery past
the point of obstruction (Fig. 13.17). Another type of treat-
ment has been tried. A laser is used to produce small pores
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Figure 13.17 Coronary bypass operation.
During this operation, the surgeon grafts segments of another vessel,
usually a small vein from the leg, between the aorta and the coronary
vessels, bypassing areas of blockage. Patients who require surgery
often receive two or five bypasses in a single operation.

Figure 13.18 Angioplasty.
During this procedure (a), a plastic tube is inserted into the coronary
artery until it reaches the clogged area. b. A metal tip with balloon
attached is pushed out the end of the plastic tube into the clogged
area. c. When the balloon is inflated, the vessel opens. Sometimes
metal coils or slotted tubes, called stents, are inserted to keep the
vessel open. 
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For example, a back muscle can be wrapped around a heart
to strengthen it. The muscle’s nerve is stimulated with a
kind of pacemaker that gives a burst of stimulation every
0.85 seconds. One day it may be possible to use cardiac cell
transplants, because researchers who have injected live car-
diac muscle cells into animal hearts find that they will con-
tribute to the pumping of the heart.

On December 2, 1982, Barney Clark became the first per-
son to  receive an artificial heart that was driven by bursts of
air received from a large external machine. Some clinically
used artificial hearts today are driven  by small battery-pow-
ered systems that can be carried about by a shoulder strap.
The National Institutes of Health support the development
of a hot-air engine that is fully implantable and is driven by
an atomic heat source. The artificial heart is presently used
only while the patient is waiting for a heart transplant. The
difficulties with a heart transplant are, first, availability, and
second, the tendency of the body to reject foreign organs. Re-
cently researchers through genetic engineering altered the
immune system of a strain of pigs with the hope that they
will soon be a source of donor hearts.

Stroke, heart attack, and an aneurysm are
associated with both hypertension and
atherosclerosis. Various treatments are available,
including both medical and surgical procedures. In
the end, a heart transplant may be the only
recourse for an ailing heart. 
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According to a 1993 study, about one
million deaths a year in the United

States could be prevented if people
adopted the healthy life style described in
the reading on page 256. Tobacco, lack of
exercise, and a high-fat diet probably cost
the nation about $200 billion per year in
health-care costs. To what lengths should
we go to prevent these deaths and reduce
health-care costs? 

E. A. Miller, a meat-packing entity of
ConAgra in Hyrum, Utah, charges extra
for medical coverage of employees who
smoke. Eric Falk, Miller’s director of hu-
man resources says, “We want to teach
employees to be responsible for their be-
havior.” Anthem Blue Cross-Blue Shield of

Cincinnati, Ohio, takes a more positive ap-
proach. They give insurance plan partici-
pants $240 a year in extra benefits, like ad-
ditional vacation days, if they get good
scores in five out of seven health-related
categories. The University of Alabama,
Birmingham, School of Nursing has a
health-and-wellness program that counsels
employees about how to get into shape in
order to keep their insurance coverage.
Audrey Brantley is in the program and
says she has mixed feelings. She says, “It
seems like they are trying to control us, but
then, on the other hand, I know of folks
who found out they had high blood pres-
sure or were borderline diabetics and
didn’t know it.” 

Does it really work is another ques-
tion. Turner Broadcasting System in Atlanta
has a policy that affects all employees hired
after 1986. They will be fired if caught
smoking—whether at work or at home—
but some admit they still manage to sneak
a smoke.

Questions
1. Do you think employers who pay for their

employees’ health insurance have the
right to demand, or encourage, or support
a healthy life style? 

2. Do you think all participants in a health
insurance program should qualify for the
same benefits, regardless of their life style?

3. What steps are ethical to encourage
people to adopt a healthy life style? 

in the ventricular musculature so that the blood from the
ventricles can nourish the heart muscle. 

In angioplasty, a cardiologist threads a plastic tube into
an artery of an arm or a leg and guides it through a major
blood vessel toward the heart. When the tube reaches the re-
gion of plaque in a coronary artery (Fig. 13.18), a balloon at-
tached to the end of the tube is inflated, forcing the vessel
open. However, the artery may not remain open because the
trauma causes smooth muscle cells in the wall of the artery
to proliferate and close it. Two lines of attack are being ex-
plored. Small metal devices—either metal coils or slotted
tubes called stents—are expanded inside the artery to keep
the artery open. When the stents are coated with heparin to
prevent blood clotting and chemicals to prevent arterial
closing, results have been promising. 

Gene therapy for clogged arteries is another possibility.
Someday, angioplasty might deliver a gene that prevents ar-
teries from closing once they have been opened, or angio-
plasty could deliver a gene that codes for VEGF (vascular
endothelial growth factor), which encourages new blood
vessels to sprout out of an artery. If collateral blood vessels
do form, they would transport blood past clogged arteries,
making bypass surgery unnecessary. 

Heart Transplants and Other Treatments
Persons with weakened hearts eventually may suffer from
congestive heart failure, meaning the heart no longer is able
to pump blood adequately, and blood backs up in the heart
and lungs. Sometimes it is possible to repair a weak heart.
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Summarizing the Concepts

13.1 The Blood Vessels
Blood vessels include arteries (and arterioles) that take blood away
from the heart; capillaries, where exchange of substances with the tis-
sues occurs; and veins (and venules) that take blood to the heart.

13.2 The Heart
The movement of blood in the cardiovascular system is dependent on
the beat of the heart. During the cardiac cycle, the SA node (pacemaker)
initiates the beat and causes the atria to contract.

The AV node conveys the stimulus and initiates contraction of
the ventricles. The heart sounds, lub-dup, are due to the closing of
the atrioventricular valves, followed by the closing of the semilu-
nar valves.

13.3 The Vascular Pathways
The cardiovascular system is divided into the pulmonary circuit and
the systemic circuit. In the pulmonary circuit, two pulmonary arteries
take blood from the right ventricle to the lungs, and four pulmonary
veins return it to the left atrium. To trace the path of blood in the sys-
temic circuit, start with the aorta from the left ventricle. Follow its path
until it branches to an artery going to a specific organ. It can be as-
sumed that the artery divides into arterioles and capillaries, and that
the capillaries lead to venules. The vein that takes blood to the vena
cava most likely has the same name as the artery that delivered blood
to the organ. In the adult systemic circuit, unlike the pulmonary circuit,
the arteries carry blood that is relatively high in oxygen and relatively
low in carbon dioxide, and the veins carry blood that is relatively low
in oxygen and relatively high in carbon dioxide.

Blood pressure accounts for the flow of blood in the arteries, but
because blood pressure drops off after the capillaries, it cannot cause blood
flow in the veins. Skeletal muscle contraction, presence of valves, and
respiratory movements account for blood flow in veins. The reduced ve-
locity of blood flow in capillaries facilitates exchange of nutrients and
wastes.

13.4 Blood
Blood has two main parts: plasma and cells. Plasma contains mostly
water (90–92%) and proteins (7–8%), but it also contains nutrients and
wastes.

The red blood cells contain hemoglobin and function in oxygen
transport. Defense against disease depends on the various types of white
blood cells. Granular neutrophils and monocytes are phagocytic. Agranu-
lar lymphocytes are involved in the development of immunity to disease.

The platelets and two plasma proteins, prothrombin and fibrino-
gen, function in blood clotting, an enzymatic process that results in
fibrin threads.

When blood reaches a capillary, water moves out at the arterial end,
due to blood pressure. At the venule end, water moves in, due to osmotic
pressure. In between, nutrients diffuse out and wastes diffuse in.

13.5 Cardiovascular Disorders
Hypertension and atherosclerosis are two cardiovascular disorders
that lead to stroke, heart attack, and aneurysm. Medical and surgical
procedures are available to control cardiovascular disease, but the best
policy is prevention by following a heart-healthy diet, getting regular
exercise, maintaining a proper weight, and not smoking cigarettes.

Studying the Concepts

1. What types of blood vessels are there? Discuss their structure
and function. 240–41

2. Trace the path of blood in the heart, mentioning the vessels
attached to, and the valves within, the heart. 243

3. Describe the cardiac cycle (using the terms systole and dias-
tole), and explain the heart sounds. 244

4. Describe the cardiac conduction system and an ECG. Tell
how an ECG is related to the cardiac cycle. 244–45

5. Trace the path of blood in the pulmonary circuit. Trace the
path of blood to and from the kidneys in the systemic circuit.
246–47

6. In what type of vessel is blood pressure highest? Lowest?
Why is the slow movement of blood in capillaries beneficial?
What factors assist venous return of blood? 248

7. State the major components of blood, and give a function for
each. 249–52

8. Name the steps that take place when blood clots. Which
substances are present in the blood at all times, and which
appear during the clotting process? 254

9. What forces operate to facilitate exchange of substances
across the capillary wall? 255

10. What is atherosclerosis? Name two illnesses associated with
hypertension and thromboembolism. 256–57

11. Discuss the medical and surgical treatment of cardiovascular
disease. 258–59

Testing Yourself

Choose the best answer for each question.
1. Systemic arteries carry blood

a. to the capillaries and away from the heart.
b. away from the capillaries and toward the heart.
c. lower in oxygen than carbon dioxide.
d. higher in oxygen than carbon dioxide.
e. Both a and d are correct.

2. Both the right side and the left side of the heart
a. have semilunar valves between its chamber.
b. consist of an atrium and ventricle.
c. pump blood to the lungs and the body.
d. communicate with each other.
e. All of these are correct.

3. Systole refers to the contraction of the
a. major arteries.
b. SA node.
c. atria and ventricles.
d. major veins.
e. All of these are correct.

4. During a heartbeat,
a. the SA node initiates an impulse that passes to the AV

node.
b. first the atria contract and then the ventricles contract.
c. the heart pumps the blood out into the attached arteries.
d. all chambers rest for a while.
e. All of these are correct.
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5. Which of these does not correctly contrast the pulmonary
circuit and the systemic circuit?
Pulmonary circuit—Systemic circuit
a. veins carry blood low in oxygen—veins carry blood high

in oxygen.
b. carries blood to and from the lungs—carries blood to and

from the body.
c. has a limited number of blood vessels—has a large number

of blood vessels.
d. goes between the right ventricle and the left atrium—goes

between the left ventricle and the right atrium.
e. Both b and d are correct.

6. The best explanation for the slow movement of blood capil-
laries is 
a. skeletal muscles press on veins, not capillaries.
b. capillaries have much thinner walls than arteries.
c. there are many more capillaries than arterioles.
d. venules are not prepared to receive so much blood from

the capillaries.
e. All of these are correct.

7. Which of these associations is incorrect?
a. white blood cells—infection fighting
b. red blood cells—blood clotting
c. plasma—water, nutrients, and wastes
d. red blood cells—hemoglobin
e. platelets—blood clotting

8. Water enters capillaries on the venule side as a result of 
a. active transport from tissue fluid.
b. an osmotic pressure gradient.
c. higher blood pressure on this side.
d. higher blood pressure on the arterial side.
e. higher red blood cell concentration on this side.

9. The last step in blood clotting
a. is the only step that requires calcium ions.
b. occurs outside the bloodstream.
c. is the same as the first step.
d. converts prothrombin to thrombin.
e. converts fibrinogen to fibrin.

10. A thromboembolism
a. can cause a heart attack or a stroke.
b. causes hypertension in most individuals.
c. is signaled by angina pectoris.
d. is a blood clot usually caused by plaque within an artery.
e. Both a and d are correct.

11. Label arrows as either blood pressure or osmotic pressure.
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12. Label this diagram of the heart.
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Think Scientifically

1. Assume that emboli are most apt to lodge in a capillary:
a. If an embolus has formed in the iliac vein, in which organ

would you expect it to lodge? (page 246)
b. If an embolus has formed in the carotid artery, in which

organ would you expect it to lodge?
c. If an embolus has formed in the hepatic portal vein, in

which organ would you expect it to lodge?
d. Explain the term coronary thrombosis by telling why you

would expect a thrombus and not an embolus formed in
the veins to cause a heart attack.

2. Smoking cigarettes increases blood pressure. Considering
this, what do you predict that smoking does to the 
(page 248)
a. heartbeat rate?
b. bore of the arteries?
c. capillary beds in the fingers and the toes?
d. resistance of blood flow through the lungs?
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Match the terms to these definitions:
a. Relaxation of a heart chamber.
b. Large systemic vein that returns blood to the right

atrium of the heart.
c. Plasma protein that is converted into fibrin

threads during blood clotting.
d. Iron-containing protein in red blood cells that

combines with and transports oxygen.
e. That part of the cardiovascular system that serves

body parts and does not include the gas-exchanging surfaces
in the lungs.

Understanding the Terms

agranular leukocyte 252
albumin 250
anemia 252
aneurysm 258
angina pectoris 258
angioplasty 259
aorta 246
arteriole 240
artery 240
atherosclerosis 257
atrioventricular bundle 244
atrioventricular valve 242
atrium 242
AV (atrioventricular)

node 244
blood pressure 248
capillary 240
cardiac cycle 244
chordae tendineae 242
clotting 254
colony-stimulating factor

(CSF) 252
congestive heart failure 259
coronary artery 247
coronary bypass surgery 258
diastole 244
diastolic pressure 248
electrocardiogram (ECG or

EKG) 245
embolus 257
erythropoietin 250
fibrin 254
fibrinogen 254
formed element 249
granular leukocyte 252
heart 242
heart attack 258
hemoglobin 250
hemorrhoids 248
hepatic portal system 247
hepatic portal vein 247
hepatic vein 247
hypertension 256
infectious mononucleosis 252
inferior vena cava 246

leukemia 252
lymph 255
lymphocyte 252
macrophage 252
megakaryocyte 254
monocyte 252
myocardium 242
neutrophil 252
pacemaker 244
pathogen 250
pericardium 242
phlebitis 248
plasma 249
platelet 254
prothrombin 254
prothrombin activator 254
pulmonary artery 243
pulmonary circuit 246
pulmonary embolism 248
pulmonary vein 243
pulse 244
Purkinje fibers 244
red blood cell (erythrocyte) 250
SA (sinoatrial) node 244
semilunar valve 242
septum 242
serum 254
stem cell 250
stroke 258
superior vena cava 246
systemic circuit 246
systole 244
systolic pressure 248
thrombin 254
thromboembolism 257
thrombus 257
tissue fluid 255
valve 241
varicose veins 248
vein 240
vena cava 243
ventricle 242
venule 241
white blood cell (leukocyte)

252

Using Technology

Your study of the digestive system and nutrition is
supported by these available technologies:

Essential Study Partner CD-ROM
Animals ££ Circulatory System

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Cardiovascular System

Virtual Physiology Laboratory CD-ROM
Effects of Drugs on Frog Heart
Electrocardiogram
Frog Muscle

HealthQuest CD-ROM
5 Cardiovascular Health
2 Fitness
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Chapter Concepts

14.1 Lymphatic System
• The lymphatic vessels form a one-way system,

which transports lymph from the tissues and 
fat from the lacteals to certain cardiovascular
veins. 264

• The lymphoid organs (red bone marrow, spleen,
thymus, and lymph nodes) play critical roles in
defense mechanisms. 265

14.2 Nonspecific Defenses
• Immunity consists of nonspecific and specific

defenses to protect the body against 
disease. 266

• Nonspecific defenses consist of barriers to entry,
the inflammatory reaction, natural killer cells,
and protective proteins. 266

14.3 Specific Defenses
• Specific defenses require two types of

lymphocytes: B lymphocytes and T lymphocytes.
268

14.4 Induced Immunity
• Induced immunity for medical purposes involves

the use of vaccines to achieve long-lasting
immunity and the use of antibodies to provide
temporary immunity. 274

14.5 Immunity Side Effects
• While immunity preserves life, it also is

responsible for certain undesirable effects, such
as allergies, autoimmune diseases, and tissue
rejection. 276

Cancer cells (blue) divide as they course through a lymphatic
vessel, which also contains normal lymphocytes (red).

Lymphatic System
and Immunity
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14.1 Lymphatic System
The lymphatic system consists of lymphatic vessels and the
lymphoid organs. This system, which is closely associated with
the cardiovascular system, has three main functions: (1) lym-
phatic capillaries take up excess tissue fluid and return it to
the bloodstream; (2) lymphatic capillaries absorb fats at the
intestinal villi and transport them to the bloodstream; and (3)
the lymphatic system helps to defend the body against disease.

Lymphatic Vessels
Lymphatic vessels are quite extensive; most regions of the
body are richly supplied with lymphatic capillaries
(Fig.14.1). The construction of the larger lymphatic vessels is
similar to that of cardiovascular veins, including the pres-
ence of valves. Also, the movement of lymph within these
vessels is dependent upon skeletal muscle contraction. When
the muscles contract, the lymph is squeezed past a valve that
closes, preventing the lymph from flowing backwards.

The lymphatic system is a one-way system that begins
with lymphatic capillaries. These capillaries take up fluid that
has diffused from and has not been reabsorbed by the blood
capillaries. Edema is localized swelling caused by the accu-
mulation of tissue fluid. This can happen if too much tissue
fluid is made and/or not enough of it is drained away. Once
tissue fluid enters the lymphatic vessels, it is called lymph.
The lymphatic capillaries join to form lymphatic vessels that
merge before entering one of two ducts: the thoracic duct or
the right lymphatic duct. The thoracic duct is much larger than
the right lymphatic duct. It serves the lower extremities, the
abdomen, the left arm, and the left side of both the head and
the neck. The right lymphatic duct serves the right arm, the
right side of both the head and the neck, and the right tho-
racic area. The lymphatic ducts enter the subclavian veins,
which are cardiovascular veins in the thoracic region.

Lymph flows one way from a capillary to ever-
larger lymphatic vessels and finally to a lymphatic
duct, which enters a subclavian vein.
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Karlin casually rubs her nose, unaware she is infecting
herself with a cold virus picked up by shaking hands
with a coworker. The viral particles slip past the pro-

tective mucous barrier of her nasal cavities, enter cells, and
begin to make copies of themselves. Just before the in-
fected cells succumb, they secrete chemicals that alert her
immune system to the invaders. As newly made viruses
burst forth killing the cells, antibodies latch onto them and
mark them for destruction. This is the job of amoebae-like
immune cells that rush to the infection site and devour such
complexes. Some other immune cells hereafter kill cells in-
fected with the virus, and in this way prevent the production
of more viruses. After a week of sniffles, Karlin’s immune
system wins its battle with the virus. This chapter explains
how the immune system, working with the lymphatic sys-
tem, fights off bacteria, viruses, even cancer, and how vac-
cines exploit these two systems to provide long-lasting
protection from many diseases.

right lymphatic
duct

right subclavian
vein

axillary lymph nodes

thymus

thoracic duct

spleen

Lymphatic Vessel

valve to prevent backflow

inguinal lymph nodes

tonsil

left subclavian
vein

red
bone marrow

Figure 14.1 Lymphatic system. 
The lymphatic vessels drain excess fluid from the tissues and return it
to the cardiovascular system. The enlargement shows that lymphatic
vessels have valves to prevent backward flow.
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Lymphoid Organs
The lymphoid organs of special interest are the lymph
nodes, the tonsils, the spleen, the thymus gland, and the
bone marrow (Fig. 14.2).

Lymph nodes, which are small (about 1–25 mm) ovoid
or round structures, are found at certain points along lym-
phatic vessels. A capsule surrounds two distinct regions
known as the cortex and medulla which contain many lym-
phocytes. Macrophages, which occur along lymph capillar-
ies called lymph sinuses, purify lymph of infectious
organisms and any debris. Antigens which leak into the cor-
tex and medulla activate the lymphocytes to mount an im-
mune response to them. Lymph nodes are named for their
location. Inguinal nodes are in the groin and axillary nodes
are in the armpits. Physicians often feel for the presence of
swollen, tender lymph nodes in the neck as evidence that
the body is fighting an infection. This is a noninvasive pre-
liminary way to help make such a diagnosis.

The tonsils are partially encapsulated lymphatic tissue
located in a ring about the pharynx. The well-known pha-

ryngeal tonsils are also called adenoids, while the larger pala-
tine tonsils located on either side of the posterior oral cavity
are most apt to be infected. The tonsils perform the same
functions as lymph nodes inside the body, but because of
their location they are the first to encounter pathogens and
antigens that enter the body by way of the nose and mouth. 

The spleen is located in the upper left region of the ab-
dominal cavity just beneath the diaphragm. It is much larger
than a lymph node, about the size of a fist. Whereas the
lymph nodes cleanse lymph, the spleen cleanses blood. A
capsule surrounds tissue known as white pulp and red pulp.
White pulp contains lymphocytes and performs the im-
mune functions of the spleen. The red pulp contains red
blood cells and plentiful macrophages. The red pulp helps to
purify blood that passes through the spleen by removing
bacteria and worn-out or damaged red blood cells. 

The spleen’s outer capsule is relatively thin, and an in-
fection and/or a blow can cause the spleen to burst. Al-
though its functions are replaced by other organs, a person
without a spleen is often slightly more susceptible to infec-
tions and may have to receive antibiotic therapy indefinitely. 
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Figure 14.2 The lymphoid organs.
The lymphoid organs include the lymph nodes, the spleen, the thymus gland, and the red bone marrow, which all contain lymphocytes.
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The thymus gland is located along the trachea behind
the sternum in the upper thoracic cavity. This gland varies in
size, but it is larger in children than in adults and may dis-
appear completely in old age. The thymus is divided into
lobules by connective tissue. The T lymphocytes mature in
these lobules. The interior (medulla) of the lobule, which
consists mostly of epithelial cells, stains lighter. It produces
thymic hormones, such as thymosin, that are thought to aid
in maturation of T lymphocytes. Thymosin may also have
other functions in immunity. 

Red bone marrow is the site of origination for all types
of blood cells, including the five types of white blood cells
pictured in Figure 13.10. The marrow contains stem cells
that are ever capable of dividing and producing cells that go
on to differentiate into the various types of blood cells (see
Figure 13.12). In a child, most bones have red bone marrow,
but in an adult it is present only in the bones of the skull, the
sternum (breastbone), the ribs, the clavicle, the pelvic bones,
and the vertebral column. The red bone marrow consists of
a network of connective tissue fibers, called reticular fibers,
which are produced by cells called reticular cells. These and
the stem cells and their progeny are packed around thin-
walled sinuses filled with venous blood. Differentiated
blood cells enter the bloodstream at these sinuses.

The lymphoid organs have specific functions that
assist immunity. Lymph is cleansed in lymph
nodes; blood is cleansed in the spleen; T lympho-
cytes mature in the thymus; and white blood cells
are made in the bone marrow.

14.2 Nonspecific Defenses M

Immunity is the ability of the body to defend itself against
infectious agents, foreign cells, and even abnormal body
cells, such as cancer cells. Thereby, the internal environment
has a better chance of remaining stable. Immunity includes
nonspecific and specific defenses. The four types of nonspe-
cific defenses—barriers to entry, the inflammatory reaction,
natural killer cells, and protective proteins—are effective
against many types of infectious agents.

Barring Entry
Skin and the mucous membranes lining the respiratory, di-
gestive, and urinary tracts serve as mechanical barriers to
entry by pathogens. Oil gland secretions contain chemicals
that weaken or kill certain bacteria on skin. The upper respi-
ratory tract is lined by ciliated cells that sweep mucus and
trapped particles up into the throat, where they can be swal-
lowed, or expectorated (coughed out). The stomach has an
acidic pH, which inhibits the growth of or kills many types
of bacteria. The various bacteria that normally reside in the

intestine and other areas, such as the vagina, prevent
pathogens from taking up residence. A pathogen is any dis-
ease causing agent such as viruses and some bacteria. 

Inflammatory Reaction
Whenever the skin is broken due to a minor injury, a series of
events occurs that is known as the inflammatory reaction.
The inflamed area has four outward signs: redness, heat,
swelling, and pain. Figure 14.3 illustrates the participants in
the inflammatory reaction. Mast cells, which occur in tissues,
resemble basophils, one of the white cells found in the blood. 

When an injury occurs, damaged tissue cells and mast
cells release chemical mediators, such as histamine and
kinins, which cause the capillaries to dilate and become
more permeable. The enlarged capillaries cause the skin to
redden, and the increased permeability allows proteins and
fluids to escape and swelling results. A rise in temperature
increases phagocytosis by white blood cells. The swollen
area as well as kinins stimulate free nerve endings, causing
the sensation of pain.

Neutrophils and monocytes migrate to the site of injury.
They are amoeboid and can change shape to squeeze through
capillary walls to enter tissue fluid. Neutrophils, and also
mast cells, can phagocytize bacteria. The engulfed bacteria are
destroyed by hydrolytic enzymes when the endocytic vesicle
combines with a lysosome, one of the cellular organelles. 

Monocytes differentiate into macrophages, large phago-
cytic cells that are able to devour a hundred bacteria or
viruses and still survive. Some tissues, particularly connec-
tive tissue, have resident macrophages, which routinely act
as scavengers, devouring old blood cells, bits of dead tissue,
and other debris. Macrophages can also bring about an ex-
plosive increase in the number of leukocytes by liberating
colony-stimulating hormones, which pass by way of blood to
the red bone marrow, where they stimulate the production
and the release of white blood cells, primarily neutrophils.

When a blood vessel ruptures, the blood clots to seal the
break. The chemical mediators, mentioned earlier, and antigens
move through the tissue fluid and lymph to the lymph nodes.
Now lymphocytes can also be activated to react to the threat of
an infection. As the infection is being overcome, some neu-
trophils may die. These—along with dead tissue, cells, bacteria,
and living white blood cells—form pus, a whitish material. Pus
indicates that the body is trying to overcome the infection.

Sometimes inflammation persists and the result is
chronic inflammation that is often treated by the administra-
tion of anti-inflammatory agents such as aspirin, ibuprofen,
or cortisone. They act against the chemical mediators re-
leased by the white blood cells in the area.

The inflammatory reaction is a “call to arms”—it
marshals phagocytic white blood cells to the site
of bacterial invasion and stimulates the immune
system to react against a possible infection.
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Figure 14.3 Inflammatory reaction.
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Natural Killer Cells
Natural killer (NK) cells kill virus-infected cells and tumor
cells by cell-to-cell contact. They are large granular lympho-
cytes. They have no specificity and no memory. Their num-
ber is not increased by immunization.

Protective Proteins
The complement system, often simply called complement,
is a number of plasma proteins designated by the letter C
and a subscript. A limited amount of activated complement
protein is needed because a domino effect occurs: each acti-
vated protein in a series is capable of activating many other
proteins. 

Complement is activated when pathogens enter the
body. It “complements” certain immune responses, which
accounts for its name. For example, it is involved in and am-
plifies the inflammatory response because complement pro-
teins attract phagocytes to the scene. Some complement
proteins bind to the surface of pathogens already coated
with antibodies, which ensures that the pathogens will be
phagocytized by a neutrophil or macrophage.

Certain other complement proteins join to form a mem-
brane attack complex that produces holes in bacterial cell walls
and plasma membranes of bacteria. Fluids and salts then en-
ter the bacterial cell to the point that it bursts (Fig. 14.4). 

Interferon is a protein produced by virus-infected cells.
Interferon binds to receptors of noninfected cells, causing
them to prepare for possible attack by producing substances
that interfere with viral replication. Interferon is specific to
the species; therefore, only human interferon can be used in
humans. 

Immunity includes these nonspecific defenses:
barriers to entry, the inflammatory reaction, natural
killer cells, and protective proteins. 

14.3 Specific Defenses M

When nonspecific defenses have failed to prevent an infec-
tion, specific defenses come into play. An antigen is any for-
eign substance (often a protein or polysaccharide) that
stimulates the immune system to react to it. Pathogens have
antigens, but antigens can also be part of a foreign cell or a
cancer cell. Because we do not ordinarily become immune to
our own cells, it is said that the immune system is able to
distinguish self from nonself.

Immunity usually lasts for some time. For example,
once we recover from the measles, we usually do not get the
illness a second time. Immunity is primarily the result of the
action of the B lymphocytes and the T lymphocytes. B lym-
phocytes1 mature in the bone marrow, and T lymphocytes
mature in the thymus gland. B lymphocytes, also called B
cells, give rise to plasma cells, which produce antibodies,
proteins that are capable of combining with and neutraliz-
ing antigens. These antibodies are secreted into the blood,
lymph, and other body fluids. In contrast, T lymphocytes,
also called T cells, do not produce antibodies. Instead, cer-
tain T cells directly attack cells that bear antigens. Other T
cells regulate the immune response.

Lymphocytes are capable of recognizing an antigen be-
cause they have receptor molecules on their surface. The shape
of the receptors on any particular lymphocyte is comple-
mentary to a specific antigen. It is often said that the receptor
and the antigen fit together like a lock and a key. It is estimated
that during our lifetime, we encounter a million different
antigens, so we need a great diversity of lymphocytes to pro-
tect us against antigens. It is remarkable that diversification
occurs to such an extent during the maturation process that
there is a lymphocyte type for any possible antigen. Just how
this occurs is discussed in the reading on page 271.

Complement proteins form holes
in the bacterial cell wall and membrane.

Holes allow fluids and salts to enter the
bacterium. 

Bacterium expands until it bursts. 

fluids and salts

complement

bacterium

Figure 14.4 Action of the complement system against a bacterium.
When complement proteins in the plasma are activated by an immune reaction, they form holes in bacterial cell walls and plasma membranes,
allowing fluids and salts to enter until the cell eventually bursts.

1Historically, the B stands for bursa of Fabricius, an organ in the chicken where
these cells were first identified. As it turns out, however, the B can conveniently be
thought of as referring to bone marrow.
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B Cells and Antibody-Mediated Immunity
Each type of B cell carries its specific antibody, as a
membrane-bound receptor, on its surface. When a B cell in a
lymph node or the spleen encounters a bacterial cell or a
toxin bearing an appropriate antigen, it becomes activated
to divide many times. Most of the resulting cells are plasma
cells, which secrete antibodies against this antigen. A
plasma cell is a mature B cell that mass-produces antibodies
in lymph nodes and in the spleen.

The clonal selection theory states that the antigen se-
lects which lymphocyte will undergo clonal expansion and
produce more lymphocytes bearing the same type of recep-
tor (Fig.14.5). Notice that a B cell does not divide until its
antigen is present and binds to its receptors. B cells are also
stimulated to divide and become plasma cells by helper T
cell secretions, as is discussed in the next section. Some
members of the clone become memory cells which are the
means by which long-term immunity is possible. If the same
antigen enters the system again, memory cells quickly di-
vide and give rise to more lymphocytes capable of quickly
producing antibodies.

Once the threat of an infection has passed, the develop-
ment of new plasma cells ceases and those present undergo

apoptosis. Apoptosis is a process of programmed cell death
(PCD) involving a cascade of specific cellular events leading
to the death and destruction of the cell. The methodology of
PCD is still being worked out, but we know it is an essential
physiological mechanism regulating the cell population
within an organ system. PCD normally plays a central role
in maintaining tissue homeostasis.

Defense by B cells is called antibody-mediated immu-
nity because the various types of B cells produce antibodies.
It is also called humoral immunity because these antibodies
are present in blood and lymph. A humor is any fluid nor-
mally occurring in the body.

Characteristics of B cells:

• Antibody-mediated immunity
• Produced and mature in bone marrow 
• Reside in spleen and lymph nodes, circulate in

blood and lymph
• Directly recognize antigen and then undergo

clonal selection
• Clonal expansion produces antibody-secreting

plasma cells as well as memory B cells.
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Figure 14.5 Clonal selection theory as it applies to B cells.
An antigen activates only the B cell whose receptors can combine with the antigen. This B cell then undergoes clonal expansion. During the
process many plasma cells, which produce specific antibodies against this antigen, are produced. After the infection passes, they undergo
apoptosis. Memory cells, which retain the ability to recognize this antigen, are retained in the body.
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Structure of IgG
The most common type of antibody (IgG) is a Y-shaped pro-
tein molecule with two arms. Each arm has a “heavy” (long)
polypeptide chain and a “light” (short) polypeptide chain.
These chains have constant regions, where the sequence of
amino acids is set, and variable regions, where the sequence of
amino acids varies between antibodies (Fig. 14.6). The con-
stant regions are not identical among all the antibodies. In-
stead, they are almost the same within different classes of
antibodies. The variable regions form an antigen-binding
site, and their shape is specific to a particular antigen, as dis-
cussed in the reading on the next page. The antigen com-
bines with the antibody at the antigen-binding site in a
lock-and-key manner.

The antigen-antibody reaction can take several forms,
but quite often the reaction produces complexes of antigens
combined with antibodies. Such antigen-antibody com-
plexes, sometimes called immune complexes, mark the anti-
gens for destruction. For example, an antigen-antibody
complex may be engulfed by neutrophils or macrophages, or
it may activate complement. Complement makes pathogens
more susceptible to phagocytosis, as discussed previously.

Other Types of Antibodies
There are five different classes of circulating antibody pro-
teins or immunoglobulins (Igs) (Table 14.1). IgG antibodies
are the major type in blood, and lesser amounts are also
found in lymph and tissue fluid. IgG antibodies bind to
pathogens and their toxins. A toxin is a specific chemical
(produced by bacteria, for example) that is poisonous to
other living things. IgM antibodies are pentamers, meaning
that they contain five of the Y-shaped structures shown in
Figure 14.6a. These antibodies appear in blood soon after an
infection begins and disappear before it is over. They are
good activators of the complement system. IgA antibodies
are monomers, dimers, or larger molecules containing two
Y-shaped structures. They are the main type of antibody
found in bodily secretions. They bind to pathogens before
they reach the bloodstream. The main function of IgD anti-
bodies seems to be to serve as receptors for antigens on ma-
ture B cells. IgE antibodies, which are responsible for
immediate allergic responses, are discussed on page 277.

An antigen combines with an antibody at the
antigen-binding site in a lock-and-key manner. The
reaction can produce antigen-antibody complexes,
which contain several molecules of antibody and
antigen.
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Figure 14.6 Structure of the most common antibody (IgG).
a. An IgG antibody contains two heavy (long) polypeptide chains and
two light (short) chains arranged so there are two variable regions,
where a particular antigen is capable of binding with the antibody.
b. Computer model of an antibody molecule. In this model, the
antigen combines with the two side branches.

Classes Presence Function

IgG Main antibody type in circulation Binds to pathogens, activates complement, and enhances 
phagocytosis

IgM Antibody type found in circulation; largest antibody Activates complement; clumps cells

IgA Main antibody type in secretions such as saliva and milk Prevents pathogens from attaching to epithelial cells in digestive
and respiratory tract

IgD Antibody type found in circulation in extremely low quantity Presence signifies maturity of B cell

IgE Antibody type found as membrane-bound receptor on Responsible for immediate allergic response and protection against 
basophils in blood and on mast cells in tissues certain parasitic worms 

Table 14.1 Antibodies
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In 1987, Susumu Tonegawa became the first Japanese scientist
to win the Nobel Prize in Physiology or Medicine. He had dedi-
cated himself to finding the solution to an engrossing puzzle.
Immunologists and geneticists knew that each B cell makes an
antibody especially equipped to recognize the specific shape of
a particular antigen. But they did not know how the human
genome contained enough genetic information to permit the
production of up to a million different antibody types needed to
combat all of the pathogens we are likely to encounter during
the course of our lives.

An antibody is composed of two light and two heavy
polypeptide chains, which are divided into constant and vari-
able regions. The constant region determines the antibody class
and the variable region determines the specificity of the anti-
body, because this is where an antigen binds to a specific anti-
body (see Fig. 14.6). Each B cell must have a genetic way to code
for the variable regions of both the light and heavy chains. 

Tonegawa’s colleagues say that he is a creative genius who
intuitively knows how to design experiments to answer specific
questions. In this instance, he examined the DNA sequences of
lymphoblasts and compared them to mature B cells. He found
that the DNA segments coding for the variable and constant re-
gions were scattered throughout the genome in B lymphocyte
stem cells and that only certain of these segments appeared in

each mature antibody-secreting B cell where they randomly
came together and coded for a specific variable region. Later, the
variable and constant regions are joined to give a specific anti-
body (Fig. 14Ab). As an analogy, consider that each person en-
tering a supermarket chooses various items for purchase, and
that the possible combination of items in any particular grocery
bag is astronomical. Tonegawa also found that mutations occur
as the variable segments are undergoing rearrangements. Such
mutations are another source of antibody diversity.

Invariably some B cells with receptors that could bind to the
body’s own cell surface molecules arise. It is believed that these
cells undergo apoptosis, or programmed cell death. 

Tonegawa received his B.S. in chemistry in 1963 at Kyoto Uni-
versity and earned his Ph.D. in biology from the University of
California at San Diego (UCSD) in 1969. After that he worked as a
research fellow at UCSD and the Salk Institute. In 1971, he moved
to the Basel Institute for Immunology and began the experiments
that eventually led to his Nobel Prize-winning discovery. Tone-
gawa also contributed to the effort to decipher the receptors of T
cells. This was an even more challenging area of research than the
diversity of antibodies produced by B cells. Since 1981, he has
been a full professor at the Massachusetts Institute of Technology
(MIT), where he has a reputation for being an “aggressive, deter-
mined researcher” who often works late into the night.
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Susumu Tonegawa and Antibody Diversity

Figure 14A Antibody diversity.
a. Susumu Tonegawa received a Nobel Prize for his findings regarding antibody diversity. b. Different genes for the variable regions of
heavy and light chains are brought together during the production of B lymphocytes so that their antigen receptors can combine with only
a particular antigen.
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T Cells And Cell-Mediated Immunity
The two main types of T cells are cytotoxic T cells and helper
T cells. Cytotoxic T cells are the type of T cell responsible for
cell-mediated immunity, so-called because T cells bring
about the destruction of antigen-bearing cells, such as virus-
infected or cancer cells. Cytotoxic T cells have storage vac-
uoles containing perforin molecules. Perforin molecules
perforate a plasma membrane, forming a pore that allows
water and salts to enter. The cell then swells and eventually
bursts (Fig. 14.7). 

Helper T cells regulate immunity by enhancing the re-
sponse of other immune cells. When exposed to an antigen,
they enlarge and secrete cytokines, stimulatory molecules
that cause helper T cells to divide and other immune cells to
perform their functions. For example, cytokines stimulate
macrophages to phagocytize and stimulate B cells to become
antibody-producing plasma cells. Because HIV, which
causes AIDS, infects helper T cells and certain other cells of
the immune system, it inactivates the immune response.

As we shall see, there are also memory T cells that

remain in the body and can jump-start an immune reaction
to an antigen previously present in the body. 

Activation of T Cells
When T cells leave the thymus they have unique receptors
just as B cells do. Unlike B cells, however, cytotoxic T cells
and helper T cells are unable to recognize an antigen present
in lymph, blood, or the tissues without help. The antigen
must be presented to them by an antigen-presenting cell
(APC). When an APC, usually a macrophage, engulfs a
pathogen, the pathogen is broken down to fragments within
an endocytic vesicle. These fragments are antigenic; that is,
they have the properties of an antigen. The fragments are
linked to a major histocompatibility complex (MHC) protein
in the plasma membrane and then they can be presented to
a T cell. 

Human MHC proteins are called HLA (human leuko-
cyte associated) antigens. Because they mark the cell as be-
longing to a particular individual, HLA proteins are self
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Figure 14.7 Cell-mediated immunity.
a. The scanning electron microscope shows cytotoxic T cells attacking and destroying a cancer cell. b. During the killing process, the vacuoles in
a cytotoxic T cell release perforin molecules. These molecules combine to form pores in the target cell plasma membrane. Thereafter, fluid and
salts enter so that the target cell eventually bursts.
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mune system. A few of the clonally expanded T cells do
not undergo apoptosis. The survivors are memory cells—
T cells that can rapidly respond should the same antigen
be present at a later time. 

Apoptosis also occurs in the thymus as T cells are ma-
turing. A T cell that bears a receptor with the potential to rec-
ognize a self antigen undergoes suicide. When apoptosis
does not occur as it should, T-cell cancers (i.e., lymphomas
and leukemias) can result. 

Characteristics of T cells:

• Cell-mediated immunity
• Produced in bone marrow, mature in thymus
• Antigen must be presented in groove of an HLA

molecule.
• Cytotoxic T cells destroy antigen-bearing cells.
• Helper T cells secrete cytokines that control the

immune response.
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antigens. The importance of self antigens in plasma mem-
branes was first recognized when it was discovered that
they contribute to the specificity of tissues and make it diffi-
cult to transplant tissue from one human (or animal) to an-
other. In other words, when the donor and the recipient are
histo (tissue)-compatible (the same or nearly so), a trans-
plant is more likely to be successful.

Figure 14.8 shows a macrophage presenting an anti-
gen to a T cell. Once a helper T cell recognizes an antigen
and is stimulated to do so, it undergoes clonal expansion
and produces cytokines that stimulate immune cells to re-
main active. Once a cytotoxic T cell is activated in this
manner, it undergoes clonal expansion and destroys any
cell infected with the same virus, if the cell bears the cor-
rect HLA. As the infection disappears, the immune reac-
tion wanes and fewer cytokines are produced. Now, the
activated T cells become susceptible to apoptosis. As men-
tioned previously, apoptosis is a programmed cell death
that contributes to homeostasis by regulating the number
of cells that are present in an organ, or in this case the im-

Figure 14.8 Clonal selection theory as it applies to T cells. 
Each type of T cell bears a specific antigen receptor. When this receptor binds to an antigen in the groove of an HLA molecule and is stimulated
to do so, it undergoes clonal expansion. After the immune response has been successful, the majority of T cells undergo apoptosis while a small
number may become memory cells. Memory cells provide protection should the same antigen enter the body again at a future time.
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14.4 Induced Immunity
Immunity occurs naturally through infection or is brought
about artificially by medical intervention. There are two
types of induced immunity: active and passive. In active im-
munity, the individual alone produces antibodies against an
antigen; in passive immunity, the individual is given pre-
pared antibodies.

Active Immunity 
Active immunity sometimes develops naturally after a per-
son is infected with a pathogen. However, active immunity
is often induced when a person is well so that possible fu-
ture infection will not take place. To prevent infections, peo-
ple can be artificially immunized against them. The United
States is committed to the goal of immunizing all children
against the common types of childhood diseases listed in the
immunization schedule given in Figure 14.9a.

Immunization involves the use of vaccines, substances
that contain an antigen to which the immune system re-
sponds. Traditionally, vaccines are the pathogens them-
selves, or their products, that have been treated so they are
no longer virulent (able to cause disease). Today, it is possi-
ble to genetically engineer bacteria to mass-produce a pro-
tein from pathogens, and this protein can be used as vaccine.
This method now has been used to produce a vaccine
against hepatitis B, a viral disease, and is being used to pre-
pare a vaccine against malaria, a protozoan disease.

After a vaccine is given, it is possible to follow an im-
mune response by determining the amount of antibody
present in a sample of serum—this is called the antibody titer.
After the first exposure to a vaccine, a primary response oc-
curs. For a period of several days, no antibodies are present;
then, there is a slow rise in the titer, followed by first a
plateau and then a gradual decline as the antibodies bind to
the antigen or simply break down (Fig. 14.9b). After a second
exposure, a secondary response is expected. The titer rises
rapidly to a plateau level much greater than before. The sec-
ond exposure is called a “booster” because it boosts the anti-
body titer to a high level. The high antibody titer now is
expected to help prevent disease symptoms even if the indi-
vidual is exposed to the disease-causing antigen.

Active immunity is dependent upon the presence of
memory B cells and memory T cells which are capable of re-
sponding to lower doses of antigen. Active immunity is usu-
ally long-lived, although a booster may be required every so
many years.

Active (long-lived) immunity can be induced by the
use of vaccines. Active immunity is dependent
upon the presence of memory B cells and memory
T cells in the body.

274 Part 3 Maintenance of the Human Body 14-12

P
la

sm
a 

A
n

ti
b

o
d

y 
C

o
n

ce
n

tr
at

io
n
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first exposure
to vaccine

Time (days)
0 30 60 90 120 150 180

second exposure
to vaccine

Vaccine Age (Months) Age (Years)

HepB* (hepatitis B)

OPV§ 
(oral polio vaccine)

Td‡ (adult tetanus)

DTP†

(diphtheria, tetanus,
whooping cough)

Birth, 2, 4, 6, 12–15

2, 4, 6, 15–18

11–12

12–15 and 
1 month later

4–6, 11–12

2, 4, 6, 12–15

2, 4, 6, 12–15

4–6

11–12, 14–16

4–6

Hib§ (Haemophilus
influenza, type b)

MMR¶ (measles, 
mumps, rubella)

* Three doses will be required for kindergarten entry.
† Five doses recommended for school entry.
‡ First Td needed 10 years after last DTP.
§ Doses 3 and 4 should be given according to manufacturer's guidelines.
¶ A second dose given at least 1 month after first dose required for 
  kindergarten entry
Source: Iowa Department of Public Health, July 1998.

Figure 14.9 Active immunity due to immunizations.
a. Suggested immunization schedule for infants and young children. 
b. During immunization, the primary response, after the first exposure
to a vaccine, is minimal, but the secondary response, which may
occur after the second exposure, shows a dramatic rise in the
amount of antibody present in serum.

a.

b.
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Passive Immunity
Passive immunity occurs when an individual is given pre-
pared antibodies (immunoglobulins) to combat a disease.
Since these antibodies are not produced by the individual’s
B cells, passive immunity is short-lived. For example, new-
born infants are passively immune to some diseases because
antibodies have crossed the placenta from the mother’s
blood. These antibodies soon disappear, however, so that
within a few months, infants become more susceptible to in-
fections. Breast-feeding prolongs the natural passive immu-
nity an infant receives from the mother because antibodies
are present in the mother’s milk (Fig. 14.10).

Even though passive immunity does not last, it some-
times is used to prevent illness in a patient who has been un-
expectedly exposed to an infectious disease. Usually, the
patient receives a gamma globulin injection (serum that con-
tains antibodies), perhaps taken from individuals who have
recovered from the illness. In the past, horses were immu-
nized, and serum was taken from them to provide the
needed antibodies against such diseases as diphtheria, botu-
lism, and tetanus. In the past, a patient who received these
antibodies became ill about 50% of the time because the
serum contained proteins that the individual’s immune sys-
tem recognized as foreign. This was called serum sickness.
But problems can still occur with products produced in
other ways. An immunoglobulin intravenous product called
Gammagard was withdrawn from the market because of
possible implication in the transmission of hepatitis.

Passive immunity provides immediate protection
when an individual is in immediate danger of
succumbing to an infectious disease. Passive
immunity is short-lived because there are no
memory cells.

Cytokines and Immunity
Cytokines are messenger molecules produced by lympho-
cytes, monocytes, or other cells. Because cytokines regulate
white blood cell formation and/or function, they are being
investigated as possible adjunct therapy for cancer and
AIDS. Both interferon and interleukins, which are cytokines
produced by various white blood cells, have been used as
immunotherapeutic drugs, particularly to enhance the abil-
ity of the individual’s own T cells (and possibly B cells) to
fight cancer.

Interferon, discussed previously on page 268, is a sub-
stance produced by leukocytes, fibroblasts, and probably
most cells in response to a viral infection. Interferon still is
being investigated as a possible cancer drug, but so far it has
proven to be effective only in certain patients, and the exact
reasons for this as yet cannot be discerned.

When and if cancer cells carry an altered protein on their

cell surface, they should be attacked and destroyed by cyto-
toxic T cells. Whenever cancer does develop, it is possible
that the cytotoxic T cells have not been activated. In that
case, cytokines might awaken the immune system and lead
to the destruction of the cancer. In one technique being in-
vestigated, researchers first withdraw T cells from the pa-
tient and activate the cells by culturing them in the presence
of an interleukin. The cells then are reinjected into the pa-
tient, who is given doses of interleukin to maintain the killer
activity of the T cells.

Those who are actively engaged in interleukin research
believe that interleukins soon will be used as adjuncts for
vaccines, for the treatment of chronic infectious diseases,
and perhaps for the treatment of cancer. Interleukin antago-
nists also may prove helpful in preventing skin and organ
rejection, autoimmune diseases, and allergies.

The interleukins and other cytokines show some
promise of potentiating the individual’s own
immune system.
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Figure 14.10 Passive immunity.
Breast-feeding is believed to prolong the passive immunity an infant
receives from the mother because antibodies are present in the
mother’s milk.
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Monoclonal Antibodies 
Every plasma cell derived from the same B cell secretes anti-
bodies against a specific antigen. These are monoclonal an-
tibodies because all of them are the same type and because
they are produced by plasma cells derived from the same B
cell. One method of producing monoclonal antibodies in
vitro (outside the body in glassware) is depicted in Figure
14.11. B lymphocytes are removed from an animal (today,
usually mice are used) and are exposed to a particular anti-
gen. The activated B lymphocytes are fused with myeloma
cells (malignant plasma cells that live and divide indefi-
nitely). The fused cells are called hybridomas; hybrid be-
cause they result from the fusion of two different cells, and
oma because one of the cells is a cancer cell.

At present, monoclonal antibodies are being used for
quick and certain diagnosis of various conditions. For exam-
ple, a particular hormone is present in the urine of a preg-
nant woman. A monoclonal antibody can be used to detect
this hormone; if it is present, the woman knows she is preg-
nant. Monoclonal antibodies also are used to identify infec-
tions. And because they can distinguish between cancer and
normal tissue cells, they are used to carry radioactive iso-
topes or toxic drugs to tumors so that they can be selectively
destroyed.

14.5 Immunity Side Effects
The immune system usually protects us from disease be-
cause it can distinguish self from nonself. Sometimes, how-
ever, it responds in a manner that does harm to the body, as
when individuals develop allergies, receive the wrong
blood type, suffer tissue rejection, or have an autoimmune
response.

Allergies
Allergies are hypersensitivities to substances such as
pollen or animal hair that ordinarily would do no harm to
the body. The response to these antigens, called allergens,
usually includes some degree of tissue damage. There are
four types of allergic responses, but we will consider only
two of these: immediate allergic responses and delayed
allergic responses.

Immediate Allergic Response
An immediate allergic response occurs within seconds of
contact with the antigen. As discussed in the reading on
page 277, coldlike symptoms are common. Anaphylactic
shock is a severe reaction characterized by a sudden and life-
threatening drop in blood pressure. 

Immediate allergic responses are caused by antibodies
known as IgE (see Table 14.1). IgE antibodies are attached to
the plasma membrane of mast cells in the tissues and ba-
sophils in the blood. When an allergen attaches to the IgE
antibodies on these cells, they release histamine and other
substances that bring about the coldlike symptoms or,
rarely, anaphylactic shock. 

Allergy shots sometimes prevent the onset of an allergic
response. It’s been suggested that injections of the allergen
may cause the body to build up high quantities of IgG anti-
bodies, and these combine with allergens received from the
environment before they have a chance to reach the IgE anti-
bodies located in the membrane of mast cells and basophils.

Delayed Allergic Response
Delayed allergic responses are initiated by sensitized T
cells at the site of allergen in the body. A sensitized T cell is
one that is ready to respond to the antigen because it has
been present in the body before. T cells initiate the response
by recruiting the help of macrophages, which are able to
phagocytize offending viral particles or infectious cells. The
overall response is regulated by the cytokines secreted by
both the T cells and macrophages. 

A classic example of a delayed allergic response is the
tuberculin skin test. When the result of the test is positive,
there is a reddening and hardening of tissue where the anti-
gen was injected. This shows that there was prior exposure
to tubercle bacilli which cause TB. Contact dermatitis, such
as occurs when one is allergic to poison ivy, jewelry, cos-
metics, and so forth, is also an example of a delayed allergic
response. 
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Plasma cell

Cancerous myeloma 
cell

antigens

antibody

monoclonal antibody

Hybridoma
cell

Figure 14.11 Production of monoclonal antibodies.
Plasma cells (derived from immunized mice) are fused with myeloma
(cancerous) cells, producing hybridoma cells that are “immortal.”
Hybridoma cells divide and continue to produce the same type of
antibody, called monoclonal antibodies.
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The runny nose and watery eyes of hay fever are often caused
by an allergic reaction to the pollen of trees, grasses, and rag-
weed. Worse, the airways leading to the lungs constrict if one
has asthma, resulting in difficult breathing characterized by
wheezing. Windblown pollen, particularly in the spring and
fall, brings on the symptoms of hay fever. Most people can in-
hale pollen with no ill effects. But others have developed a hy-
persensitivity, meaning that their immune system responds in a
deleterious manner. The problem stems from a type of antibody
called immunoglobulin E (IgE) that causes the release of hista-
mine from mast cells and basophils whenever they are exposed
to an allergen. Histamine is a chemical that causes mucosal
membranes of the nose and eyes to release fluid as a defense
against pathogen invasion. But in the case of allergy, copious
fluid is released although no real danger is present.

Most food allergies are also due to the presence of IgE anti-
bodies that bind usually to a protein in the food. The symptoms,
such as nausea, vomiting, and diarrhea, are due to the mode of
entry of the allergen. Skin symptoms may also occur, however.
Adults are often allergic to  shellfish, nuts, eggs, cows’ milk, fish,
and soybeans. Peanut allergy is a common food allergy in the
United States possibly because peanut better is a staple in the
United States. People seem to outgrow allergies to cows’ milk
and eggs more often than allergies to peanuts and soybeans.

Celiac disease occurs in people who are al-
lergic to wheat, rye, barley, and sometimes
oats—in short, any grain that contains gluten
proteins. It is thought that the gluten proteins
elicit a delayed cell-mediated immune re-
sponse by T cells with the resultant production
of cytokines. The symptoms of celiac disease
can include diarrhea, bloating, weight loss, ane-
mia, bone pain, chronic fatigue, and weakness.

People can reduce the chances of a reaction
to airborne and food allergens by avoiding the
offending substances.The reaction to peanuts
can be so severe that airlines are now required
to have a peanut-free zone for those allergic.
The people in Figure 14B are trying to avoid
windblown allergens. The taking of antihista-
mines can also be helpful. If these procedures
are inadequate, patients can be tested to mea-
sure their susceptibility to any number of pos-
sible allergens. A small quantity of a
suspected allergen is inserted just beneath the
skin, and the strength of the subsequent reac-
tion is noted. A wheal-and-flare response at
the skin prick site demonstrates that IgE anti-
bodies attached to mast cells have reacted to
an allergen. In an immunotherapy called hy-

posensitization, ever-increasing doses of the allergen are period-
ically injected subcutaneously with the hope that the body will
build up a supply of IgG. IgG, in contrast to IgE, does not cause
the release of histamine after it combines with the allergen. If IgG
combines first upon exposure to the allergen, the allergic re-
sponse does not occur. Patients know they are cured when the al-
lergic symptoms no longer occur. Therapy may have to continue
for as long as two to three years.

Allergic-type reactions can occur without involving the im-
mune system. Wasp and bee stings contain substances that
cause swellings, even in those whose immune system is not sen-
sitized to substances in the sting. Also, jellyfish tentacles and
foods such as fish that is not fresh and strawberries contain his-
tamine or closely related substances that can cause a reaction.
Immunotherapy is also not possible in those who are allergic to
penicillin and bee stings. High sensitivity has built up upon the
first exposure, and when reexposed, anaphylactic shock can oc-
cur. Among its many effects, histamine causes increased perme-
ability of the smallest blood vessels, called capillaries. In these
individuals, there is a drastic decrease in blood pressure that can
be fatal within a few minutes. People who know they are aller-
gic to bee stings can obtain a syringe of epinephrine to carry
with them. This medication can delay the onset of anaphylactic
shock until medical help is available.

Immediate Allergic Responses

Figure 14B Protection against allergies.
The allergic reaction known as hay fever, and asthma attacks, can have many triggers,
one of which is the pollen of a variety of plants. A dramatic solution to the problem has
been found by these people.

http://www.mhhe.com
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com/biosci/genbio/maderinquiry9


Blood Types
When blood transfusions were first attempted, illness and
even death sometimes resulted. Eventually, it was discov-
ered that only certain types of blood are compatible because
red blood cell membranes carry proteins or sugar residues
that are antigens to blood recipients. The ABO system of typ-
ing blood is based on this principle.

ABO System
Blood typing in the ABO system is based on two antigens
known as antigen A and antigen B. There are four blood
types: O, A, B, and AB. Type O has neither the A antigen nor
the B antigen on red blood cells; the other types of blood
have antigen A, B, or both A and B, respectively (Table 14.2).

Within plasma, there are naturally occurring antibodies
to the antigens not present on the person’s red blood cells.
This is reasonable, because if the same antigen and antibody
are present in blood, agglutination, or clumping of red
blood cells, occurs. Agglutination causes blood to stop circu-
lating and red blood cells to burst.

Figure 14.12 shows a way to use the antibodies derived
from plasma to determine the blood type. If agglutination
occurs after a sample of blood is mixed with a particular an-
tibody, the person has that type of blood.

Rh System
Another important antigen in matching blood types is the Rh
factor. Persons with the Rh factor on their red blood cells are
Rh positive (Rh�); those without it are Rh negative (Rh�).
Rh-negative individuals normally do not have antibodies to
the Rh factor, but they may make them when exposed to the
Rh factor during pregnancy or blood transfusion.

If a mother is Rh negative and a father is Rh positive, a
child may be Rh positive (Fig. 14.13). The Rh-positive red
blood cells of the child may begin leaking across the pla-
centa into the mother’s circulatory system, as placental
tissues normally break down before and at birth. This some-
times causes the mother to produce anti-Rh antibodies. In
this or a subsequent pregnancy with another Rh-positive
child, anti-Rh antibodies may cross the placenta and de-
stroy the child’s red blood cells. This condition is called he-
molytic disease of the newborn (HDN).
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Antigen % U.S. % North
Blood on Red Antibody African % U.S. % U.S. American % Americans of
Type Blood Cells in Plasma American Caucasian Asian Indians Chinese Descent

A A Anti-B 27 41 28 8 25

B B Anti-A 20 9 27 1 35

AB A,B None 4 3 5 0 10

O None Anti-A and 49 47 40 91 30
anti-B

Table 14.2 The ABO System

 anti-
A

 anti-
B

 anti-
Rh

type
blood

O+

B+

A–

AB–

a.             No agglutination                                Agglutination

b.

Figure 14.12 Blood typing. 
The standard test to determine ABO and Rh blood type consists of
putting a drop of anti-A antibodies, anti-B antibodies, and anti-Rh
antibodies on a slide. To each of these, a drop of the person’s blood
is added. a. If agglutination occurs, as seen in the photo on the right,
the person has this antigen on red blood cells. b. Several possible
results.

http://www.mhhe.com
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com/biosci/genbio/maderinquiry9


The Rh problem has been solved by giving Rh-negative
women an Rh-immunoglobulin injection (often a Rho-Gam
injection) either midway through the first pregnancy or no
later than 72 hours after giving birth to any Rh-positive
child. This injection contains anti-Rh antibodies, which at-
tack any of the child’s red blood cells in the mother’s blood
before these cells can stimulate her immune system to pro-
duce her own antibodies. This injection is not beneficial if
the woman has already begun to produce antibodies; there-
fore, the timing of the injection is most important.

Blood is often typed according to the ABO system
combined with the Rh system. The possibility of
hemolytic disease of the newborn exists when the
mother is Rh negative and the father is Rh positive.

Autoimmune Diseases
When T cells or antibodies mistakenly attack the body’s own
cells as if they bore foreign antigens, the resulting condition is
known as an autoimmune disease. Exactly what causes au-
toimmune diseases is not known. However, sometimes they
occur after an individual has recovered from an infection.

In the autoimmune disease myasthenia gravis, neuro-
muscular junctions do not work properly and muscular
weakness results. In multiple sclerosis, the myelin sheath of
nerve fibers breaks down, and this causes various neuro-
muscular disorders. A person with systemic lupus erythe-
matosus has various symptoms prior to death due to kidney
damage. In rheumatoid arthritis, the joints are affected. Re-
searchers suggest that heart damage following rheumatic

fever and type I diabetes are also autoimmune illnesses. As
yet there are no cures for autoimmune diseases, but they can
be controlled with drugs.

Autoimmune diseases occur when antibodies and
cytotoxic T cells recognize and destroy the body’s
own cells.

Tissue Rejection
Certain organs, such as skin, the heart, and the kidneys,
could be transplanted easily from one person to another if
the body did not attempt to reject them. Rejection occurs be-
cause cytotoxic T cells bring about destruction of foreign tis-
sue in the body.

Organ rejection can be controlled by careful selection of
the organ to be transplanted and the administration of im-
munosuppressive drugs. It is best if the transplanted organ
has the same type of HLA antigens as those of the recipient,
because cytotoxic T cells recognize foreign HLA antigens.
The immunosuppressive drug cyclosporine has been used
for many years. A new drug, tacrolimus (formerly known as
FK-506), shows some promise, especially in liver transplant
patients. However both drugs, which act by inhibiting the
response of T cells to cytokines, are known to adversely af-
fect the kidneys.

When an organ is rejected, the immune system
has recognized and destroyed cells that bear HLA
antigens different from those of the individual.
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Figure 14.13 Hemolytic disease of the newborn.
Due to a pregnancy in which the child is Rh positive, an Rh-negative mother can begin to produce antibodies against Rh-positive red blood cells.
In another pregnancy, these antibodies can cross the placenta and cause hemolysis (bursting of red blood cells) in an Rh-positive child’s red
blood cells.

Child is Rh positive;
mother is Rh negative

Red blood cells leak
across placenta

Mother makes anti-Rh
antibodies

Antibodies attack Rh-positive
red blood cells in child

Red blood
cell

anti-Rh 
antibody
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Summary

14.1 Lymphatic System 
The lymphatic system consists of lymphatic vessels and lymphoid or-
gans. The lymphatic vessels collect fat molecules at intestinal villi and
excess tissue fluid at blood capillaries, and carry these to the blood-
stream. 

Lymphocytes are produced and accumulate in the lymphoid or-
gans (red bone marrow, lymph nodes, spleen, and thymus gland).
Lymph is cleansed of pathogens and/or their toxins in lymph nodes,
and blood is cleansed of pathogens and/or their toxins in the spleen. T
lymphocytes mature in the thymus, while B lymphocytes mature in the
red bone marrow where all blood cells are produced. White blood cells
are necessary for nonspecific and specific defenses.

14.2 Nonspecific Defenses
Immunity involves nonspecific and specific defenses. Nonspecific de-
fenses include barriers to entry, the inflammatory reaction, natural
killer cells, and protective proteins. 

14.3 Specific Defenses
Specific defenses require lymphocytes, which are produced in the bone
marrow. B cells mature in the bone marrow. They undergo clonal selec-
tion with production of plasma cells and memory B cells after their spe-
cific plasma membrane receptors directly combine with a particular
antigen. Plasma cells secrete antibodies and eventually undergo apop-
tosis. B cells are responsible for antibody-mediated immunity. IgG an-
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The United Nations estimates that
16,000 people become newly infected

with the human immunodeficiency virus
(HIV) each day, or 5.8 million per year.
Ninety percent of these infections occur in
the less-developed countries1 where in-
fected persons do not have access to an-
tiviral therapy. In Uganda, for example,
there is only one physician per 100,000
people, and only $6.00 is spent annually
on health care, per person. In contrast, in
the United States $12,000–$15,000 is some-
times spent on treating an HIV infected
person per year. 

The only methodology to prevent the
spread of HIV in a developing country is
counseling against behaviors that increase
the risk of infection. Clearly an effective
vaccine would be most beneficial to these
countries. Several HIV vaccines are in var-
ious stages of development, and all need

to be clinically tested in order to see if they
are effective. It seems reasonable to carry
out such trials in developing countries, but
there are many ethical questions. 

A possible way to carry out the trial is
this: vaccinate the uninfected sexual part-
ners of HIV-infected individuals. After all,
if the uninfected partner remains free of
the disease, then the vaccine is effective.
But is it ethical to allow a partner identi-
fied as having an HIV infection to remain
untreated for the sake of the trial? 

And should there be a placebo
group—a group that does not get the vac-
cine? After all, if a greater number of per-
sons in the placebo group become infected
than those in the vaccine group, then the
vaccine is effective. But if members of the
placebo group become infected, shouldn’t
they be given effective treatment? For that
matter, even participants in the vaccine

group might become infected. Shouldn’t
any participant of the trial be given
proper treatment if they become infected?
Who would pay for such treatment when
the trial could involve thousands of
persons? 

Questions
1. Should HIV vaccine trials be done in

developing countries, which stand to gain
the most from an effective vaccine? Why
or why not?

2. Should the trial be carried out using the
same standards as in developed
countries? Why or why not?

3. Who should pay for the trial—the drug
company, the participants, or the country
of the participants? 

1Country that has only low to moderate
industrialization; usually located in the southern
hemisphere.

tibody is a Y-shaped molecule that has two binding sites for a specific
antigen. Memory B cells remain in the body and produce antibodies if
the same antigen enters the body at a later date.

T cells, which are responsible for cell-mediated immunity, mature
in the thymus. The two main types of T cells are cytotoxic T cells and
helper T cells. Cytotoxic T cells kill infected cells that bear a foreign
antigen on contact; helper T cells stimulate other immune cells and
produce cytokines. Like B cells, each T cell bears a specific receptor.
However, for a T cell to recognize an antigen, the antigen must be pre-
sented by an antigen-presenting cell (APC), usually a macrophage,
along with an HLA (human lymphocyte-associated) antigen. There-
after the activated T cell undergoes clonal expansion until the infection
has been stemmed. Then most of the activated T cells undergo apopto-
sis. A few cells remain, however, as memory T cells. 

14.4 Induced Immunity
Immunity can be induced in various ways. Vaccines are available to in-
duce long-lived active immunity, and antibodies sometimes are avail-
able to provide an individual with short-lived passive immunity. 

Cytokines, including interferon, are used in an attempt to promote
the body’s ability to recover from cancer and to treat AIDS.

14.5 Immunity Side Effects
Allergic responses occur when the immune system reacts vigorously to
substances not normally recognized as foreign. Immediate allergic
responses, usually consisting of coldlike symptoms, are due to the ac-
tivity of antibodies. Delayed allergic responses, such as contact derma-
titis, are due to the activity of T cells.
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Studying the Concepts

1. What is the lymphatic system, and what are its three func-
tions? 264

2. Describe the structure and the function of lymph nodes, the
spleen, the thymus, and red bone marrow. 265–66

3. What are the body’s nonspecific defense mechanisms?
266–68

4. Describe the inflammatory reaction, and give a role for each
type of cell and molecule that participates in the reaction.
266

5. What is the clonal selection theory? B cells are responsible for
which type of immunity? 269

6. Describe the structure of an antibody, and define the terms
variable regions and constant regions. 270

7. Name the two main types of T cells, and state their functions.
272

8. Explain the process by which a T cell is able to recognize an
antigen. 272–73

9. How is active immunity achieved? How is passive immunity
achieved? 274–75

10. What are cytokines, and how are they used in immunother-
apy? 275

11. How are monoclonal antibodies produced, and what are their
applications? 276

12. Discuss allergies, tissue rejection, and autoimmune diseases
as they relate to the immune system. 276–77

Testing Yourself

Choose the best answer for each question.
1. Use these terms to label this IgG molecule: antigen-binding

sites, light chain, heavy chain. d. What does V stand for in the
diagram? e. What does C stand for in the diagram? f. What
shape antigen would bind to this particular antigen-binding
site?

2. Complement
a. is a general defense mechanism.
b. is involved in the inflammatory reaction.
c. is a series of proteins present in the plasma.
d. plays a role in destroying bacteria.
e. All of these are correct. 

3. Which of these pertain(s) to T cells?
a. have specific receptors
b. are more than one type
c. are responsible for cell-mediated immunity

c.

a.

b.

V

V

C

C C

V

V

C
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d. stimulate antibody production by B cells
e. All of these are correct.

4. Which one of these does not pertain to B cells?
a. have passed through the thymus
b. have specific receptors
c. are responsible for antibody-mediated immunity
d. synthesize and liberate antibodies

5. The clonal selection theory says that
a. an antigen selects certain B cells and suppresses them.
b. an antigen stimulates the multiplication of B cells that

produce antibodies against it.
c. T cells select those B cells that should produce antibodies,

regardless of antigens present.
d. T cells suppress all B cells except the ones that should

multiply and divide.
e. Both b and c are correct.

6. Plasma cells are
a. the same as memory cells.
b. formed from blood plasma.
c. B cells that are actively secreting antibody.
d. inactive T cells carried in the plasma.
e. a type of red blood cell.

7. For a T cell to recognize an antigen, it usually interacts with
a. complement.
b. a macrophage.
c. a B cell.
d. a thymus cell.
e. All of these are correct. 

8. Antibodies combine with antigens
a. at variable regions.
b. at constant regions.
c. only if macrophages are present.
d. only if T cells are present.
e. Both a and c are correct.

9. Which one of these is mismatched?
a. helper T cells—help complement react
b. cytotoxic T cells—active in tissue rejection
c. macrophage—activate T cells
d. memory T cells—long-living line of T cells
e. T cells—mature in thymus

10. Vaccines are
a. the same as monoclonal antibodies.
b. treated bacteria or viruses, or one of their proteins.
c. short-lived.
d. MHC proteins.
d. All of these are correct. 

11. The theory behind the use of cytokines in cancer therapy is
that
a. if cancer develops, the immune system has been ineffec-

tive.
b. cytokines stimulate the immune system.
c. cancer cells bear antigens that should be recognizable by

cytotoxic T cells.
d. cytokines can be isolated from the blood.
e. All of these are correct. 

12. During blood typing, agglutination indicates that the
a. plasma contains certain antibodies.
b. red blood cells carry certain antigens.
c. plasma contains certain antigens.
d. red blood cells carry certain antibodies.
e. white blood cells fight infection.
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Understanding the Terms

agglutination 278
allergen 276
allergy 276
antibody 268
antibody-mediated immunity

269
antigen 268
antigen-presenting cell (APC)

272
apoptosis 269
autoimmune disease 279
B lymphocyte 268
basophil 266
cell-mediated immunity 272
clonal selection theory 269
complement system 268
cytokine 275
cytotoxic T cell 272
delayed allergic response 276
edema 264
helper T cell 272
histamine 266

HLA (human leukocyte asso-
ciated) antigen 272

immediate allergic response
276

immune system 268
immunity 266
immunization 274
immunoglobulin (Ig) 270
inflammatory reaction 266
interferon 268
interleukin 275
kinin 266
lymph 264
lymphatic system 264
lymph node 265
macrophage 266
mast cell 266
monoclonal antibody 276
natural killer (NK) cell 268
pathogen 266
perforin 272

Match the terms to these definitions:
a. Antigens prepared in such a way that they can

promote active immunity without causing disease.
b. Fluid, derived from tissue fluid, that is carried in

lymphatic vessels.
c. Foreign substance, usually a protein or a polysac-

charide, that stimulates the immune system to react, such as
to produce antibodies.

d. Process of programmed cell death involving a
cascade of specific cellular events leading to the death and
destruction of the cell.

e. Lymphocyte that matures in the thymus and
exists in three varieties, one of which kills antigen-bearing
cells outright.

Thinking Scientifically

1. Considering the action of B cells and T cells (page 268):
a. A mouse is irradiated so that its bone marrow and thymus

are destroyed. It then is resupplied only with bone mar-
row. The mouse is unable to form antibodies. Why?

b. A mixture of B cells is exposed to a specific radiolabeled
antigen in vitro (within laboratory glassware). Would you
expect all B cells to bind with the antigen and to be radio-
labeled?

c. When B cells and T cells are incubated in vitro with a
radiolabeled antigen, binding to certain B cells occurs but
not to T cells. Why?

d. Human beings communicate by sight, sound, and touch.
How do immune cells communicate with one another?

2. In this text, antigen originally was defined as a foreign sub-
stance in the body.
a. Expand this definition by telling what an antigen does in

the body.
b. It is possible to tag different types of monoclonal antibod-

ies with different dyes so you can tell them apart. Knowing
this, how would you produce and use monoclonal anti-
bodies to distinguish helper T cells and cytotoxic T cells in
a blood sample?

c. How would you prove that a monoclonal antibody is
specific to the herpes virus (HSV-2) that causes genital
herpes, but not to the one (HSV-1) that causes cold sores?

d. In a manufacturing process called affinity purification, a
mixture that contains a desired substance is passed
through a tube. In the tube, a large number of antibody
molecules are fixed to a solid support. Why will this
process result in purification of the product?

plasma cell 269
red bone marrow 266
spleen 265
T lymphocyte 268

thymus gland 266
tonsils 265
vaccine 274

Using Technology

Your study of the lymphatic system and immunity is
supported by these available technologies:

Essential Study Partner CD-ROM
Animals ££ Lymph and Immunity

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Lymphatic System

HealthQuest CD-ROM
4 Communicable Diseases
6 Cancer

Life Science Animations 3D Video
33 Complement System
34 How T Lymphocytes Work
35 Clonal Selection
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Chapter Concepts

15.1 Respiratory Tract
• Air passes through a series of tubes before gas

exchange takes place across a very extensive
moist surface. 284

15.2 Mechanism of Breathing
• Respiration comprises breathing, external and

internal respiration, and cellular respiration.
288

• During inspiration, the pressure in the lungs
decreases, and air comes rushing in. During
expiration, increased pressure in the thoracic
cavity causes air to leave the lungs. 290

15.3 Gas Exchanges in the Body
• External respiration occurs in the lungs where

oxygen diffuses into the blood and carbon diox-
ide diffuses out of the blood. 292

• Internal respiration occurs in the tissues where
oxygen diffuses out of the blood and carbon
dioxide diffuses into the blood. 292

• The respiratory pigment hemoglobin transports
oxygen from the lungs to the tissues and aids in
the transport of carbon dioxide from the tissues
to the lungs. 294

15.4 Respiration and Health
• The respiratory tract is especially subject to dis-

ease because it is exposed to infectious agents.
Smoking tobacco contributes to two major lung
disorders—emphysema and cancer. 295

The human lung lying within the protective rib cage receives the
pulmonary artery and its many branches.

Respiratory System
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15.1 Respiratory Tract
During inspiration or inhalation (breathing in)
and expiration or exhalation (breathing out), air is
conducted toward or away from the lungs by a
series of cavities, tubes, and openings, illustrated
in Figure 15.1.

As air moves in along the airways, it is fil-
tered, warmed, and moistened. Filtering is accom-
plished by coarse hairs, cilia, and mucus in the re-
gion of the nostrils and by cilia alone in the rest of
the nasal cavity and the airways of the lower res-
piratory tract. In the nose, the hairs and the cilia
act as a screening device. In the trachea and other
airways, the cilia beat upward, carrying mucus,
dust, and occasional bits of food that “went down
the wrong way” into the pharynx, where the accu-
mulation can be swallowed or expectorated. The
air is warmed by heat given off by the blood ves-
sels lying close to the surface of the lining of the
airways, and it is moistened by the wet surface of
these passages.

Conversely, as air moves out during expira-
tion, it cools and loses its moisture. As the air cools,
it deposits its moisture on the lining of the wind-
pipe and the nose, and the nose may even drip as a
result of this condensation. The air still retains so
much moisture, however, that upon expiration on
a cold day, it condenses and forms a small cloud.

Luckily the emergency medical technicians
arrived just moments after Sammy was res-
cued from the pond by his mother. A techni-

cian immediately began CPR (cardiopulmonary
resuscitation), alternately blowing into Sammy’s
mouth and then pressing on his chest until
Sammy began to breathe on his own. All cells of
the body require a constant supply of oxygen, and
you have to keep breathing in order to bring this
oxygen into the body. Any cessation of breathing
is a cause for concern, and prolonged cessation
usually results in death. The heart needs oxygen
to pump the blood that will carry oxygen to all the
cells of the body. The cells use oxygen in the
process of replenishing their limited supply of ATP,
without which they have no energy and cannot
keep functioning. In this chapter, the structures
and functions of the respiratory system are consid-
ered. Also, some of the conditions that decrease
the functioning of the system will be discussed. 

nasal cavity

nostril

pharynx

epiglottis

glottis
larynx

trachea

bronchus

bronchiole

lung

diaphragm

pulmonary venule

pulmonary arteriole

alveolus

capillary network

Figure 15.1 The respiratory tract. 
The respiratory tract extends from the nose to the lungs, which are composed of air
sacs called alveoli. Gas exchange occurs between air in the alveoli and blood within
a capillary network that surrounds the alveoli.

Air is filtered, warmed, and moistened as
it moves from the nose toward the lungs.
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The Nose
The nose contains two nasal cavities (Table 15.1), which are
narrow canals separated from one another by a septum com-
posed of bone and cartilage. Special ciliated cells in the nar-
row upper recesses of the nasal cavities (Fig. 15.2) act as
odor receptors. Nerves lead from these cells to the brain,
where the impulses generated by the odor receptors are in-
terpreted as smell.

The tear (lacrimal) glands drain into the nasal cavities
by way of tear ducts. For this reason, crying produces a
runny nose. The nasal cavities also communicate with the
cranial sinuses, air-filled mucosa-lined spaces in the skull. If
inflammation due to a cold or an allergic reaction blocks the
ducts leading from the sinuses, mucus may accumulate,
causing a sinus headache. 

The nasal cavities empty into the nasopharynx, the up-
per portion of the pharynx. The auditory tubes lead from the
nasopharynx to the middle ears.

The nasal cavities, which receive air, open into the
nasopharynx.

The Pharynx
The pharynx is a funnel-shaped passageway that connects
the nasal and oral cavities to the larynx. Therefore, the phar-
ynx, which is commonly referred to as the “throat,” has
three parts: the nasopharynx, where the nasal cavities open
above the soft palate; the oropharynx, where the oral cavity
opens; and the laryngopharynx, which opens into the lar-
ynx. In the pharynx, the air passage and the food passage
cross because the larynx, which receives air, is ventral to the
esophagus, which receives food. The larynx lies at the top of
the trachea. The larynx and trachea are normally open, al-
lowing the passage of air, but the esophagus is normally
closed and opens only when swallowing occurs. 

Air from either the nose or the mouth enters the
pharynx, as does food. The passage of air
continues in the larynx and then the trachea.
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Structure Description Function

Nasal cavities Hollow spaces Filter, warm, and
in nose moisten air

Pharynx Chamber behind Connection to 
oral cavity and surrounding regions
between nasal cavity
and larynx

Glottis Opening into larynx Passage of air into
larynx

Larynx Cartilaginous organ Sound production
that contains vocal
cords (voice box)

Trachea Flexible tube that Passage of air to
connects larynx with bronchi
bronchi (windpipe)

Bronchi Divisions of the Passage of air to
trachea that enter lungs
lungs

Bronchioles Branched tubes that Passage of air to
lead from bronchi to each alveolus
the alveoli

Lungs Soft, cone-shaped Gas exchange organs
organs that occupy a
large portion of the
thoracic cavity

Table 15.1 Path of Air

nasopharynx

opening of
auditory tube

tonsil

glottis

pharynx

vocal cords

esophagus

sinus

uvula

sinus

nostril

trachea

epiglottis

hard palate

oral cavity

tongue

larynx

nasal cavity

Figure 15.2 The upper respiratory tract. 
The upper respiratory tract contains the nasal cavities, pharynx, and
larynx.
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The Larynx
The larynx can be pictured as a triangular box
whose apex, the Adam’s apple, is located at the
front of the neck. The Adam’s apple is more
prominent in men than women. At the top of
the larynx is a variable-sized opening called
the glottis. When food is swallowed, the larynx
moves upward against the epiglottis, a flap of
tissue that prevents food from passing into the
larynx. You can detect this movement by plac-
ing your hand gently on your larynx and swal-
lowing.

The larynx is called the voice box because
the vocal cords are inside the larynx. The vocal
cords are mucosal folds supported by elastic
ligaments, which are stretched across the glot-
tis (Fig. 15.3). When air passes through the
glottis, the vocal cords vibrate, producing
sound. At the time of puberty, the growth of
the larynx and the vocal cords is much more
rapid and accentuated in the male than in the
female, causing the male to have a more
prominent Adam’s apple and a deeper voice.
The voice “breaks” in the young male due to
his inability to control the longer vocal cords.
These changes cause the lower pitch of the
voice in males.

The high or low pitch of the voice is regu-
lated when speaking and singing by changing
the tension on the vocal cords. The greater the
tension, as when the glottis becomes more nar-
row, the higher the pitch. When the glottis is
wider, the pitch is lower (Fig. 15.3b). The loud-
ness, or intensity, of the voice depends upon the amplitude
of the vibrations, that is, the degree to which vocal cords
vibrate.

The Trachea
The trachea, commonly called the windpipe, is a tube con-
necting the larynx to the primary bronchi. The trachea lies
ventral to the esophagus and is held open by C-shaped car-
tilaginous rings. The open part of the C-shaped rings faces
the esophagus and this allows the esophagus to expand
when swallowing. If the trachea is blocked because of illness
or the accidental swallowing of a foreign object, it is possible
to insert a tube by way of an incision made in the trachea.
This tube acts as an artificial air intake and exhaust duct. The
operation is called a tracheostomy.

The mucosa that lines the trachea has a layer of
pseudostratified ciliated columnar epithelium. (Pseudo-

stratified means that while the epithelium appears to be
layered, actually each cell touches the basement mem-
brane.) The cilia that project from the epithelium keep the
lungs clean by sweeping mucus and debris toward the
pharynx.

Smoking is known to destroy the cilia, and consequently the
soot in cigarette smoke collects in the lungs. Smoking is dis-
cussed more fully at the end of this chapter.

goblet cell

cilia
mucus

debris

loose
connective
tissue
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Figure 15.3 Placement of the vocal cords. 
a. Frontal section of the larynx shows the location of the vocal cords inside the
larynx. The vocal cords viewed from above are stretched across the glottis. When
air passes through the glottis, the vocal cords vibrate, producing sound. b. The
glottis is narrow when we produce a high-pitched sound (top) and widens as the
pitch deepens (bottom).
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The Bronchial Tree
The trachea divides into right and left primary bronchi (sing.,
bronchus), which lead into the right and left lungs (see Fig.
15.1). The bronchi branch into a great number of secondary
bronchi that eventually lead to bronchioles. The bronchi re-
semble the trachea in structure, but as the bronchial tubes di-
vide and subdivide, their walls become thinner, and the
small rings of cartilage are no longer present. During an
asthma attack, the smooth muscle of the bronchioles con-
tracts, causing bronchiolar constriction and characteristic
wheezing. Each bronchiole terminates in an elongated space
enclosed by a multitude of air pockets, or sacs, called alveoli
(sing., alveolus) (see Fig. 15.1). The alveoli make up the lungs.

The Lungs
The lungs are paired cone-shaped organs within the thoracic
cavity. The right lung has three lobes, and the left lung has two
lobes, allowing room for the heart, which is on the left side of
the body. A lobe is further divided into lobules, and each
lobule has a bronchiole serving many alveoli. The lungs lie on
either side of the heart in the thoracic cavity. The base of each
lung is broad and concave so that it fits the convex surface of
the diaphragm. The other surfaces of the lungs follow the
contours of the ribs and the diaphragm in the thoracic cavity.

The Alveoli
Each alveolar sac is made up of simple squamous epithe-
lium surrounded by blood capillaries. Gas exchange occurs
between air in the alveoli and blood in the capillaries (Fig.
15.4). Oxygen diffuses across the alveolar wall and enters
the bloodstream, while carbon dioxide diffuses from the
blood across the alveolar wall to enter the alveoli. 

The alveoli of human lungs are lined with a surfactant, a
film of lipoprotein that lowers the surface tension and pre-
vents them from closing. The lungs collapse in some new-
born babies, especially premature infants, who lack this film.
The condition, called infant respiratory distress syndrome,
is now treatable by surfactant replacement therapy.

There are approximately 300 million alveoli, with a total
cross-sectional area of 50–70 m2. This is the surface area of a
typical classroom and at least 40 times the surface area of the
skin. Because of their many air spaces, the lungs are very
light; normally, a piece of lung tissue dropped in a glass of
water floats. 

The trachea divides into the primary bronchi, which
divide repeatedly to give rise to the bronchioles.
The bronchioles have many branches and
terminate at the alveoli, which make up the lungs. 
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Figure 15.4 Gas exchange in the lungs. 
The lungs consist of alveoli, surrounded by an extensive capillary network. Notice that the pulmonary arteriole carries blood low in oxygen
(colored blue) and the pulmonary venule carries blood high in oxygen (colored red).
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15.2 Mechanism of Breathing
The term respiration refers to the complete process of sup-
plying oxygen to body cells for aerobic cellular respiration
and the reverse process of ridding the body of carbon diox-
ide given off by cells. Respiration includes the following
components:

1. Breathing: inspiration (entrance of air into the lungs)
and expiration (exit of air from the lungs).

2. External respiration: exchange of the gases oxygen (O2)
and carbon dioxide (CO2) between air and blood in the
lungs.

3. Internal respiration: exchange of the gases O2 and CO2

between blood and tissue fluid.
4. Cellular respiration: production of ATP in cells.

Respiratory Volumes
When we breathe, the amount of air moved in and out with
each breath is called the tidal volume. Normally, the tidal
volume is about 500 ml, but we can increase the amount in-
haled and exhaled by deep breathing. The maximum vol-
ume of air that can be moved in and out during a single
breath is called the vital capacity (Fig. 15.5). First, we can in-

crease inspiration by as much as 3,100 ml of air by forced in-
spiration. This is called the inspiratory reserve volume.

Even so, some of the inspired air never reaches the
lungs; instead it fills the nose, trachea, bronchi, and bronchi-
oles (see Fig. 15.1). These passages are not used for gas ex-
change, and therefore, they are said to contain dead space
air. To ensure that inspired air reaches the lungs, it is better to
breathe slowly and deeply. Similarly, we can increase expira-
tion by contracting the abdominal and thoracic muscles. This
is called the expiratory reserve volume, and it measures ap-
proximately 1,400 ml of air. Vital capacity is the sum of tidal,
inspiratory reserve, and expiratory reserve volumes.

Note in Figure 15.5 that even after very deep breathing,
some air (about 1,000 ml) remains in the lungs; this is called
the residual volume. This air is no longer useful for gas ex-
change purposes. In some lung diseases, such as emphy-
sema (p. 297), the residual volume builds up because the in-
dividual has difficulty emptying the lungs. This means that
the vital capacity is reduced and the lungs tend to be filled
with useless air.

The air used for gas exchange excludes both the
air  in the dead space of the respiratory tract and
the residual volume in the lungs.
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Figure 15.5 Vital capacity. 
A spirometer measures the maximum amount of air that can be inhaled and exhaled when breathing by way of a tube connected to the
instrument. During inspiration, a pen moves up, and during expiration, a pen moves down. The resulting pattern, such as the one shown here, is
called a spirograph.
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Most industrialized cities have photochemical smog at least
occasionally. Photochemical smog arises when primary pollu-
tants react with one another under the influence of sunlight to
form a more deadly combination of chemicals. For example, the
primary pollutants nitrogen oxides (NOx) and hydrocarbons
(HC) react with one another in the presence of sunlight to pro-
duce nitrogen dioxide (NO2), ozone (O3), and PAN (peroxy-
acetyl nitrate). Ozone and PAN are commonly referred to as
oxidants. Breathing oxidants affects the respiratory and nervous
systems, resulting in respiratory distress, headache, and
exhaustion.

Cities with warm, sunny climates that are large and industri-
alized, such as Los Angeles, Denver, and Salt Lake City in the
United States, Sydney in Australia, Mexico City in Mexico, and
Buenos Aires in Argentina, are particularly susceptible to pho-
tochemical smog. If the city is surrounded by hills, a thermal in-
version may aggravate the situation. Normally, warm air near
the ground rises, so that pollutants are dispersed and carried
away by air currents. But sometimes during a thermal inver-
sion, smog gets trapped near the earth by a blanket of warm air
(Fig. 15A). This may occur when a cold front brings in cold air,
which settles beneath a warm layer. The trapped pollutants

cannot disperse, and the results can be disastrous. In 1963, about
300 people died, and in 1966, about 168 people died in New
York City when air pollutants accumulated over the city. Even
worse were the events in London in 1957, when 700 to 800 peo-
ple died, and in 1962, when 700 people died, due to the effects of
air pollution.

Even though we have federal legislation to bring air pollu-
tion under control, more than half the people in the United
States live in cities polluted by too much smog. We should
place our emphasis on pollution prevention because, in the
long run, prevention is usually easier and cheaper than pollu-
tion cleanup methods. Some prevention suggestions are as
follows:

• Build more efficient automobiles or burn fuels that do 
not produce pollutants.

• Reduce the amount of waste to be incinerated by
recycling materials.

• Reduce our energy use so that power plants need to
provide less, and/or use renewable energy sources
such as solar, wind, or water power.

• Require industries to meet clean air standards.

Photochemical Smog Can Kill

c.

Figure 15A Thermal inversion. 
a. Normally, pollutants escape into the atmosphere when warm air rises. b. During a thermal inversion, a layer of warm air (warm inversion
layer) overlies and traps pollutants in cool air below. c. Los Angeles, a city of 8.5 million cars and thousands of factories, is particularly
susceptible to thermal inversions, and this accounts for why this city is the “air pollution capital” of the United States.

cooler air

cool air

warm air

cool air
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cool air

a. Normal pattern

b. Thermal inversion
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Inspiration and Expiration
To understand ventilation, the manner in which air enters
and exits the lungs, it is necessary to remember first that nor-
mally there is a continuous column of air from the pharynx
to the alveoli of the lungs.

Secondly, the lungs lie within the sealed-off thoracic
cavity. The rib cage forms the top and sides of the thoracic
cavity. It contains the ribs, hinged to the vertebral column
at the back and to the sternum (breastbone) at the front,
and the intercostal muscles that lie between the ribs. The
diaphragm, a dome-shaped horizontal sheet of muscle
and connective tissue, forms the floor of the thoracic
cavity.

The lungs are enclosed by two membranes called
pleural membranes. An infection of the pleural mem-
branes is called pleurisy. The parietal pleura adheres to the
rib cage and the diaphragm, and the visceral pleura is
fused to the lungs. The two pleural layers lie very close to
one another, separated only by a small amount of fluid.
Normally, the intrapleural pressure (pressure between the
pleural membranes) is lower than atmospheric pressure by
4 mm Hg.

The importance of the reduced intrapleural pressure is
demonstrated when, by design or accident, air enters the in-
trapleural space. The affected lobules collapse.

The pleural membranes enclose the lungs and line
the thoracic cavity. Intrapleural pressure is lower
than atmospheric pressure.

Inspiration
A respiratory center is located in the medulla oblongata of
the brain. The respiratory center consists of a group of neu-
rons that exhibit an automatic rhythmic discharge that trig-
gers inspiration. Carbon dioxide (CO2) and hydrogen ions
(H�) are the primary stimuli that directly cause changes in
the activity of this center. This center is not affected by low
oxygen (O2) levels. Chemoreceptors in the carotid bodies,
located in the carotid arteries, and in the aortic bodies, lo-
cated in the aorta, are sensitive to the level of hydrogen ions
and also to the levels of carbon dioxide and oxygen in blood.
When the concentrations of hydrogen ions and carbon diox-
ide rise (and oxygen decreases), these bodies communicate
with the respiratory center, and the rate and depth of breath-
ing increase.

The respiratory center sends out impulses by way of
nerves to the diaphragm and the muscles of the rib cage (Fig.
15.6). In its relaxed state, the diaphragm is dome-shaped,
but upon stimulation, it contracts and lowers. Also, the ex-
ternal intercostal muscles contract, causing the rib cage to
move upward and outward. Now the thoracic cavity in-
creases in size, and the lungs expand. As the lungs expand,
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The structures labeled
on the left are to be
associated with inspiration

The structures labeled
on the right are to be
associated with expirationrespiratory
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motor
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external
intercostal
muscles
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Figure 15.6 Nervous control of breathing. 
During inspiration, the respiratory center stimulates the external
intercostal (rib) muscles to contract via the intercostal nerves and the
diaphragm to contract via the phrenic nerve. Should the tidal volume
increase above 1.5 liters, stretch receptors send inhibitory nerve
impulses to the respiratory center via the vagus nerve. In any case,
expiration occurs due to a lack of stimulation from the respiratory
center to the diaphragm and intercostal muscles.

air pressure within the enlarged alveoli lowers and air en-
ters through the nose or the mouth.

Inspiration is the active phase of breathing (Fig. 15.7a).
During this time, the diaphragm and the rib muscles con-
tract, intrapleural pressure decreases, the lungs expand, and
air comes rushing in. Note that air comes in because the
lungs already have opened up; air does not force the lungs
open. This is why it is sometimes said that humans breathe by
negative pressure. The creation of a partial vacuum in the
alveoli causes air to enter the lungs.
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Expiration
When the respiratory center stops sending nervous signals
to the diaphragm and the rib cage, the diaphragm relaxes
and it resumes its dome shape. The abdominal organs press
up against the diaphragm, and the rib cage moves down and
inward (Fig. 15.7b). Now, the elastic lungs recoil, and air is
pushed out. The respiratory center acts rhythmically to
bring about breathing at a normal rate and volume. If by
chance we inhale more deeply, the lungs are expanded and
the alveoli stretch. This stimulates stretch receptors in the
alveolar walls, and they initiate inhibitory nerve impulses
that travel from the inflated lungs to the respiratory center.
This causes the respiratory center to stop sending out nerve
impulses.

While inspiration is the active phase of breathing, expi-
ration is usually passive—the diaphragm and external in-

tercostal muscles are relaxed when expiration occurs.
When breathing is deeper and/or more rapid, expiration
can also be active. Contraction of internal intercostal mus-
cles can force the rib cage to move downward and inward.
Also, when the abdominal wall muscles are contracted,
they push on the viscera, which push against the di-
aphragm, and the increased pressure in the thoracic cavity
helps to expel air.

During inspiration, due to nervous stimulation, the
diaphragm lowers and the rib cage lifts up and out.
During expiration, due to a lack of nervous
stimulation, the diaphragm rises and the rib cage
lowers.
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Figure 15.7 Inspiration versus expiration. 
a. During inspiration, the thoracic cavity and lungs expand so that air is drawn in. b. During expiration, the thoracic cavity and lungs resume their
original positions and pressures. Now, air is forced out.
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15.3 Gas Exchanges in the Body M

Figure 15.8 shows both external respiration and internal res-
piration. The principles of diffusion alone govern whether
O2 or CO2 enters or leaves blood.

External Respiration
External respiration refers to the exchange of gases be-
tween air in the alveoli and blood in the pulmonary capil-
laries. Gases exert pressure, and the amount of pressure
each gas exerts is its partial pressure, symbolized as PO2

and PCO2
. Blood flowing in the pulmonary capillaries has a

higher PCO2
than atmospheric air. Therefore, CO2 diffuses out

of blood into the lungs. Most of the CO2 is being carried as bi-
carbonate ions (HCO3

�). As the little remaining free CO2

begins to diffuse out, the following reaction is driven to the
right.

The enzyme carbonic anhydrase, present in red blood cells,
speeds up the reaction. As the reaction proceeds, the respi-
ratory pigment hemoglobin, also present in red blood cells,
gives up the hydrogen ions (H�) it has been carrying; HHb
becomes Hb. Hb is called deoxyhemoglobin.

The pressure pattern is the reverse for O2. Blood flowing
in the pulmonary capillaries is low in oxygen, and alveolar
air contains a much higher partial pressure of oxygen.
Therefore, O2 diffuses into blood and red blood cells in the lungs.
Hemoglobin takes up this oxygen and becomes oxyhemo-
globin.

At high altitudes, people have breathing problems because
the total air pressure is lower, making the PO2 

lower than
normal; therefore, less O2 diffuses into blood. In airplanes
the cabin is pressurized to maintain sufficient partial pres-
sures for normal breathing.

“Down” arrow indicates that
oxygen is entering the body.

Hb        +          O2          HbO2

oxyhemoglobindeoxyhemoglobin oxygen

"Up" arrow indicates carbon
dioxide is leaving the body.

H+ HCO3
– H2CO3 H2O CO2 

bicarbonate
ion

hydrogen 
     ion

water carbon
dioxide

Internal Respiration 
Internal respiration refers to the exchange of gases between
blood in systemic capillaries and tissue fluid. Blood that en-
ters the systemic capillaries is bright red in color because red
blood cells contain oxyhemoglobin. Oxyhemoglobin gives
up O2, which diffuses out of blood into red blood cells and
the tissues.

Oxygen diffuses out of blood into the tissues because the PO2

of tissue fluid is lower than that of blood. The lower PO2
is

due to cells continuously using up oxygen in aerobic cellular
respiration. Carbon dioxide diffuses into blood from the tissues
because the PCO2

of tissue fluid is higher than that of blood.
Carbon dioxide, produced continuously by cells, collects in
tissue fluid.

After CO2 diffuses into blood, it enters the red blood
cells, where a small amount is taken up by hemoglobin,
forming carbaminohemoglobin. Most of the CO2 combines
with water, forming carbonic acid (H2CO3), which dissoci-
ates to hydrogen ions (H�) and bicarbonate ions (HCO3

�).
The increased concentration of CO2 in the blood causes the
reaction to proceed to the right.

The enzyme carbonic anhydrase, present in red blood
cells, speeds up the first portion of the overall reaction. Bi-
carbonate ions diffuse out of red blood cells and are carried
in the plasma. Blood that leaves the capillaries is deep pur-
ple in color because red blood cells contain reduced hemo-
globin. The globin portion of hemoglobin combines with ex-
cess hydrogen ions produced by the overall reaction, and
Hb becomes HHb, called reduced hemoglobin. In this way,
the pH of blood remains fairly constant. 

External and internal respiration are the movement
of gases between blood and the alveoli and
between blood and the systemic capillaries,
respectively. Both processes are dependent on the
process of diffusion.

carbon
dioxide water carbonic

acid
hydrogen

ion
bicarbonate

ion

H2O H2CO3CO2 H+ HCO3
–+ +

carbonic
anhydrase

HbO2

oxyhemoglobin deoxyhemoglobin oxygen 

Hb O2+
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Figure 15.8 External and internal respiration. 
During external respiration in the lungs, CO2 leaves blood and O2 enters blood. During internal respiration in the tissues, O2 leaves blood and
CO2 enters blood.

pulmonary artery

pulmonary vein

tissue cells

tissue cells lung

systemic
capillaries

pulmonary
capillaries

pulmonary
capillaries

systemic
capillaries

CO2

CO2

CO2
CO2

O2

O2

O2
O2

Internal Respiration
At systemic capillaries, CO2 enters red blood cells.
Some combine with Hb to form HbCO2. Most is
converted to HCO3

–, which is carried in the plasma.

Internal Respiration
At systemic capillaries, HbO2 inside red blood cells
becomes Hb and O2. Hb now combines with H+ to
form HHb. O2 leaves red blood cells and capillaries.

External Respiration
At pulmonary capillaries, HCO3

–

is converted inside red blood cells
to H2O and CO2. CO2 leaves red
blood cells and capillaries. 

External Respiration
At pulmonary capillaries, O2
enters red blood cells where it
combines with Hb to form HbO2 .
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Binding Capacity of Hemoglobin
The binding capacity of hemoglobin is also affected by par-
tial pressures. The PO2

of air entering the alveoli is about 
100 mm Hg, and at this pressure the hemoglobin in the blood
becomes saturated with O2. This means that iron in hemo-
globin molecules has combined with O2. On the other hand,
the PO2

in the tissues is about 40 mm Hg, causing hemoglobin
molecules to release O2, and O2 to diffuse into the tissues.

In addition to the partial pressure of O2, temperature
and pH also affect the amount of oxygen hemoglobin can
carry. The lungs have a lower temperature and a higher pH
than the tissues:

pH Temperature

Lungs 7.40 37°C
Tissues 7.38 38°C 

Both Figure 15.9a and b show that, as expected, hemoglobin
is more saturated with O2 in the lungs than in the tissues.
This effect, which can be attributed to the difference in PO2

between the lungs and tissues, is potentiated by the differ-

ence in temperature and pH between the lungs and tissues.
Notice in Figure 15.9a that the saturation curve for hemoglo-
bin is steeper at 10°C compared to 20°C, and so forth. Also,
Figure 15.9b shows that the saturation curve for hemoglobin
is steeper at higher pH than at lower pH.

This means that the environmental conditions in the
lungs are favorable for the uptake of O2 by hemoglobin, and
the environmental conditions in the tissues are favorable for
the release of O2 by hemoglobin. Hemoglobin is about
98–100% saturated in the capillaries of the lungs and about
60–70% saturated in the tissues. During exercise, hemoglo-
bin is even less saturated in the tissues because muscle con-
traction leads to higher body temperature (up to 103°F in
marathoners!) and lowers the pH (due to the production of
lactic acid).

The difference in PO2
, temperature, and pH

between the lungs and tissues causes hemoglobin
to take up oxygen in the lungs and release oxygen
in the tissues.

294 Part 3 Maintenance of the Human Body 15-12

100

80

60

40

20

S
at

u
ra

ti
o

n
 o

f 
H

em
o

g
lo

b
in

 (
%

)

10°C

20°C

38°C

43°C

0 20 40 60 80 100

PO2
 (mm Hg)

tissues lungs

a. Saturation of Hb relative to temperature

100

80

60

40

20

S
at

u
ra

ti
o

n
 o

f 
H

em
o

g
lo

b
in

 (
%

)

0 20 40 60 80 100

PO2
 (mm Hg)

tissues lungs

b. Saturation of Hb relative to pH

higher pH

norm
al pH

lower pH

Figure 15.9 Effect of environmental conditions on hemoglobin saturation. 
The partial pressure of oxygen (PO2

) in pulmonary capillaries is about 98–100 mm Hg, but only about 40 mm Hg in tissue capillaries. Hemoglobin
is about 98% saturated in the lungs because of PO2

, and also because (a) the temperature is cooler and (b) the pH is higher in lungs. On the other
hand, hemoglobin is only about 60% saturated in the tissues because of the PO2

and also because (a) the temperature is warmer and (b) the pH
is lower in the tissues.
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15.4 Respiration and Health
We have learned that the respiratory tract has a warm, wet
mucosa, which is constantly exposed to environmental air.
The quality of this air, as discussed in the Ecology reading
on page 289, and whether it contains pathogens, can affect
our health. 

Upper Respiratory Tract Infections
The upper respiratory tract consists of the nose, the phar-
ynx, and the larynx. Upper respiratory infections (URI)
can spread from the nasal cavities to the sinuses, to the
middle ears, and to the larynx (Fig. 15.10). Viral infections
sometimes lead to secondary bacterial infections. What we
call “strep throat” is a primary bacterial infection caused
by Streptococcus pyogenes that can lead to a generalized up-
per respiratory infection and even a systemic (affecting the
body as a whole) infection. While antibiotics have no ef-
fect on viral infections, they are successfully used for most
bacterial infections, including strep throat.

Sinusitis 
Sinusitis is an infection of the sinuses, cavities within the
facial skeleton that drain into the nasal cavities. Only about
1–3% of upper respiratory infections are accompanied by
sinusitis. Sinusitis develops when nasal congestion blocks
the tiny openings leading to the sinuses. Symptoms include
postnasal discharge as well as facial pain that worsens
when the patient bends forward. Pain and tenderness usu-
ally occur over the lower forehead or over the cheeks. If the
latter, toothache is also a complaint. Successful treatment
depends on restoring proper drainage of the sinuses. Even
a hot shower and sleeping upright can be helpful. Other-
wise, spray decongestants are preferred over oral antihista-
mines, which thicken rather than liquefy the material
trapped in the sinuses. 

Otitis Media
Otitis media is a bacterial infection of the middle ear. The
middle ear is not a part of the respiratory tract, but this in-
fection is considered here because it is a complication often
seen in children who have a nasal infection. Infection can
spread by way of the auditory tube that leads from the na-
sopharynx to the middle ear. Pain is the primary symptom
of a middle ear infection. A sense of fullness, hearing loss,
vertigo (dizziness), and fever may also be present. Antibi-
otics almost always bring about a full recovery, and a re-
currence is most likely due to a new infection. Drainage
tubes (called tympanostomy tubes) are sometimes placed
in the eardrum of children with multiple recurrences to
help prevent the buildup of fluid in the middle ear and the
possibility of hearing loss. Normally, the tubes slough out
with time.

Tonsillitis 
Tonsillitis occurs when tonsils become inflamed and en-
larged. Tonsils are masses of lymphatic tissue that occur in
the pharynx. The tonsils in the dorsal wall of the nasophar-
ynx are often called adenoids. The tonsils remove many of
the pathogens that enter the pharynx; therefore, they are a
first line of defense against invasion of the body.  If tonsil-
litis occurs frequently and enlargement makes breathing
difficult, the tonsils can be removed surgically in a tonsill-
ectomy. Fewer tonsillectomies are performed today than in
the past because it is now known that tonsils serve an im-
portant function in defending the body against infection. 

Laryngitis
Laryngitis is an infection of the larynx with an accompany-
ing hoarseness leading to the inability to talk in an audible
voice. Usually laryngitis disappears with treatment of the
upper respiratory infection. Persistent hoarseness without
the presence of an upper respiratory infection is one of the
warning signs of cancer and therefore should be looked into
by a physician. 

auditory tube
(pathogens move
to middle ear, 
causing
otitis media)

tonsils
(site of 
tonsillitis)

nasal cavity
(site of nasal
infection)

sinus
(site of sinusitis)

larynx
(site of laryngitis)

Figure 15.10 Upper respiratory infections.

http://www.mhhe.com
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com/biosci/genbio/maderinquiry9


296 Part 3 Maintenance of the Human Body 15-14

Figure 15.11 Lower respiratory tract disorders. 
Exposure to infectious pathogens and/or air pollutants, including cigarette and cigar smoke, causes the diseases and disorders shown here.

Pneumonia
Alveoli fill with thick fluid,
making gas exchange difficult.

Pulmonary Fibrosis
Fibrous connective tissue builds
up in lungs, reducing their
elasticity.

Bronchitis
Airways are inflamed due
to infection (acute) or due to an 
irritant (chronic). Coughing brings 
up mucus and pus.

Emphysema
Alveoli burst and fuse into
enlarged air spaces. Surface area
for gas exchange is reduced. Asthma

Airways are inflamed due to
irritation, and bronchioles constrict
due to muscle spasms.

Pulmonary Tuberculosis
Tubercles encapsulate bacteria, and 
elasticity of lungs is reduced.

mucus

tubercle

asbestos
body
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Lower Respiratory Tract Disorders
Lower respiratory tract disorders, which are illustrated in
Figure 15.11, include infections, restrictive pulmonary disor-
ders, obstructive pulmonary disorders, and lung cancer. 

Lower Respiratory Infections 
Acute bronchitis, pneumonia, and tuberculosis are infec-
tions of the lower respiratory tract. Acute bronchitis is an
infection of the primary and secondary bronchi. Usually it is
preceded by a viral URI that has led to a secondary bacterial
infection. Most likely, a nonproductive cough has become a
deep cough that expectorates mucus and perhaps pus. 

Pneumonia is a viral or bacterial infection of the lungs
in which bronchi and alveoli fill with thick fluid. Most often
it is preceded by influenza. Rather than being a generalized
lung infection, pneumonia may be localized in specific lob-
ules of the lungs. Obviously the more lobules involved, the
more serious the infection. Pneumonia can be caused by a
bacterium that is usually held in check, but that has gained
the upper hand due to stress and/or reduced immunity.
AIDS patients are subject to a particularly rare form of
pneumonia caused by the protozoan Pneumocystis carinii.
Pneumonia of this type is almost never seen in individuals
with a healthy immune system. High fever and chills with
headache and chest pain are symptoms of pneumonia. 

Pulmonary tuberculosis is caused by the tubercle bacil-
lus, a type of bacterium. It is possible to tell if a person has
ever been exposed to tuberculosis with a skin test in which a
highly diluted extract of the bacillus is injected into the skin
of the patient. A person who has never been in contact with
tubercle bacillus shows no reaction, but one who has devel-
oped immunity to the organism shows an area of inflamma-
tion that peaks in about 48 hours. When tubercle bacilli in-
vade the lung tissue, the cells build a protective capsule
about the foreigners, isolating them from the rest of the
body. This tiny capsule is called a tubercle. If the resistance
of the body is high, the imprisoned organisms die, but if the
resistance is low, the organisms eventually can be liberated.
If a chest X ray detects active tubercles, the individual is put
on appropriate drug therapy to ensure the localization of the
disease and the eventual destruction of any live bacterial or-
ganisms.

Tuberculosis was a major killer in the United States be-
fore the middle of this century, after which antibiotic ther-
apy brought it largely under control. In recent years, how-
ever, the incidence of tuberculosis is on the rise, particularly
among AIDS patients, the homeless, and the rural poor.
Worse, the new strains are resistant to the usual antibiotic
therapy. Therefore, some physicians would like to again
quarantine patients in sanitariums. 

Restrictive Pulmonary Disorders
In restrictive pulmonary disorders, vital capacity is re-
duced not because air does not move freely into and out of
the lungs but because the lungs have lost their elasticity.
Inhaling particles such as silica (sand), coal dust, asbestos,
and, now it seems, fiberglass can lead to pulmonary fibro-
sis, a condition in which fibrous connective tissue builds
up in the lungs. The lungs cannot inflate properly and are
always tending toward deflation. Breathing asbestos is
also associated with the development of cancer. Since as-
bestos has been used so widely as a fireproofing and insu-
lating agent, unwarranted exposure has occurred. It is pro-
jected that two million deaths could be caused by asbestos
exposure—mostly in the workplace—between 1990 and
2020.

Obstructive Pulmonary Disorders
In obstructive pulmonary disorders, air does not flow freely
in the airways and the time it takes to inhale or exhale max-
imally is greatly increased. Vital capacity, however, is nor-
mal. Several disorders, including chronic bronchitis, emphy-
sema, and asthma, are referred to as chronic obstructive
pulmonary disorders (COPD) because they tend to recur
and have flare-ups. 

In chronic bronchitis, the airways are inflamed and
filled with mucus. A cough that brings up mucus is com-
mon. The bronchi have undergone degenerative changes in-
cluding the loss of cilia and their normal cleansing action.
Under these conditions an infection is more likely to occur.
Smoking cigarettes and cigars is the most frequent cause of
chronic bronchitis. Exposure to other pollutants can also
cause chronic bronchitis. 

Emphysema is a chronic and incurable disorder in
which the alveoli are distended and their walls damaged
so that the surface area available for gas exchange is re-
duced. Emphysema is often preceded by chronic bronchi-
tis. Air trapped in the lungs leads to alveolar damage and a
noticeable ballooning of the chest. The elastic recoil of the
lungs is reduced, so not only are the airways narrowed but
the driving force behind expiration is also reduced. The
victim is breathless and may have a cough. Because the
surface area for gas exchange is reduced, oxygen reaching
the heart and the brain is reduced. Even so, the heart works
furiously to force more blood through the lungs, and an in-
creased workload on the heart can result. Lack of oxygen to
the brain can make the person feel depressed, sluggish,
and irritable. Exercise, drug therapy, and supplemental
oxygen, along with giving up smoking, may relieve the
symptoms and possibly slow the progression of emphy-
sema.
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a. b.

Figure 15.12 Normal lung versus cancerous lung. a. Normal lung with heart in place. Note the healthy red color. b. Lungs of a heavy
smoker. Notice how black the lungs are except where cancerous tumors have formed.

Asthma is a disease of the bronchi and bronchioles that
is marked by wheezing, breathlessness, and sometimes
cough and expectoration of mucus. The airways are unusu-
ally sensitive to specific irritants, which can include a wide
range of allergens such as pollen, animal dander, dust, ciga-
rette smoke, and industrial fumes. Even cold air, however,
can be an irritant. When exposed to the irritant, the smooth
muscle in the bronchioles undergoes spasms. It now appears
that chemical mediators given off by immune cells in the
bronchioles result in the spasms. Most asthma patients have
some degree of bronchial inflammation that reduces the di-
ameter of the airways and contributes to the seriousness of
an attack. Asthma is not curable but is treatable. There are
inhalers that control the inflammation and hopefully pre-
vent an attack, but there are also inhalers that stop the mus-
cle spasms should an attack occur.

Lung Cancer
Lung cancer used to be more prevalent in men than in
women, but recently it has surpassed breast cancer as a
cause of death in women. This can be linked to an increase
in the number of women who smoke today. Autopsies on
smokers have revealed the progressive steps by which the
most common form of lung cancer develops. The first
event appears to be thickening and callusing of the cells

lining the airways. (Callusing occurs whenever cells are ex-
posed to irritants.) Then there is a loss of cilia so that it is
impossible to prevent dust and dirt from settling in the
lungs. Following this, cells with atypical nuclei appear in
the callused lining. A tumor (Fig. 15.12b) consisting of dis-
ordered cells with atypical nuclei is considered to be cancer
in situ (at one location). A final step occurs when some of
these cells break loose and penetrate other tissues, a
process called metastasis. Now the cancer has spread. The
original tumor may grow until a bronchus is blocked, cut-
ting off the supply of air to that lung. The entire lung then
collapses, the secretions trapped in the lung spaces become
infected, and pneumonia or a lung abscess (localized area
of pus) results. The only treatment that offers a possibility
of cure is to remove a lobe or the lung completely before
metastasis has had time to occur. This operation is called
pneumonectomy.

Current research indicates that involuntary smoking, sim-
ply breathing in air filled with cigarette smoke, can also
cause lung cancer and other illnesses associated with smok-
ing. The Health reading on the next page lists the various ill-
nesses that are apt to occur when a person smokes. If a per-
son stops both voluntary and involuntary smoking, and if
the body tissues are not already cancerous, they may return
to normal over time.
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Is there a safe way to smoke?
No. All forms of tobacco can cause damage and smoking even a
small amount is dangerous. Tobacco is perhaps the only legal
product whose advertised and intended use—that is, smoking
it—will hurt the body. . . .

Does smoking cause cancer?
Yes, and not only lung cancer. . . . Besides causing lung cancer,
smoking a pipe, cigarettes, or cigars is also a major cause of can-
cers of the mouth, larynx (voice box), and esophagus. In addi-
tion, smoking increases the risk of cancer of the bladder, kidney,
pancreas, stomach, and the uterine cervix.

What are the chances of being cured of lung
cancer?
Very low; the five-year survival rate is only 13%. . . . Fortunately,
lung cancer is a largely preventable disease. That is, by not
smoking it can probably be prevented. . . .

Does smoking cause other lung diseases?
Yes. . . . It leads to chronic bronchitis—a disease where the air-
ways produce excess mucus, which forces the smoker to cough
frequently. Smoking is also the major cause of emphysema—a
disease that slowly destroys a person’s ability to breathe. . . .

Why do smokers have “smoker’s cough”?
. . . Normally, cilia (tiny hairlike formations that line the air-
ways) beat outwards and “sweep” harmful material out of the
lungs. Smoke, however, decreases this sweeping action, so some
of the poisons in the smoke remain in the lungs. . . .

If you smoke but don’t inhale, is there any
danger?
Yes. Wherever smoke touches living cells, it does harm. So, even
if smokers of pipes, cigarettes, and cigars don’t inhale, they are
at an increased risk for lip, mouth, and tongue cancer. . . .

Does smoking affect the heart?
Yes. Smoking increases the risk of heart disease, which is
America’s number one killer. . . . Smoking, high blood pres-
sure, high cholesterol, and lack of exercise are all risk factors
for heart disease. Smoking alone doubles the risk of heart
disease. . . .

Is there any risk for pregnant women and
their babies?
Pregnant women who smoke endanger the health and lives of
their unborn babies. When a pregnant woman smokes, she really

is smoking for two because the nicotine, carbon monoxide, and
other dangerous chemicals in smoke enter the mother’s blood-
stream and then pass into the baby’s body. . . .

Does smoking cause any special health
problems for women?
Yes. . . . Women who smoke and use the birth control pill have
an increased risk of stroke and blood clots in the legs as well. . . .
In addition, women who smoke increase their chances of getting
cancer of the uterine cervix.

What are some of the short-term effects of
smoking cigarettes?
Almost immediately, smoking can make it hard to breathe.
Within a short time, it can also worsen asthma and allergies.
Nicotine reaches the brain only seven seconds after a smoker
takes a puff where it produces a morphinelike effect.

Are there any other risks to the smoker?
Yes. There are many other risks. As we already mentioned
briefly, smoking causes stroke, which is the third leading cause
of death in America. Smoking causes lung cancer, but if a person
smokes and is exposed to radon or asbestos, the risk increases
even more. Smokers are also more likely to have and die from
stomach ulcers than nonsmokers. . . .

What are the dangers of passive smoking?
. . . Passive smoking causes lung cancer in healthy nonsmokers.
Children whose parents smoke are more likely to suffer from
pneumonia or bronchitis in the first two years of life than chil-
dren who come from smoke-free households. Passive smokers
have a 30% greater risk for developing lung cancer than non-
smokers who live in a smoke-free house.

Are chewing tobacco and snuff safe
alternatives to cigarette smoking?
No, they are not. Many people who use chewing tobacco or
snuff believe it can’t harm them because there is no smoke.
Wrong. Smokeless tobacco contains nicotine, the same addicting
drug found in cigarettes and cigars. Snuff dippers also take in an
average of over ten times more cancer-causing substances than
cigarette smokers. . . . While not inhaled through the lungs, the
juice from smokeless tobacco is absorbed through the lining of
the mouth. There it can cause sores and white patches, which of-
ten lead to cancer of the mouth. . . . .

The Most Often Asked Questions
About Tobacco and Health
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Summarizing the Concepts

15.1 Respiratory Tract
The respiratory tract consists of the nasal cavities, the nasopharynx, the
pharynx, the larynx (which contains the vocal cords), the trachea, the
bronchi, and the bronchioles. The bronchi, along with the pulmonary
arteries and veins, enter the lungs, which consist of the alveoli, air sacs
surrounded by a capillary network.

15.2 Mechanism of Breathing
Inspiration begins when the respiratory center in the medulla oblon-
gata of the brain sends excitatory nerve impulses to the diaphragm
and the muscles of the rib cage. As they contract, the diaphragm
lowers and the rib cage moves upward and outward; the lungs ex-
pand, creating a partial vacuum, which causes air to rush in. The res-
piratory center now stops sending impulses to the diaphragm and
muscles of the rib cage. As the diaphragm relaxes, it resumes its dome
shape, and as the rib cage retracts, air is pushed out of the lungs dur-
ing expiration.

15.3 Gas Exchanges in the Body
External respiration occurs when CO2 leaves blood via the alveoli
and O2 enters blood from the alveoli. Oxygen is transported to the tis-
sues in combination with hemoglobin as oxyhemoglobin (HbO2). In-
ternal respiration occurs when O2 leaves blood and CO2 enters blood
at the tissues. Carbon dioxide is mainly carried to the lungs within
the plasma as the bicarbonate ion (HCO3

�). Hemoglobin combines
with hydrogen ions from this reaction and becomes reduced (HHb).

15.4 Respiration and Health
A number of illnesses are associated with the respiratory tract. The dis-
orders of the respiratory tract are divided into those that affect the up-
per respiratory tract and those that affect the lower respiratory tract. In-
fections of the nasal cavities, sinuses, throat, tonsils, and larynx are all
well known. In addition, infections can spread from the nasopharynx
to the ears. 

The lower respiratory tract is also subject to infections such as
acute bronchitis, pneumonia, and pulmonary tuberculosis. In restric-
tive pulmonary disorders, exemplified by pulmonary fibrosis, the
lungs lose their elasticity. In obstructive pulmonary disorders, exem-
plified by chronic bronchitis, emphysema, and asthma, the bronchi
(and bronchioles) do not effectively conduct air to and from the lungs.
Smoking, which is associated with chronic bronchitis and emphysema,
can eventually lead to lung cancer. 

Studying the Concepts

1. List the parts of the respiratory tract. What are the special
functions of the nasal cavity, the larynx, and the alveoli?
284–87

2. Name and explain the four parts of respiration. 288
3. What is the difference between tidal volume and vital capac-

ity? Of the air we breathe, what part is not used for gas
exchange? 288

4. What are the steps in inspiration and expiration? How is
breathing controlled? 290–91

5. Discuss the events of external respiration, and include two
pertinent equations in your discussion. 292
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Since the introduction of the first antibi-
otics in the 1940s, there has been a dra-

matic decline in deaths due to respiratory
illnesses like pneumonia and tuberculosis.
Strep throat and ear infections have also
been brought under control with antibi-
otics, which are chemicals that selectively
kill bacteria and not host cells. 

There are problems associated with
antibiotic therapy, however. Aside from a
possible allergic reaction, antibiotics not
only kill off disease-causing bacteria, they
also reduce the number of beneficial bacte-
ria in the intestinal tract and other loca-
tions. These beneficial bacteria hold in
check the growth of other microbes that
now begin to flourish. Diarrhea can result,
as can a vaginal yeast infection. The use of
antibiotics can also prevent natural immu-
nity from occurring, leading to the need
for recurring antibiotic therapy. Especially
alarming at this time is the occurrence of
resistance. Resistance takes place when
vulnerable bacteria are killed off by an an-

tibiotic, and this allows resistant bacteria
to become prevalent. The bacteria that
cause ear, nose, and throat infections, and
scarlet fever and pneumonia are becoming
widely resistant because we have not been
using antibiotics properly. Tuberculosis is
on the rise, and the new strains are resis-
tant to the usual combined antibiotic ther-
apy. When a disease is caused by a resis-
tant bacterium, it cannot be cured by the
administration of any presently available
antibiotic.

Although drug companies now recog-
nize the problem and have begun to de-
velop new antibiotics that hopefully will
kill bacteria resistant to today's antibiotics,
every citizen needs to be aware of our
present crisis situation. Stuart Levy, a Tufts
University School of Medicine microbiolo-
gist says that we should do what is ethical
for society and ourselves. What is needed?
Antibiotics kill bacteria, not viruses—
therefore, we shouldn’t take antibiotics
unless we know for sure we have a bacte-

rial infection. And we shouldn't take them
prophylactically—that is, just in case we
might need one. If antibiotics are taken in
low dosages and intermittently, resistant
strains are bound to take over. Animal and
agricultural use should be pared down,
and household disinfectants should no
longer be spiked with antibacterial agents.
Perhaps then, Levy says, vulnerable bacte-
ria will begin to supplant the resistant
ones in the population. 

Questions
1. With regard to antibiotics, should each

person think about the needs of society as
well as themselves? Why or why not?

2. Should each person do what they can to
help prevent the growing resistance of
bacteria to disease? Why or why not?

3. Should you gracefully accept a
physician's decision that an antibiotic will
not help any illness you may have? Why
or why not? 
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6. What two equations pertain to the exchange of gases during
internal respiration? 292

7. State three factors that influence hemoglobin’s O2 binding
capacity, and relate them to the environmental conditions in
the lungs and tissues. 294

8. Name four respiratory tract infections other than cancer, and
explain why breathing is difficult with these conditions.
295–98

9. What are emphysema and pulmonary fibrosis, and how do
they affect a person’s health? 297

10. List the steps by which lung cancer develops. 298

Testing Yourself

Choose the best answer for each question.
1. Which of these is anatomically incorrect?

a. The nose has two nasal cavities. 
b. The pharynx connects the nasal and oral cavities to the

larynx.
c. The larynx contains the vocal cords.
d. The trachea enters the lungs. 
e. The lungs contain many alveoli. 

2. The maximum volume of air that can be moved in and out
during a single breath is called the
a. expiratory and inspiratory reserve volume.
b. residual volume.
c. tidal volume.
d. vital capacity.
e. functional residual capacity. 

3. The enzyme carbonic anhydrase
a. causes the blood to be more acidic in the tissues.
b. speeds up the conversion of carbonic acid to carbon diox-

ide and water. 
c. actively transports carbon dioxide out of capillaries.
d. is active only at high altitudes.
e. All of these are correct. 

4. Oxygen and carbon dioxide
a. both exit and enter the blood in the lungs and tissues. 
b. are both carried by hemoglobin.
c. are present only in arteries and not in veins.
d. are both given off by mitochondria.
e. Both a and c are correct. 

5. Which of these statements is true?
a. The PO2, temperature, and pH are higher in the lungs.
b. The PO2, temperature, and pH are lower in the lungs. 
c. The PO2 and temperature are higher and pH is lower in the

lungs. 
d. The PO2 and temperature are lower and the pH is higher in

the lungs. 
e. The PO2 and pH are higher but the temperature is lower in

the lungs.
6. Carbon dioxide

a. is carried as the bicarbonate ion in red blood cells.
b. combines with hemoglobin in the tissues. 
c. is carried as the bicarbonate ion in the plasma.
d. enters the capillaries in the lungs and exits capillaries in

the tissues. 
e. Both b and c are correct.

7. Air enters the human lungs because
a. atmospheric pressure is less than the pressure inside the

lungs.
b. atmospheric pressure is greater than the pressure inside

the lungs.
c. although the pressures are the same inside and outside, the

partial pressure of oxygen is lower within the lungs.
d. the residual air in the lungs causes the partial pressure of

oxygen to be less than it is outside.
8. To trace the path of air in humans you would place the tra-

chea
a. directly after the nose.
b. directly before the bronchi.
c. before the pharynx.
d. Both a and c are correct.

9. In humans, the respiratory center
a. is stimulated by carbon dioxide.
b. is located in the medulla oblongata.
c. controls the rate of breathing.
d. All of these are correct.

10. Which one of these is not an obstructive pulmonary disorder?
a. pulmonary tuberculosis
b. emphysema
c. chronic bronchitis
d asthma
e. a disorder that keeps air from flowing freely into and out

of the lungs
11. Label the diagram of the human respiratory tract. 
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a.
b.

c.

d.
e.
f.
g.

h.

i.
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Thinking Scientifically

1. Consider these reactions:
CO2 � H2O E H2CO3 E H� � HCO3

�

a. Why would you expect blood in the tissues to be more
acidic than blood in the lungs? (page 294)

b. Why would you expect blood in the lungs to be more basic
than blood in the tissues?

c. Carbonic acid (H2CO3) is a weak acid (dissociates only
slightly). Why does this help to buffer blood if hydrogen
ions (H�) are added?

d. Water also dissociates only slightly. What reaction would
you expect if hydroxide ions (OH �) are added to blood?
How does this reaction help to buffer blood?

2. Considering the control of breathing (page 292):
a. Why is it better to give a person a mixture of oxygen (O2)

and carbon dioxide (CO2) gases to stimulate breathing?
b. Why is it impossible for a person to commit suicide by

holding his or her breath? (Hint—what gas builds up?)
c. Why is it workable for the carotid and aortic bodies to be

sensitive to the hydrogen ion concentration [H �] of the
blood rather than O2?

d. Why would you predict that the respiratory center is sensi-
tive to the presence of carbon dioxide rather than to the
absence of oxygen in the blood?

Match the terms to these definitions:
a. Common passageway for both food intake and

air movement, located between the mouth and the esophagus.
b. Dome-shaped muscularized sheet separating the

thoracic cavity from the abdominal cavity.
c. Form in which most of the carbon dioxide is

transported in the bloodstream.
d. Stage during breathing when air is pushed out of

the lungs.
e. Terminal, microscopic, grapelike air sac found in

lungs.

Understanding the Terms

acute bronchitis 297
alveolus 287
aortic bodies 290
asthma 298
auditory tube 295
bronchiole 287
bronchus 287
carbaminohemoglobin 292
carbonic anhydrase 292
carotid bodies 290
chronic bronchitis 297
diaphragm 290
emphysema 297
epiglottis 286
expiration 284
expiratory reserve

volume 288
external respiration 292
glottis 286
hemoglobin 292
infant respiratory distress

syndrome 287
inspiration 284
inspiratory reserve

volume 288
internal respiration 292
laryngitis 295

larynx 286
lung cancer 298
lungs 287
nasal cavity 285
otitis media 295
oxyhemoglobin 292
pharynx 285
pleural membrane 290
pneumonectomy 298
pneumonia 297
pulmonary fibrosis 297
pulmonary tuberculosis 297
reduced hemoglobin 292
residual volume 288
respiratory center 290
rib cage 290
sinusitis 295
tidal volume 288
tonsillectomy 295
tonsillitis 295
tonsils 295
trachea 286
tracheostomy 286
ventilation 290
vital capacity 288
vocal cords 286

Using Technology

Your study of the digestive system and nutrition is supported by
these available technologies:

Essential Study Partner CD-ROM
Animals ££ Respiration

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Respiratory System

Virtual Physiology Laboratory CD-ROM
Pulmonary Function
Respiration and Exercise

HealthQuest CD-ROM
2 Fitness
7 Tobacco

Life Science Animations 3D Video
37 Gas Exchange
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Chapter Concepts

16.1 Urinary System
• The urinary system consists of organs that

produce, store, and rid the body of urine. 304
• The kidneys excrete nitrogenous wastes and

maintain the water-salt and the acid-base balance
of the blood within normal limits. 305

16.2 The Kidneys
• Kidneys have a macroscopic (gross) anatomy

and a microscopic anatomy. 307
• Urine is produced by many microscopic tubules

called nephrons. 307

16.3 Urine Formation
• Like many physiological processes, urine

formation is a multistep process. 311

16.4 Maintaining Water-Salt Balance
• The kidneys are under hormonal control as they

regulate the water–salt balance of blood. 312

16.5 Maintaining Acid-Base Balance
• The kidneys excrete hydrogen ions and 

reabsorb bicarbonate ions to regulate the pH of
blood. 315

X-ray enhanced picture of lower abdominal area of a human
features the urinary system. Urine formed in the kidneys (light
green) passes by way of ureters to the bladder (both red) where it is
stored before passing out of the body.

Urinary System and
Excretion
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urine, is a hollow, muscular organ that gradually expands as
urine enters. The wall of the bladder consists of connective
tissue and smooth muscle. The bladder’s outer serosa is con-
tinuous with the parietal peritoneum. (You get the urge to
void when the bladder fills to about 250 milliliters, and you
become uncomfortable at about 500 milliliters. When the
bladder becomes overdistended, you may lose the urge to
void.)

The urethra extends from the urinary bladder to an ex-
ternal opening called the external urethral orifice. The inter-
nal urethral sphincter occurs where the urethra leaves the
bladder, and an external urethral sphincter is located where
the urethra exits the pelvic cavity.

The urethra differs in length in the female and the male.
In the female, the urethra is only about 4 cm long. The short
length of the female urethra makes bacterial invasion easier,
and explains why females are more prone to urinary tract in-
fections than males. In the male, the urethra averages
20 cm when the penis is flaccid (limp, nonerect). As the ure-
thra leaves the male urinary bladder, it is encircled by the
prostate gland. In older men, enlargement of the prostate
gland can restrict urination, a condition that usually can be
corrected surgically.

There is no connection between the genital (reproduc-
tive) and urinary systems in females; there is a connection in
males because the urethra also carries sperm during ejacula-
tion. This double function does not alter the path of urine,
and it is important to realize that urine is found only in those
structures noted in Figure 16.2.

16.1 Urinary System
The urinary system includes the kidneys and associated
structures, which are illustrated in Figure 16.1. The kidneys
produce urine, which passes by way of the ureters to the
bladder where it is stored. The urethra carries urine to out-
side the body.

The Urinary Organs
The kidneys are found on either side of the vertebral col-
umn, just below the diaphragm. They lie in depressions
against the deep muscles of the back beneath the peri-
toneum, the lining of the abdominal cavity, where they also
receive some protection from the lower rib cage. But the kid-
neys can be damaged by blows on the back—kidney
punches are not allowed in boxing. Each kidney is usually
held in place by connective tissue, called renal fascia. A
sharp blow to the back can dislodge a kidney, which is then
called a floating kidney.

The kidneys are bean-shaped, reddish brown organs,
each about the size of a fist, which produce urine. They are
covered by a tough capsule of fibrous connective tissue
overlaid by adipose tissue. A depression (the hilum) on the
concave side is where the renal artery enters and the renal
vein and ureters exit.

The ureters, and indeed the entire urinary tract are lined
by a mucosa. The ureters are tubes about 25 cm long that
convey the urine from the kidneys toward the bladder by
peristalsis.  Urine enters the bladder by peristaltic contrac-
tions, in jets that occur at the rate of five per minute.

The urinary bladder, which can hold up to 600 ml of
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Ahelicopter lands on the roof of the hospital. Para-
medics rush an insulated container from the aircraft to
an operating room a few stories below. Brushing

aside the ice in the container, a surgeon plucks out a fist-
sized reddish mass, a kidney. Within hours, the organ, which
has replaced the diseased kidneys inside a young girl's
body, is busy producing urine. The transplanted organ, if not
rejected, should save the girl from a difficult life of being pe-
riodically hooked up to dialysis machines. Rejection is un-
likely because it has already been determined that the
tissues of the donor are very compatible with those of the re-
cipient. 

A kidney is absolutely essential for a healthy life be-
cause it helps regulate the pH and the water-salt balance of
blood, and it excretes nitrogenous wastes. By regulating the
amount of salt and water in the blood, a kidney helps keep
blood pressure within a normal range. By excreting nitroge-
nous wastes, it rids the body of toxic substances. One kid-
ney alone is all we need, and therefore the donor of a kidney
will suffer no ill consequences except the trauma of abdom-
inal surgery. This chapter will detail exactly how a kidney
performs its life-preserving functions.

1. Kidneys produce 
    urine.

2. Ureters transport
    urine.

4. Urethra passes 
    urine to outside.

3. Urinary bladder 
    stores urine.

renal
artery

renal
vein

aorta

inferior 
vena 
cava

Figure 16.1 The urinary system. 
Urine is found only within the kidneys, the ureters, the urinary
bladder, and the urethra.
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Urination and the Nervous System
When the urinary bladder fills with urine to about 250 ml,
stretch receptors send sensory nerve impulses to the spinal
cord. Subsequently, motor nerve impulses from the spinal
cord cause the urinary bladder to contract and the sphinc-
ters to relax so that urination is possible. In older children
and adults, the brain controls this reflex, delaying urination
until a suitable time (Fig. 16.2).

Only the urinary system, consisting of the kidneys,
the urinary bladder, the ureters, and the urethra,
holds urine.

Functions of the Urinary System
The primary functions of the urinary system are carried out
by the kidneys. The kidneys are organs of excretion. Excre-
tion is the removal of metabolic wastes from the body. The
kidneys also maintain the water-salt balance and the  acid-
base balance of the body. In addition, they have a hormonal
function.

Metabolic Wastes
The kidneys are the primary organs for excretion of nitroge-
nous wastes including urea, creatinine, and uric acid.

Urea is the nitrogenous end product of amino acid me-
tabolism. The breakdown of amino acids in the liver releases
ammonia, which the liver combines with carbon dioxide to
produce urea. Ammonia is very toxic to cells and urea is
much less toxic. Urea is the primary nitrogenous end prod-
uct of human beings.

Two other nitrogenous end products are excreted by the
kidneys. Creatinine is the end product of creatine phos-
phate metabolism. Creatine phosphate is a high-energy
phosphate reserve molecule in muscles. The breakdown of
nucleotides produces uric acid, which is rather insoluble. If
too much uric acid is present in blood, it precipitates out.
Crystals of uric acid sometimes collect in the joints, produc-
ing a painful ailment called gout.

Water-Salt Balance
A principal function of the kidneys is to maintain the ap-
propriate water-salt balance of the body. As we shall see,
blood volume is intimately associated with the salt balance
of the body. As you know, salts, such as NaCl, have the abil-
ity to cause osmosis, the diffusion of water—in this case
into the blood. The more salts there are in the blood, the
greater the blood volume and the greater the blood pres-
sure. Therefore, the kidneys are also involved in regulating
blood pressure.

The kidneys maintain the appropriate level of other
ions such as potassium ions (K�), bicarbonate ions
(HCO3

�), and calcium ions (Ca2�) in the blood. 

Acid-Base Balance
The kidneys also regulate the blood acid-base balance. In or-
der for us to remain healthy, the blood pH should be just
about 7.4. The kidneys monitor and control blood pH,
mainly by excreting hydrogen ions (H�) and reabsorbing bi-
carbonate ion (HCO3

�) as needed. Urine usually has a pH of
6 or lower.

Hormonal Function
The kidneys assist the endocrine system. They secrete the hor-
mone erythropoietin, which stimulates red blood cell pro-
duction. They also modify a precursor molecule from the skin
so that it becomes active vitamin D (calcitriol). Vitamin D pro-
motes calcium (Ca2�) reabsorption from the digestive tract.

The kidneys also secrete renin, a substance involved in
the secretion of aldosterone from the adrenal cortex. Aldo-
sterone causes the reabsorption of sodium ions (Na�).

The kidneys are major organs of homeostasis
because they excrete nitrogenous wastes. They
also regulate the water-salt balance and the acid-
base balance of the blood.
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brain

urinary
bladder

orifice of
ureter

internal sphincter

external sphincter
urethra

somatic nerve
(voluntary)

parasympathetic
fibers
(involuntary)

Figure 16.2 Urination.
As the bladder fills with urine, sensory impulses go to the spinal cord
and then the brain. The brain can override the urge to urinate. When
urination occurs, motor nerve impulses cause the bladder to contract
and an internal sphincter to open. Nerve impulses also cause an
external sphincter to open.
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Although males can get a urinary tract infection, the condition
is 50 times more common in women. The explanation lies in a
comparison of male and female anatomy (Fig. 16A). The female
urethral and anal openings are closer together, and the shorter
urethra makes it easier for bacteria from the bowels to enter and
start an infection. Although it is possible to have no outward
signs of an infection, usually urination is painful, and patients
often describe a burning sensation. The urge to pass urine is fre-
quent, but it may be difficult to start the stream. Chills with
fever, nausea, and vomiting may be present.

Urinary tract infections can be confined to the urethra, in
which case urethritis is present. If the bladder is involved, it is
called cystitis. Should the infection reach the kidneys, the per-
son has pyelonephritis. Escherichia coli (E. coli), a normal bacte-
rial resident of the large intestine, is usually the cause of
infection. Since the infection is
caused by a bacterium, it is cur-
able by antibiotic therapy. The
problem is, however, that rein-
fection is possible as soon as an-
tibiotic therapy is finished.

It makes sense to try to pre-
vent infection in the first place.
These tips might help.

Men and women should
drink lots of water. Try to drink
from 2–2.5 liters of liquid a day.
Try to avoid caffeinated drinks,
which may be irritating. Cran-
berry juice is recommended be-
cause it contains a substance
that stops bacteria from sticking
to the bladder wall once an in-
fection has set in. If an attack
occurs, testing and antibiotic
therapy may be in order. Keep
in mind that sexually transmit-
ted diseases such as gonorrhea,
chlamydia, or herpes can cause
urinary tract infections. All per-
sonal behaviors should be ex-
amined carefully, and suitable
adjustments should be made to
avoid urinary tract infections.

Most women have a urinary
tract infection for the first time
shortly after they become sexu-
ally active. Honeymoon cystitis
was coined because of the com-
mon association of urinary tract

infections with sexual intercourse. Washing the genitals before
having sex and being careful not to introduce bacteria from the
anus into the urethra is recommended. Also, urinating immedi-
ately before and after sex will help to flush out any bacteria that
are present. A diaphragm may press on the urethra and prevent
adequate emptying of the bladder, and estrogen, such as in
birth-control pills, can increase the risk of cystitis. A sex partner
may have an asymptomatic (no symptoms) urinary infection
that causes a woman to become infected repeatedly.

Women should wipe from the front to the back after using
the toilet. Perfumed toilet paper and any other perfumed prod-
ucts that come in contact with the genitals may be irritating.
Wearing loose clothing and cotton underwear discourages the
growth of bacteria, while tight clothing, such as jeans and panty
hose, provides an environment for the growth of bacteria.

Personal hygiene is espe-
cially important too at the time
of menstruation. Hands
should be washed before and
after changing napkins and/or
tampons. Superabsorbent tam-
pons are not best if they are
changed infrequently, as this
may encourage the growth of
bacteria. Also, sexual inter-
course may cause menstrual
flow to enter the urethra.

In males, the prostate is a
gland that surrounds the ure-
thra just below the bladder
(Fig. 16A). The prostate contrib-
utes secretions to semen when-
ever semen enters the urethra
prior to ejaculation. An infec-
tion of the prostate, called pro-
statitis, is often accompanied by
a urinary tract infection. Fever
is present and the prostate is
tender and inflamed. The pa-
tient may have to be hospital-
ized and treated with a broad
spectrum antibiotic. Prostatitis,
which in a young person is
often preceded by a sexually
transmitted disease, can lead
to a chronic condition. Chronic
prostatitis may be asympto-
matic or, as is more typical,
there is irritation upon voiding
and/or difficulty in voiding.
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Urinary Tract Infections Require Attention

Figure 16A Female versus male urinary tract.
Females have a short urinary tract compared to that of males. This
means that it is easier for bacteria to invade the urethra and helps
explain why females are 50 times more likely than males to get a
urinary tract infection.

female male
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16.2 The Kidneys M

When a kidney is sliced lengthwise, it is possible to see the
many branches of the renal artery and vein that reach in-
side the kidney (Fig. 16.3a). If the blood vessels are re-
moved, it is easier to identify three regions of a kidney. The
renal cortex is an outer granulated layer that dips down in
between a radially striated, or lined, inner layer called the
renal medulla. The renal medulla consists of cone-shaped
tissue masses called renal pyramids. The renal pelvis is a
central space, or cavity, that is continuous with the ureter
(Fig. 16.3b).

Microscopically, the kidney is composed of over one
million nephrons, sometimes called renal or kidney tubules
(Fig. 16.3c). The nephrons produce urine and are positioned
so that the urine flows into a collecting duct. Several
nephrons enter the same collecting duct; the collecting ducts
enter the renal pelvis.

Macroscopically, a kidney has three regions: renal
cortex, renal medulla, and a renal pelvis that is
continuous with the ureter. Microscopically, a
kidney contains over one million nephrons.
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renal 
artery

renal 
cortex

collecting
duct

renal pyramid
in renal medulla

renal 
medulla

renal 
cortex  

renal 
pelvis  

ureter  

ureter  

a. Blood vessels

b. Gross anatomy

c. Nephrons

nephrons

renal 
vein

Figure 16.3 Gross anatomy of the kidney.
a. A longitudinal section of the kidney showing the blood supply. Note that the renal artery divides into smaller arteries, and these divide into
arterioles. Venules join to form small veins, which join to form the renal vein. b. The same section without the blood supply. Now it is easier to
distinguish the renal cortex, the renal medulla, and the renal pelvis, which connects with a ureter. The renal medulla consists of the renal
pyramids. c. An enlargement showing the placement of nephrons.
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Anatomy of a Nephron
Each nephron has its own blood supply, including two cap-
illary regions (Fig 16.4). From the renal artery, an afferent ar-
teriole leads to the glomerulus, a knot of capillaries inside

the glomerular capsule. Blood leaving the glomerulus enters
the efferent arteriole and then the peritubular capillary net-
work, which surrounds the rest of the nephron. From there
the blood goes into a venule that joins the renal vein.
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renal artery

renal vein

peritubular
capillary
network

glomerulus

proximal convoluted
tubule

distal convoluted tubule

Renal Cortex

Renal Medulla

collecting
duct

collecting
duct

loop of
the nephron

afferent
arteriole
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glomerular capsule
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Figure 16.4 Nephron anatomy.
A nephron is made up of a glomerular capsule, the proximal convoluted tubule, the loop of the nephron, the distal convoluted tubule, and the
collecting duct. The micrographs show these structures in cross section; MV � microvilli. You can trace the path of blood about the nephron by
following the arrows.
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Parts of a Nephron
Each nephron is made up of several parts (Fig. 16.4). The
structure of each part suits its function.

First, the closed end of the nephron is pushed in on itself
to form a cuplike structure called the glomerular capsule
(Bowman’s capsule). The outer layer of the glomerular cap-
sule is composed of squamous epithelial cells; the inner
layer is made up of podocytes that have long cytoplasmic
processes. The podocytes cling to the capillary walls of the
glomerulus and leave pores that allow easy passage of small
molecules from the glomerulus to the inside of the glomeru-
lar capsule. This process, called glomerular filtration, pro-
duces a filtrate of blood.

Next, there is a proximal (meaning near the glomerular
capsule) convoluted tubule. The cuboidal epithelial cells
lining this part of the nephron have numerous microvilli,
about 1 µm in length, that are tightly packed and form a
brush border (Fig. 16.5). A brush border greatly increases the
surface area for the tubular reabsorption of filtrate compo-
nents. Each cell also has many mitochondria, which can sup-
ply energy for active transport of molecules from the lumen
to the peritubular capillary network.

Simple squamous epithelium appears as the tube nar-

rows and makes a U-turn called the loop of the nephron
(loop of Henle). Each loop consists of a descending limb that
allows water to leave and an ascending limb that extrudes
salt (NaCl). Indeed, as we shall see, this activity facilitates the
reabsorption of water by the nephron and collecting duct.

The cells of the distal convoluted tubule have numer-
ous mitochondria, but they lack microvilli. This is consistent
with the active role they play in moving molecules from the
blood into the tubule, a process called tubular secretion. The
distal convoluted tubules of several nephrons enter one col-
lecting duct. A kidney contains many collecting ducts,
which carry urine to the renal pelvis.

As shown in Figure 16.4, the glomerular capsule and the
convoluted tubules always lie within the renal cortex. The
loop of the nephron dips down into the renal medulla; a few
nephrons have a very long loop of the nephron, which pen-
etrates deep into the renal medulla. Collecting ducts are
also located in the renal medulla, and they give the renal
pyramids their lined appearance.

Each part of a nephron is anatomically suited to its
specific function in urine formation.
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mitochondrion

nucleus

b.a.

Figure 16.5 Proximal convoluted tubule.
a. This photomicrograph shows that the cells lining the proximal convoluted tubule have a brushlike border composed of microvilli, which greatly
increases the surface area exposed to the lumen. The peritubular capillary network surrounds the cells. b. Diagrammatic representation of (a)
shows that each cell has many mitochondria, which supply the energy needed for active transport, the process that moves molecules (green)
from the lumen of the tubule to the capillary, as indicated by the arrows.
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Tubular Reabsorption
Glomerular Filtration

Tubular Secretion
Certain molecules are actively
secreted from the peritubular
capillary network into the
distal convoluted tubule.

Nutrient and salt molecules are
actively reabsorbed from the
proximal convoluted tubule into the
peritubular capillary network,
and water flows passively.     

Water, salts, nutrient molecules, and
waste molecules move from the
glomerulus to the inside of the glomerular
capsule. These small molecules are
called the glomerular filtrate.

Figure 16.6 Urine formation.
The three steps in urine formation are numbered. Reabsorption of water is not an individual step because it occurs along the length of the
nephron and also at the loop of the nephron and collecting duct. Excretion is not a step because it is the end result.
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16.3 Urine Formation
Figure 16.6 gives an overview of urine formation, which is
divided into these steps: glomerular filtration, tubular reab-
sorption, and tubular secretion.

Glomerular Filtration
Glomerular filtration occurs when whole blood enters the
afferent arteriole and the glomerulus. Due to glomerular
blood pressure, which is usually about 60 mm Hg, water
and small molecules move from the glomerulus to the inside
of the glomerular capsule. This is a filtration process because
large molecules and formed elements are unable to pass
through the capillary wall. In effect, then, blood in the
glomerulus has two portions: the filterable components and
the nonfilterable components.

Filterable Nonfilterable
Blood Components Blood Components

Water Formed elements (blood 
Nitrogenous wastes cells and platelets)

Nutrients Proteins

Salts (ions)

The glomerular filtrate contains small dissolved molecules
in approximately the same concentration as plasma. Small
molecules that escape being filtered and the nonfilterable
components leave the glomerulus by way of the efferent
arteriole.

One hundred eighty liters of water are filtered per day
along with a considerable amount of small molecules, such
as glucose and amino acids. If the composition of urine were
the same as that of the glomerular filtrate, the body would
continually lose water, salts, and nutrients. Death from de-
hydration, starvation, and low blood pressure would
quickly follow. Therefore, we can conclude that the compo-
sition of the filtrate must be altered as this fluid passes
through the remainder of the tubule.

Tubular Reabsorption
Tubular reabsorption occurs as molecules and ions are
both passively and actively reabsorbed from the nephron
into the blood of the peritubular capillary network. The os-
molarity of the blood is maintained by the presence of
plasma proteins and also by salt. When sodium ions (Na�)
are actively reabsorbed, chloride ions (Cl�) follow pas-
sively. The reabsorption of salt (NaCl) increases the osmo-
larity of the blood compared to the filtrate, and therefore
water moves passively from the tubule into the blood.
About 67% of Na� is reabsorbed at the proximal convo-
luted tubule.

Nutrients such as glucose and amino acids also return
to the blood at the proximal convoluted tubule. This is a
selective process because only molecules recognized by
carrier molecules are actively reabsorbed. Glucose is an ex-
ample of a molecule that ordinarily is completely reab-
sorbed because there is a plentiful supply of carrier
molecules for it. However, every substance has a maxi-
mum rate of transport, and after all its carriers are in use,
any excess in the filtrate will appear in the urine. For ex-
ample, as reabsorbed levels of glucose approach 180–200
mg/100 ml plasma, the rest will appear in the urine. In di-
abetes mellitus, excess glucose occurs in the blood, and
then in the filtrate, and then in the urine, because the liver
and muscles fail to store glucose as glycogen and the kid-
neys cannot reabsorb all of it. The presence of glucose in
the filtrate increases its osmolarity compared to blood, and
therefore less water is reabsorbed into the peritubular cap-
illary network. The frequent urination and increased thirst
experienced by patients with uncontrolled diabetes melli-
tus is due to the fact that water is remaining in the filtrate
and is not being reabsorbed.

We have seen that the filtrate that enters the proximal
convoluted tubule is divided into two portions: components
that are reabsorbed from the tubule into blood, and compo-
nents that are nonreabsorbed and continue to pass through
the nephron to be further processed into urine.

Reabsorbed Filtrate Nonreabsorbed Filtrate
Components Components

Most water Some water
Nutrients Much nitrogenous
Required salts (ions) waste

Excess salts (ions)

The substances that are not reabsorbed become the tubular
fluid, which enters the loop of the nephron.

Tubular Secretion
Tubular secretion is a second way by which substances are
removed from blood and added to the tubular fluid. Hydro-
gen ions, creatinine, and drugs such as penicillin are some of
the substances that are moved by active transport from
blood into the distal convoluted tubule. In the end, urine
contains substances that underwent glomerular filtration
but were not reabsorbed, and substances that underwent
tubular secretion.

Urine formation requires glomerular filtration (small
molecules enter tubule), tubular reabsorption (many
molecules are reabsorbed), and tubular secretion
(substances are actively added to tubule).
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16.4 Maintaining Water-Salt Balance
The kidneys regulate the water-salt balance of the blood. In
this way, they also maintain the blood volume and blood
pressure. Most of the water and salt (NaCl) present in the fil-
trate is reabsorbed across the wall of the proximal convo-
luted tubule. Reabsorption also occurs along the remainder
of the nephron.

Reabsorption of Water
The excretion of a hypertonic urine (one that is more con-
centrated than blood) is dependent upon the reabsorption of
water from the loop of the nephron (loop of Henle) and the
collecting duct.

A long loop of the nephron, which typically penetrates
deep into the renal medulla, is made up of a descending (go-
ing down) limb and an ascending (going up) limb. Salt
(NaCl) passively diffuses out of the lower portion of the as-
cending limb, but the upper, thick portion of the limb ac-
tively extrudes salt out into the tissue of the outer renal
medulla (Fig. 16.7). Less and less salt is available for trans-
port as fluid moves up the thick portion of the ascending
limb. Because of these circumstances, the loop of the
nephron establishes an osmotic gradient within the tissues of
the renal medulla: the concentration of salt is greater in the
direction of the inner medulla. (Note that water cannot
leave the ascending limb because the limb is impermeable
to water.)

Also, if you examine Figure 16.7 carefully, you can see
that the innermost portion of the inner medulla has the high-
est concentration of solutes. This cannot be due to salt be-
cause active transport of salt does not start until the thick
portion of the ascending limb. Urea is believed to leak from
the lower portion of the collecting duct, and it is this mole-
cule that contributes to the high solute concentration of the
inner medulla.

Because of the osmotic gradient within the renal me-
dulla, water leaves the descending limb of the loop of the
nephron along its length. This is a countercurrent mecha-
nism: as water diffuses out of the descending limb, the re-
maining solution within the limb encounters an even
greater osmotic concentration of solute; therefore, water
will continue to leave the descending limb from the top to
the bottom.

Fluid entering a collecting duct comes from the distal
convoluted tubule. This fluid is now isotonic to the cells of
the cortex. This means that to this point, the net effect of re-
absorption of water and salt is the production of a fluid that
has the same tonicity as blood. However, the filtrate within
the collecting duct also encounters the same osmotic gradi-
ent mentioned earlier (Fig. 16.7). Therefore, water diffuses
out of the collecting duct into the renal medulla, and the
urine within the collecting duct becomes hypertonic to
blood plasma.
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Figure 16.7 Reabsorption of water at the loop of the
nephron and the collecting duct.
Salt (NaCl) diffuses and is actively transported out of the ascending
limb of the loop of the nephron into the renal medulla; also, urea is
believed to leak from the collecting duct and to enter the tissues of
the renal medulla. This creates a hypertonic environment, which
draws water out of the descending limb and the collecting duct. This
water is returned to the cardiovascular system. (The thick line means
the ascending limb is impermeable to water.)

Antidiuretic hormone (ADH) released by the posterior
lobe of the pituitary plays a role in water reabsorption at the
collecting duct. In order to understand the action of this hor-
mone, consider its name. Diuresis means increased amount
of urine, and antidiuresis means decreased amount of urine.
When ADH is present, more water is reabsorbed (blood vol-
ume and pressure rise), and a decreased amount of urine re-
sults. In practical terms, if an individual does not drink
much water on a certain day, the posterior lobe of the pitu-
itary releases ADH, causing more water to be reabsorbed
and less urine to form. On the other hand, if an individual
drinks a large amount of water and does not perspire much,
ADH is not released. Now more water is excreted, and more
urine forms.
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Reabsorption of Salt
Usually, more than 99% of sodium (Na�) filtered at the
glomerulus is returned to the blood. Most sodium (67%) is
reabsorbed at the proximal tubule, and a sizable amount
(25%) is extruded by the ascending limb of the loop of the
nephron. The rest is reabsorbed from the distal convoluted
tubule and collecting duct.

Hormones regulate the reabsorption of sodium at the
distal convoluted tubule. Aldosterone is a hormone secreted
by the adrenal cortex, the outer portion of the adrenal
glands, which lie atop the kidneys. Aldosterone promotes
the excretion of potassium ions (K�) and the reabsorption of
sodium ions (Na�). The release of aldosterone is set in mo-
tion by the kidneys themselves. The juxtaglomerular appa-
ratus is a region of contact between the afferent arteriole and
the distal convoluted tubule (Fig. 16.8). When blood volume,
and therefore blood pressure, is not sufficient to promote
glomerular filtration, the juxtaglomerular apparatus se-
cretes renin. Renin is an enzyme that changes angiotensino-
gen (a large plasma protein produced by the liver) into
angiotensin I. Later, angiotensin I is converted to an-
giotensin II, a powerful vasoconstrictor that also stimulates
the adrenal cortex to release aldosterone. The reabsorption
of sodium ions is followed by the reabsorption of water.
Therefore, blood volume and blood pressure increase.

Atrial natriuretic hormone (ANH) is a hormone secreted
by the atria of the heart when cardiac cells are stretched due
to increased blood volume. ANH inhibits the secretion of
renin by the juxtaglomerular apparatus and the secretion of
aldosterone by the adrenal cortex. Its effect, therefore, is to
promote the excretion of Na�, that is, natriuresis. When Na�

is excreted, so is water, and therefore blood volume and
blood pressure decrease.

These examples show that the kidneys regulate the salt
balance in blood by controlling the excretion and the reab-
sorption of various ions. Sodium (Na�) is an important ion in
plasma that must be regulated, but the kidneys also excrete or
reabsorb other ions, such as potassium ions (K�), bicarbonate
ions (HCO3

�), and magnesium ions (Mg2�), as needed.

Diuretics
Diuretics are agents that increase the flow of urine. Drink-
ing alcohol causes diuresis because it inhibits the secretion
of ADH. The dehydration that follows is believed to con-
tribute to the symptoms of a hangover. Caffeine is a diuretic
because it increases the glomerular filtration rate and de-
creases the tubular reabsorption of Na�. Diuretic drugs de-
veloped to counteract high blood pressure in patients inhibit
active transport of Na� at the loop of the nephron or at the
distal convoluted tubule. A decrease in water reabsorption
and a decrease in blood volume follow.

Figure 16.8 Juxtaglomerular apparatus.
This drawing shows that the afferent arteriole and the distal convoluted tubule usually lie next to each other. The juxtaglomerular apparatus
occurs where they touch.
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After a person suffers kidney damage, perhaps due to re-
peated infections, waste substances accumulate in the
blood. This condition is called uremia because urea is one
of the substances that accumulates. Although nitrogenous
wastes can cause serious damage, some believe that it is
the imbalance of ions in the blood that leads to loss of con-
sciousness and to heart failure. Patients in renal failure
most often seek a kidney transplant, but in the meantime
they undergo hemodialysis utilizing an artificial kidney.
Dialysis is the diffusion of dissolved molecules through a
semipermeable membrane (an artificial membrane with
pore sizes that allow only small molecules to pass
through). These molecules, of course, move across a mem-
brane from the area of greater concentration to one of
lesser concentration. Substances more concentrated in
blood diffuse into the dialysis solution, which is called the
dialysate, and substances more concentrated in the
dialysate diffuse into blood. Accordingly, the artificial
kidney is utilized either to extract substances from blood,
including waste products or toxic chemicals and drugs, or
to add substances to blood—for example, bicarbonate
ions (HCO3

�) if blood is acidic.
The first clinically useful artificial kidney was de-

vised by the Dutchman William J. Kolff in 1943. Based on
the work of predecessors, Kolff hypothesized that he
needed a machine with these specifications: (1) only a
small volume of blood is ever out of the patient, (2) the blood
should be exposed to a large surface area to lessen diffusion
time, (3) the blood must be kept moving in tubes to and from
the patient, and (4) the dialysate must be of a certain composi-
tion and kept fresh.

In Kolff’s invention, 20 meters of cellophane tubing were
wrapped around a drum. Rotation of the drum caused the
blood to pass from one end of the tubing to the other. The
lower half of the drum was immersed in a fluid. There was no
pump and the tube taking blood from the patient to the ma-
chine was raised or lowered to let blood in or out of the pa-
tient. Kolff used an anticoagulant to prevent the patient’s
blood from clotting. The only patient treated with the first arti-
ficial kidney died when all possible entry points for his blood
had been utilized.

Around 1960, Dr. Belding Scribner and Mr. Wayne Quinton in
Seattle developed the arteriovenous shunt. Tubes permanently
placed in an artery and vein of the arm were joined to a remov-
able Teflon shunt. When the patient needed dialysis, the shunt
was disconnected and the tubes were connected to the artificial
kidney. Today, it is common to surgically join an artery and vein
in the arm. The vein distends, and for each dialysis, one or two
needles are inserted in the distended vein. The needles are con-
nected to tubing leading to the artificial kidney, where fresh

dialysate circulates past many meters of the tubing. A pump
keeps the blood moving, and there is no need for the anticoagu-
lant that Kolff had to use (Fig. 16B). Also, today’s artificial kidney
uses highly permeable dialysis tubing, making it possible to
shorten dialysis time. Presently, dialysis usually occurs only three
times per week for three hours or less. And there are portable ma-
chines that allow patients to dialyze at home or on trips!

Another group of Dutch investigators hypothesized that the
peritoneum could serve as a dialyzing membrane. The peritoneal
(abdominal) cavity has a large surface area and is richly vascu-
larized. Therefore, an exchange does take place between a dia-
lyzing fluid placed in the peritoneal cavity and the capillaries of
the abdominal wall. A very careful mathematical analysis al-
lowed the investigators to determine that only 1.2 liters of
dialysate are needed and it should be kept in place for four hours.
The old dialysate is then removed and a new batch is instilled via
a permanently implanted tube. In the meantime the patient is
free to go about his usual daily routine. This method of dialysis is
appropriately called continuous ambulatory peritoneal dialysis.

Development of the artificial kidney and continuous ambu-
latory peritoneal dialysis exemplifies that science is intimately
involved with the development of suitable instruments and is a
community effort that builds on the work of those that have
made contributions before.

The Artificial Kidney

fresh dialysate used dialysate (contains 
urea and excess salts)

dialysate

dialysate 
flow

semipermeable
tubing

blood flow

bloodpump

Figure 16B An artificial kidney machine.
As the patient’s blood is pumped through dialysis tubing, it is exposed to a
dialysate (dialysis solution). Wastes exit from blood into the solution because
of a preestablished concentration gradient. In this way, blood is not only
cleansed, but its water-salt and acid-base balance can also be adjusted.
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means for buffering these hydrogen ions in urine:
(NH3 + H�

£ NH4
�). Ammonia (whose presence is quite

obvious in the diaper pail or kitty litter box ) is produced in
tubule cells by the deamination of amino acids. Phosphate
provides another means of buffering hydrogen ions in
urine.

The acid-base balance of the blood is adjusted by
the reabsorption of the bicarbonate ions (HCO3

�)
and the secretion of hydrogen ions (H�) as
appropriate.
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16.5 Maintaining Acid-Base Balance
The bicarbonate (HCO3

�) buffer system and breathing
work together to maintain the pH of the blood. Central to
the mechanism is this reaction, which you have seen
before:

The excretion of carbon dioxide (CO2) by the lungs helps
keep the pH within normal limits, because when carbon
dioxide is exhaled this reaction is pushed to the right and
hydrogen ions (H�) are tied up in water. Indeed, when
blood pH decreases, chemoreceptors in the carotid bodies
(located in the carotid arteries) and in aortic bodies (located
in the aorta) stimulate the respiratory center, and the rate
and depth of breathing increases. On the other hand, when
blood pH begins to rise, the respiratory center is depressed
and the bicarbonate ion increases in the blood.

As powerful as this system is, only the kidneys can rid
the body of a wide range of acidic and basic substances. The
kidneys are slower acting than the buffer/breathing mech-
anism, but they have a more powerful effect on pH. For the
sake of simplicity, we can think of the kidneys as reabsorb-
ing bicarbonate ions and excreting hydrogen ions as needed
to maintain the normal pH of the blood. If the blood is
acidic, hydrogen ions are excreted and bicarbonate ions are
reabsorbed. If the blood is basic, hydrogen ions are not ex-
creted and bicarbonate ions are not reabsorbed. Since the
urine is usually acidic, it shows that usually an excess of hy-
drogen ions are excreted. Ammonia (NH3) provides a

H+ +  HCO3
– H2CO3 +  CO2H2O

Figure 16.9 Acid-base balance.
In the kidneys, bicarbonate ions are reabsorbed and the hydrogen
ions are excreted as needed to maintain the pH of the blood. Excess
hydrogen ions are buffered, for example, by ammonia (NH3), which is
produced in tubule cells by the deamination of amino acids.

HCO3
– 

HCO3
– 

H+ + NH3
+                NH4

+          

H+

blood

As a society we are accustomed to
thinking that as we grow older, dis-

eases like urinary disorders will begin to
occur. Almost everyone is aware that most
males are subject to enlargement of the
prostate as they age, and that cancer of the
prostate is not uncommon among elderly
men. However, like many illnesses associ-
ated with aging, medical science now
knows how to treat or even cure prostate
problems. Because of these successes,
medical science has lengthened our life
span. A child born in the United States in
1900 lived to, say, 47 years. If that same
child were born today, it would probably
live to at least 76. Even more exciting is the
probability that scientists will improve the
life span. People could live beyond 100
years and have the same vigor and vitality
they had when they were young.

Most people are appreciative of living
longer, especially if they can expect to be
free of the illnesses and inconveniences as-
sociated with aging. But have we exam-
ined how we feel about longevity as a
society? Whereas we are accustomed to
considering that if the birthrate increases
so does the size of a population, what
about the death rate? If the birthrate stays
constant and the death rate decreases, ob-
viously population size also increases.
Most experts agree that population
growth depletes resources and increases
environmental degradation. An older pop-
ulation can also put a strain on the econ-
omy if they are unable to meet their
financial, including medical, needs with-
out governmental assistance.

What is the ethical solution to this
problem? Should we just allow the popu-

lation to increase due to older people liv-
ing longer? Should we decrease the
birthrate? Should we reduce governmen-
tal assistance to older people so they real-
ize that they must be able to take care of
themselves? Should we call a halt to in-
creasing the life span through advance-
ments in medical science?

Questions
1. Do you feel that older people make a

significant contribution to or a drain on
society? Explain.

2. Would you be willing to have fewer
children in order to hold the population in
check if more people live longer? Why or
why not?

3. Should the elderly expect governmental
or family assistance as they age? Why or
why not?
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Summarizing the Concepts

16.1 Urinary System
The kidneys produce urine, which is conducted by the ureters to the
bladder where it is stored before being released by way of the urethra.

The kidneys excrete nitrogenous wastes, including urea, uric acid,
and creatinine, and they maintain the water-salt balance of the body
and help keep the blood pH within normal limits.

16.2 The Kidneys
Macroscopically, the kidneys are divided into the renal cortex, renal
medulla, and renal pelvis. Microscopically, they contain the nephrons.

Each nephron has its own blood supply; the afferent arteriole ap-
proaches the glomerular capsule and divides to become the glomeru-
lus, a capillary tuft. The permeability of the glomerular capsule allows
small molecules to enter the capsule from the glomerulus. The efferent
arteriole leaves the capsule and immediately branches into the per-
itubular capillary network.

Each region of the nephron is anatomically suited to its task in
urine formation. The spaces between podocytes of the glomerular cap-
sule allow small molecules to enter the capsule from the glomerulus, a
capillary knot. The cuboidal epithelial cells of the proximal convoluted
tubule have many mitochondria and microvilli to carry out active
transport (following passive transport) from the tubule to blood. In
contrast, the cuboidal epithelial cells of the distal convoluted tubule
have numerous mitochondria but lack microvilli. They carry out active
transport from the blood to the tubule.

16.3 Urine Formation
Urine is composed primarily of nitrogenous waste products and salts
in water. The steps in urine formation are glomerular filtration, tubular
reabsorption, and tubular secretion, as explained in Figure 16.6.

16.4 Maintaining Water-Salt Balance
The kidneys regulate the water-salt balance of the body. Water is reab-
sorbed from all parts of the tubule. The ascending limb of the nephron
loop establishes an osmotic gradient that draws water from the
descending limb and also the collecting duct. The permeability of the
collecting duct is under the control of the hormone ADH.

The reabsorption of salt increases blood volume and pressure be-
cause more water is also reabsorbed. Two other hormones, aldosterone
and ANH, control the kidneys’ reabsorption of sodium (Na�).

16.5 Maintaining Acid-Base Balance
The kidneys keep blood pH within normal limits. They reabsorb
HCO3

� and excrete H� as needed to maintain the pH at about 7.4.

Studying the Concepts

1. State the path of urine and the function of each organ
mentioned. 304

2. Explain how urination is controlled. 305
3. List and explain four functions of the urinary system. 305
4. Describe the macroscopic anatomy of a kidney. 307
5. Trace the path of blood about a nephron. 308
6. Name the parts of a nephron, and tell how the structure of

the convoluted tubules suits their function. 309
7. State and describe  the three steps of urine formation.

310–11

8. Where in particular is water and salt reabsorbed along the
length of the nephron? Describe the contribution of the loop
of the nephron. 312

9. Name and describe the action of antidiuretic hormone
(ADH), the renin-aldosterone connection, and the atrial natri-
uretic hormone (ANH). 312–13

10. How do the kidneys maintain the pH of the blood within
normal limits? 315

Testing Yourself

Choose the best answer for each question.
1. Which of these functions of the kidneys is mismatched?

a. excretes metabolic wastes—rids the body of urea
b. maintains the water-salt balance—helps regulate blood

pressure
c. maintains the acid-base balance—rids the body of uric 

acid
d. secretes hormones—secretes erythropoietin
e. All of these are properly matched.

2. Which of these is out of order first?
a. glomerular capsule
b. proximal convoluted tubule
c. distal convoluted tubule
d. loop of the nephron
e. collecting duct

3. Which of these hormones is most likely to cause a rise in
blood pressure?
a. aldosterone
b. antidiuretic hormone (ADH)
c. renin
d. atrial natriuretic hormone (ANH)
e. Both a and c are correct.

4. If the blood is acidic,
a. hydrogen ions are excreted and bicarbonate ions are

reabsorbed.
b. hydrogen ions are reabsorbed and bicarbonate ions are

excreted.
c. hydrogen ions and bicarbonate ions are reabsorbed.
d. hydrogen ions and bicarbonate ions are excreted.
e. urea, uric acid, and ammonia are excreted.

5. Excretion of a hypertonic urine in humans is associated best
with the
a. glomerular capsule.
b. proximal convoluted tubule.
c. loop of the nephron.
d. distal convoluted tubule.

6. The presence of ADH (antidiuretic hormone) causes an
individual to excrete
a. sugars.
b. less water.
c. more water.
d. Both a and c are correct.

7. In humans, water is
a. found in the glomerular filtrate.
b. reabsorbed from the nephron.
c. in the urine.
d. All of these are correct.
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8. Filtration is associated with the
a. glomerular capsule.
b. distal convoluted tubule.
c. collecting duct.
d. All of these are correct.

9. Normally in humans, glucose
a. is always in the filtrate and urine.
b. is always in the filtrate, with little or none in urine.
c. undergoes tubular secretion and is in urine.
d. undergoes tubular secretion and is not in urine.

10. Label this diagram of a nephron.

Understanding the Terms

Match the terms to these definitions:
a. Portion of the nephron lying between the proxi-

mal convoluted tubule and the distal convoluted tubule that
functions in water reabsorption.

b. Movement of molecules from the contents of the
nephron into blood at the proximal convoluted tubule.

c. Hormone secreted by the adrenal cortex that
regulates the sodium and potassium balance of the blood.

d. Outer portion of the kidney that appears granular.
e. Surrounds a nephron and functions in reabsorp-

tion during urine formation.

a.

b.

c.

d.

e.
f.

g.

i.

j.

k.

l.

h.

Thinking Scientifically

1. Considering filtration (page 311):
a. Urine, not urea, is made by the kidneys. What is the differ-

ence between urine and urea?
b. Blood pressure in the glomerulus favors filtration of mole-

cules. The efferent arteriole (leaving the glomerulus) is
narrower than the afferent arteriole (leading to the
glomerulus). What effect does this have on blood pressure
in the glomerulus?

c. What force would oppose filtration of molecules from the
glomerulus? (Hint, review the forces involved in capillary
exchange.)

d. If there is a loss of proteins from blood into the glomerular
capsule, would the filtration rate increase or decrease?
(Assume constant blood pressure.)

2. Considering urine formation (page 311):
a. If 99% of water is reabsorbed, how can urine be 95% water.
b. Carrier molecules work as fast as they can to return

glucose to blood. Explain why excess glucose is not
returned.

c. When CO2 is excreted by the lungs, does blood become
more acidic or more basic? If the HCO3

� is excreted by
the kidneys, does blood become more acidic or more
basic?

d. The maintenance of normal blood pH is a very important
function of the kidneys. What molecules in the cells are
affected by pH changes.

Using Technology

Your study of the urinary system and excretion is supported by
these available technologies:

Essential Study Partner CD-ROM
Animals ££Osmoregulation

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Urinary System

Life Science Animations 3D Video
38 Kidney Function

aldosterone 313
antidiuretic hormone (ADH)

312
atrial natriuretic

hormone (ANH) 313
collecting duct 309
creatinine 305
distal convoluted

tubule 309

diuretics 313
erythropoietin 305
excretion 305
glomerular capsule 309
glomerular filtrate 311
glomerular filtration 311
glomerulus 308
juxtaglomerular apparatus 313
kidney 304
loop of the nephron 309

nephron 307
peritubular capillary

network 308
podocyte 309
proximal convoluted

tubule 309
renal artery 304
renal cortex 307
renal medulla 307
renal pelvis 307
renal vein 304
renin 313
tubular reabsorption 311
tubular secretion 311
urea 305
ureter 304
urethra 304
uric acid 305
urinary bladder 304
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Luigi Galvani, an Italian, discov-

ered in the eighteenth century that

a nerve can be stimulated by an

electric current, but it was not

until the twentieth century that

instrumentation was available to

show that the nerve impulse is an

electrochemical phenomenon—

the movement of ions across the

plasma membrane results in nerve

impulses. While the  nerve im-

pulse is always the same, sensa-

tion and perception differ. This

enigma, that is, puzzle, still can-

not be fully explained, but neuro-

physiologists are making rapid

strides in understanding how the

brain turns nerve impulses into

our knowledge of the world and

ourselves. 

Integration and Control of the Human Body

17 Nervous System 321
The nervous system coordinates and
regulates all body systems, and in
addition is responsible for perception,
learning, and memory.

19 Musculoskeletal System
369

The musculoskeletal system supports the
body and allows it to move. Also, this
system produces blood cells.

18 Senses 347
The sensory receptors are sensitive to
stimuli and send sensory information to
the central nervous system, which stores
it for future use. 

20 Endocrine System 395
The organs of the endocrine system
secrete hormones, chemical messengers
that are carried in the blood and regulate
all the body’s tissues. 
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Chiropractors treat patients whose health problems are associated
with the body’s muscular, nervous, and skeletal systems, especially
the spine. Chiropractors use natural, nondrug, nonsurgical health
treatments and rely on the body’s inherent recuperative abilities.

Physical therapists work to improve the mobility, relieve the pain,
and prevent or limit the permanent physical disabilities of patients
suffering from injuries or disease. Treatment often includes exercise
for patients who have been immobilized and lack flexibility.

Psychologists meet with clients who are having difficulty coping
with relationships and everyday problems. Psychologists allow
patients to discuss their feelings in a friendly and secure atmo-
sphere. The goal is to resolve inner conflicts, leading to a more pro-
ductive and well-adjusted life-style.

Optometrists examine the eyes and related structures to deter-
mine the presence of vision problems and/or other abnormalities.
They prescribe glasses or lenses when needed and routinely test for
glaucoma and diseases of the retina. They may use visual training
to preserve or restore vision to a maximum level of efficiency.

Biomedical laser technicians operate laser equipment in a profi-
cient and safe manner and assist in the training of operating room
personnel. Technicians keep abreast of the current laser research
technologies and participate in basic research and data collection.
They also order and are responsible for laser supplies and auxiliary
equipment needed to perform the laser procedure.

Speech-language pathologists work with people who cannot
speak clearly or who cannot understand language. They test
patients to determine the nature and extent of impairment and to
analyze speech irregularities. For people who cannot speak, they
select an alternative communication system, such as sign language
and teach patients how to use the system. 

Neurophysiological technologists record brain waves using an
EEG machine, and also perform related types of tests to diagnose
brain disorders such as tumors, strokes, epilepsy, or the presence
of Alzheimer disease. Some are specialists in speech disorders.
Other technologists may choose to manage an EEG laboratory
and/or become an instructor in EEG techniques. 

Physical therapist working on patient.

Psychologist listening to patient.

Optometrist testing eyesight of patient.

Careers in Human Anatomy and Physiology
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Chapter Concepts

17.1 Neurons and How They Work
• The nervous system contains cells called neu-

rons, which are specialized to carry nerve
impulses. 322

• A nerve impulse is an electrochemical change
that travels along the length of a neuron 
fiber. 324

• Transmission of signals between neurons is
dependent on neurotransmitter molecules. 327

17.2 Peripheral Nervous System
• The peripheral nervous system contains nerves

that conduct nerve impulses toward and away
from the central nervous system. 328

17.3 Central Nervous System
• The central nervous system is made up of the

spinal cord and the brain. 332
• The parts of the brain are specialized for particu-

lar functions. 334
• The reticular formation contains fibers that

arouse the brain when active and account for
sleep when they are inactive. 335

17.4 The Cerebral Hemispheres 
• The cerebral cortex contains motor areas, sensory

areas, and association areas which are in com-
munication with each other. 336

• The limbic system contains cortical and subcorti-
cal areas that are involved in higher mental func-
tions and emotional responses. 337

17.5 Higher Mental Functions
• Long-term memory depends upon association

areas that are in contact with the limbic system.
338

• There are particular areas in the left hemisphere
that are involved in language and speech. 340

17.6 Drug Abuse
• The use of psychoactive drugs such as alcohol,

nicotine, marijuana, cocaine, and heroin is detri-
mental to the body. 341

Nervous System

In magnetic resonance images, bone appears black while soft
tissue, like the brain, are in color. To produce this image, a
powerful magnet was used to align hydrogen ions in the body.
When they come out of alignment, the hydrogen ions produce
signals that are picked up by a computer.
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17.1 Neurons and How They Work M
Nervous tissue contains two types of cells: neuroglial cells
and neurons. Neuroglial cells support and service neurons,
the cells that actually transmit nerve impulses (see Fig. 11.6). 

Neuron Structure
Despite their varied appearance, all neurons have just three
parts: dendrites, cell body, and an axon. It becomes apparent
from studying the motor neuron in Figure 17.2 that den-
drites are processes that send signals toward the cell body.
The cell body is the part of a neuron that contains the nu-
cleus and other organelles. An axon conducts nerve im-
pulses along its entire length. Axons are sometimes referred
to as long fibers.

There are three classes of neurons: sensory neurons, mo-
tor neurons, and interneurons, whose functions are best de-
scribed in relation to the CNS (Fig. 17.2). A sensory neuron
takes information from a sensory receptor to the CNS, and a
motor neuron takes information away from the CNS to an
effector (muscle fiber or gland). An interneuron conveys in-
formation between neurons in the CNS. An interneuron can
receive input from sensory neurons and also from other in-
terneurons in the CNS. Thereafter, they sum up all these sig-
nals before sending commands out to the muscles and
glands by way of motor neurons.
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It was a bright sunny day, without a cloud in the sky, when
Malcolm’s horse rose to clear the stone wall. As the rear
hoofs caught on the wall, horse and rider went down with

a tremendous thud. Other riders quickly dismounted and ran
over to where Malcolm lay on the ground. He did not move,
but his eyes were open and he was breathing; therefore, they
knew he was alive. Xrays taken later showed a broken cervi-
cal vertebra and injury to the spinal cord.

The spinal cord is a ropelike bundle of long tracts that
shuttle messages between the brain and the rest of the
body. Together the brain and spinal cord compose the cen-
tral nervous system (CNS), which interprets sensory input
before coordinating a motor response. The peripheral ner-
vous system (PNS) consists of nerves, which carry sensory
information to the CNS and also motor commands from the
CNS to the muscles and glands (Fig. 17.1).

When Malcolm hurt his spinal cord, the CNS lost its av-
enue of communication with the portion of his body located
below the site of damage. He receives no sensation from
most of his body nor can he command his arms and legs to
move. But cranial nerves from his eyes and ears still allow
him to see and hear and his brain still enables him to have
emotions, remember, and reason. Also his internal organs
still function, a sign that his injury was not as severe as it
could have been. In this chapter we will examine the
structure of the nervous system and how it carries out its nu-
merous functions.

Central Nervous System Peripheral Nervous System

sensory neuron

somatic motor neuron

autonomic motor neurons

ganglia

sensory
receptors

skeletal
muscles

smooth muscle

cardiac muscle

glands

brain

Figure 17.1 Organization of nervous system.
a. In paraplegics, messages no longer flow between the legs and the central nervous system (the spinal cord and brain). b. The sensory neurons
of the peripheral nervous system take nerve impulses from sensory receptors to the central nervous system (CNS), and motor neurons (both
somatic to skeletal muscles and autonomic to internal organs) take nerve impulses from the CNS to the organs listed.

a. b.
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Myelin Sheath
Long axons are covered by a protective myelin sheath
formed by neuroglial cells called Schwann cells (neurolem-
mocytes). The myelin sheath develops when Schwann cells
wrap themselves around an axon many times and in this
way lay down several layers of plasma membrane. Schwann
cell plasma membrane contains myelin, a lipid substance
that is an excellent insulator. A myelin sheath, which is in-
terrupted by gaps called nodes of Ranvier, gives nerve
fibers their white, glistening appearance (Fig. 17.3).

Multiple sclerosis (MS) is a disease of the myelin sheath.
Lesions develop and become hardened scars that interfere
with normal conduction of nerve impulses, and the result is
various neuromuscular symptoms. On the other hand, the
myelin sheath plays an important role in nerve regeneration.
If an axon is accidentally severed, the distal part of the axon
degenerates but the myelin sheath remains and serves as a
passageway for new fiber growth.

All neurons have three parts: dendrites, cell body,
and axon. Sensory neurons take information to the
CNS, and interneurons sum up sensory input
before motor neurons take commands away from
the CNS.

Chapter 17 Nervous System 32317-3

Sensory  Neuron

Motor  Neuron

sensory
receptor
(in skin) 

node of Ranvier

node of Ranvier
(neurofibril node)

Interneuron

axon bulb

dendrites

cell body

cell body

cell body

axon

axon

axon

dendrites

nucleus of 
Schwann cell
(neurolemmocyte)

effector
(muscle)

axon

axon

myelin sheath

myelin sheath

Schwann cell nucleus

Schwann cell 
cytoplasm

node of
Ranvier  

a.

b.

400 nm

Figure 17.2 Types of neurons. 
A sensory neuron, an interneuron, and a motor neuron are drawn here to show their arrangement in the body. (The breaks indicate that the fibers
are much longer than shown.) How does this arrangement correlate with the function of each neuron?

Figure 17.3 Myelin sheath.
a. A myelin sheath forms when Schwann cells wrap themselves
around a nerve fiber. b. Electron micrograph of a cross section of an
axon surrounded by a myelin sheath.
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Nerve Impulse
A nerve impulse is the way a neuron transmits information.
The nature of a nerve impulse has been studied by using ex-
cised axons and a voltmeter called an oscilloscope. Voltage,
often measured in millivolts (mV), is a measure of the elec-
trical potential difference between two points, which in this
case are the inside and the outside of the axon. Voltage is dis-
played on the oscilloscope screen as a trace, or pattern over
time.

Resting Potential
In the experimental setup shown in Figure 17.4, an oscillo-
scope is wired to two electrodes: one electrode is placed in-
side and the other electrode is placed outside an axon. The
axon is essentially a membranous tube filled with axoplasm
(cytoplasm of the axon). When the axon is not conducting an
impulse, the oscilloscope records a potential difference
across a membrane equal to about �65 mV. This reading in-
dicates that the inside of the axon is negative compared to
the outside. This is called the resting potential because the
axon is not conducting an impulse.

The existence of this polarity (charge difference) can
be correlated with a difference in ion distribution on ei-
ther side of the axomembrane (plasma membrane of the
axon). As Figure 17.4a shows, the concentration of sodium
ions (Na�) is greater outside the axon than inside, and the
concentration of potassium ions (K�) is greater inside the
axon than outside. The unequal distribution of these ions
is due to the action of the sodium-potassium pump, a
membrane protein that actively transports Na� out of and
K� into the axon. The work of the pump maintains the
unequal distribution of Na� and K� across the mem-
brane.

The pump is always working because the membrane
is somewhat permeable to these ions, and they tend to dif-
fuse toward their lesser concentration. Since the mem-
brane is more permeable to K� than to Na�, there are al-
ways more positive ions outside the membrane than
inside. This accounts for the polarity recorded by the os-
cilloscope. Large, negatively charged organic ions in the
axoplasm also contribute to the polarity across a resting
axomembrane.

Because of the sodium-potassium pump there is a
concentration of Na� outside an axon and K�

inside an axon. An unequal distribution of ions
causes the inside of an axon to be negative
compared to the outside.

Action Potential
An action potential is a rapid change in polarity across an
axomembrane as the nerve impulse occurs. If a stimulus
causes the axomembrane to depolarize to a certain level,

called threshold, an action potential occurs (Fig. 17.4). The
strength of an action potential does not change, but an in-
tense stimulus can cause an axon to fire (start an axon po-
tential) at a greater frequency than a weak stimulus.

The action potential utilizes two types of gated channel
proteins in the membrane. There is a gated channel protein
that opens allowing Na� to pass through the membrane,
and another that opens allowing K� to pass through the
membrane. The sodium channel is faster to open than the
potassium channel.

Sodium Gates Open When an action potential occurs, the
gates of sodium channels open first and Na� flows into the
axon. As Na� moves to inside the axon, the membrane po-
tential changes from �65 mV to �40 mV. This is a depolariza-
tion because the charge inside the axon changes from nega-
tive to positive as Na� enters the axon.

Potassium Gates Open Second, the gates of potassium
channels open and K� flows to outside the axon. As K�

moves to outside the axon, the action potential changes from
�40 mV back to �65 mV. This is a repolarization because the
inside of the axon resumes a negative charge as K� exits the
axon.

The nerve impulse consists of an electrochemical
change that occurs across an axomembrane.
During depolarization, Na� moves to inside the
axon, and during repolarization K� moves to
outside the axon.

Propagation of an Action Potential
When an action potential travels down an axon, each suc-
cessive portion of the axon undergoes a depolarization and
then a repolarization. Like a domino effect, each preceding
portion causes an action potential in the next portion of an
axon.

As soon as an action potential has moved on, the previ-
ous portion of an axon undergoes a refractory period dur-
ing which the sodium gates are unable to open. This
ensures that the action potential cannot move backwards
and instead always moves down an axon toward its
branches.

In myelinated axons, the gated ion channels that pro-
duce an action potential are concentrated at the nodes of
Ranvier. Since ion exchange occurs only at the nodes, the
action potential travels faster than in nonmyelinated ax-
ons. This is called saltatory conduction, meaning that the
action potential “jumps” from node to node. Speeds of 200
meters per second (450 miles per hour) have been
recorded.

An action potential travels along the length of an
axon.
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Figure 17.4 Resting and action potential. 
a. Resting potential. An oscilloscope records a resting
potential of �65 mV. There is a preponderance of Na�

outside the axon and preponderance of K� inside the
axon. The permeability of the membrane to K� compared
to Na� causes the inside to be negative compared to the
outside. b. Action potential. A depolarization occurs when
Na� gates open and Na� moves to inside the axon, and a
repolarization occurs when K� gates open and K� moves
to outside the axon. c. Enlargement of the action potential,
which is seen by an experimenter using an oscilloscope,
an instrument that records voltage changes.
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axon of
neuron 2   

axon bulbs

dendrites

cell body

axon branches
of neuron 1

cell body of
postsynaptic cell axon bulbs

Many axons synapse with each cell body.

path of action potential

synaptic 
vesicles

axon bulb

dendrite

synaptic cleft

postsynaptic
neuron

synaptic vesicle

synaptic cleft

postsynaptic
membrane

presynaptic
membrane

receptor

neurotransmitter

Na+

neurotransmitter

After an action potential arrives at an
axon bulb, synaptic vesicles fuse with
the presynaptic membrane.

Neurotransmitter molecules are released 
and bind to receptors on the postsynaptic
membrane.

When a stimulatory neurotransmitter binds to a receptor,
Na+ diffuses into the postsynaptic neuron.

Figure 17.5 Synapse structure and function. 
Transmission across a synapse from one axon to another
occurs when a neurotransmitter is released by the presynaptic
neuron and diffuses across a synaptic cleft and binds to a
receptor in the postsynaptic neuron.
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Transmission Across a Synapse
Every axon branches into many fine endings, each tipped by
a small swelling, called an axon bulb (Fig. 17.5). Each bulb
lies very close to the dendrite (or the cell body) of another
neuron. This region of close proximity is called a synapse.
At a synapse, the membrane of the first neuron is called the
presynaptic membrane, and the membrane of the next neu-
ron is called the postsynaptic membrane. The small gap be-
tween is the synaptic cleft.

Transmission across a synapse is carried out by mole-
cules called neurotransmitters, which are stored in synaptic
vesicles (Fig. 17.5b, c). When nerve impulses traveling along
an axon reach an axon bulb, gated channels for calcium ions
(Ca2�) open and calcium enters the bulb. This sudden rise in
Ca2� stimulates synaptic vesicles to merge with the pre-
synaptic membrane, and neurotransmitter molecules are re-
leased into the synaptic cleft. They diffuse across the cleft to
the postsynaptic membrane, where they bind with specific
receptor proteins (Fig. 17.5c).

Depending on the type of neurotransmitter and/or the
type of receptor, the response of the postsynaptic neuron can
be toward excitation or toward inhibition. Excitatory neuro-
transmitters that utilize gated ion channels are fast acting.
Other neurotransmitters affect the metabolism of the post-
synaptic cell and therefore are slower acting.

Neurotransmitter Molecules
At least 25 different neurotransmitters have been identified,
but two very well-known neurotransmitters are acetyl-
choline (ACh) and norepinephrine (NE).

Once a neurotransmitter has been released into a synap-
tic cleft and has initiated a response, it is removed from the
cleft. In some synapses, the postsynaptic membrane con-
tains enzymes that rapidly inactivate the neurotransmitter.
For example, the enzyme acetylcholinesterase (AChE)
breaks down acetylcholine. In other synapses, the presynap-
tic membrane rapidly reabsorbs the neurotransmitter, possi-
bly for repackaging in synaptic vesicles or for molecular
breakdown. The short existence of neurotransmitters at a
synapse prevents continuous stimulation (or inhibition) of
postsynaptic membranes.

It is of interest to note here that many drugs that affect
the nervous system act by interfering with or potentiating
the action of neurotransmitters. As described in Figure
17.18, drugs can enhance or block the release of a neuro-
transmitter, mimic the action of a neurotransmitter or block
the receptor, or interfere with the removal of a neurotrans-
mitter from a synaptic cleft.

Transmission across a synapse is dependent on
the release of neurotransmitters, which diffuse
across the synaptic cleft from one neuron to 
the next.

Synaptic Integration
A single neuron has many dendrites plus the cell body and
both can have synapses with many other neurons. One
thousand to ten thousand synapses per a single neuron is
not uncommon. Therefore, a neuron is on the receiving end
of many excitatory and inhibitory signals. An excitatory
neurotransmitter produces a potential change called a signal
that drives the neuron closer to an action potential, and an
inhibitory neurotransmitter produces a signal that drives
the neuron further from an action potential. Excitatory sig-
nals have a depolarizing effect, and inhibitory signals have a
hyperpolarizing effect (Fig. 17.6).

Neurons integrate these incoming signals. Integration is
the summing up of excitatory and inhibitory signals. If a
neuron receives many excitatory signals (either from differ-
ent synapses or at a rapid rate from one synapse), the
chances are the axon will transmit a nerve impulse. On the
other hand, if a neuron receives both inhibitory and excita-
tory signals, the summing up of these signals may prohibit
the axon from firing.

Integration is the summing up of inhibitory and
excitatory signals received by a postsynaptic
neuron.

Chapter 17 Nervous System 32717-7

_40

_

_0

__ 20

_20

65

_75

integration

threshold

resting
potential

excitatory signal

inhibitory signal

excitatory synapse

inhibitory synapse

cell body

Time (milliseconds)

V
o

lt
ag

e 
(m

V
)

Figure 17.6 Integration.
a. Inhibitory signals and excitatory signals are summed up in the
dendrite and cell body of the postsynaptic neuron. Only if the combined
signals cause the membrane potential to rise above threshold does an
action potential occur. b. In this example, threshold was not reached.
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17.2 Peripheral Nervous System
The peripheral nervous system (PNS) lies outside the central
nervous system and contains nerves which are bundles of
axons. Axons that occur in nerves are also called nerve
fibers.

they contain only sensory nerve fibers. Some are motor
nerves that contain only motor fibers, and others are mixed
nerves that contain both sensory and motor fibers. Cranial
nerves are largely concerned with the head, neck, and facial
regions of the body. However, the vagus nerve has branches
not only to the pharynx and larynx, but also to most of the
internal organs.

Humans have 31 pairs of spinal nerves (Fig. 17.7b). The
paired spinal nerves emerge from the spinal cord by two
short branches, or roots. The dorsal root contains the axons of
sensory neurons, which are conducting impulses to the
spinal cord from sensory receptors. The cell body of a sen-
sory neuron is in the dorsal-root ganglion. The ventral root
contains the axons of motor neurons, which are conducting
impulses away from the cord to effectors. These two roots
join to form a spinal nerve. All spinal nerves are mixed
nerves that contain many sensory and motor fibers. Each
spinal nerve serves the particular region of the body in
which it is located.

In the PNS, cranial nerves take impulses to and/or
from the brain, and spinal nerves take impulses to
and from the spinal cord.
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The cell bodies of neurons are found in the CNS—that is, the
brain and spinal cord—or in ganglia. Ganglia (sing., gan-
glion) are collections of cell bodies within the PNS.

Humans have 12 pairs of cranial nerves attached to the
brain (Fig. 17.7a). Some of these are sensory nerves; that is,

Figure 17.7 Cranial and spinal nerves. 
a. Ventral surface of the brain showing the attachment of the 12 pairs of cranial nerves. b. Cross section of the spinal cord, showing a few spinal
nerves. The human body has 31 pairs of spinal nerves and each spinal nerve has a dorsal root and a ventral root attached to the spinal cord.
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Somatic System
The somatic system includes the nerves that take sensory in-
formation from external sensory receptors to the CNS and
motor commands away from the CNS to skeletal muscles.
Voluntary control of skeletal muscles always originates in
the brain. Involuntary responses to stimuli, called reflexes,
can involve either the brain or just the spinal cord. Flying ob-
jects cause eyes to blink and sharp tacks cause hands to jerk
away even without us having to think about it.

The Reflex Arc
Figure 17.8 illustrates the path of a reflex that involves only
the spinal cord. If your hand touches a sharp tack, sensory
receptors in the skin generate nerve impulses that move
along sensory axons toward the spinal cord. Sensory neu-
rons which enter the cord dorsally pass signals on to many
interneurons. Some of these interneurons synapse with

motor neurons. The short dendrites and the cell bodies of
motor neurons are in the spinal cord but their axons leave
the cord ventrally. Nerve impulses travel along motor axons
to an effector, which brings about a response to the stimulus.
In this case a muscle contracts so that you withdraw your
hand from the tack. Various other reactions are possible—
you will most likely look at the tack, wince, and cry out in
pain. This whole series of responses is explained by the fact
some of the interneurons involved carry nerve impulses to
the brain. The brain makes you aware of the stimulus and
directs these other reactions to it.

In the somatic system, nerves take information
from external sensory receptors to the CNS and
motor commands to skeletal muscles. Involuntary
reflexes allow us to respond rapidly to external
stimuli.
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Figure 17.8 A reflex arc showing the path of a spinal reflex. 
A stimulus (e.g., sharp tack) causes sensory receptors in the skin to generate nerve impulses that travel in sensory nerve fibers to the spinal cord.
Interneurons integrate data from sensory neurons and then relay signals to motor neurons. Motor nerve fibers convey nerve impulses from the
spinal cord to a skeletal muscle which contracts. Movement of the hand away from the tack is the response to the stimulus.
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Figure 17.9 Autonomic system structure and function. 
Sympathetic preganglionic fibers arise from the thoracic and lumbar portions of the spinal cord; parasympathetic preganglionic fibers arise from
the brain and the sacral portion of the spinal cord. Each system innervates the same organs but has contrary effects as described.
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Autonomic System
The autonomic system of the PNS regulates the activity of
cardiac and smooth muscle and glands. The system is di-
vided into the sympathetic and parasympathetic divisions
(Fig. 17.9 and Table 17.1). Both of these divisions (1) function
automatically and usually in an involuntary manner; (2) in-
nervate all internal organs; and (3) utilize two neurons and
one ganglion for each impulse. The first neuron has a cell
body within the CNS and a preganglionic fiber. The second
neuron has a cell body within the ganglion and a post-
ganglionic fiber.

Reflex actions, such as those that regulate the blood
pressure and breathing rate, are especially important to the
maintenance of homeostasis. These reflexes begin when the
sensory neurons in contact with internal organs send infor-
mation to the CNS. They are completed by motor neurons
within the autonomic system.

Sympathetic Division
Most preganglionic fibers of the sympathetic division arise
from the middle, or thoracic-lumbar, portion of the spinal
cord and almost immediately terminate in ganglia that lie
near the cord. Therefore, in this division, the preganglionic
fiber is short, but the postganglionic fiber that makes contact
with an organ is long.

The sympathetic division is especially important during
emergency situations and is associated with “fight or
flight.” If you need to fend off a foe or flee from danger, ac-
tive muscles require a ready supply of glucose and oxygen.
The sympathetic division accelerates the heartbeat and

CNS ganglion organ

preganglionic
fiber

postganglionic
fiber  

dilates the bronchi. On the other hand, the sympathetic divi-
sion inhibits the digestive tract—digestion is not an immedi-
ate necessity if you are under attack. The neurotransmitter
released by the postganglionic axon is primarily norepi-
nephrine (NE). The structure of NE is like that of epineph-
rine (adrenaline), an adrenal medulla hormone that usually
increases heart rate and contractility.

The sympathetic division brings about those
responses we associate with “fight or flight.”

Parasympathetic Division
The parasympathetic division includes a few cranial nerves
(e.g., the vagus nerve) and also fibers that arise from the
sacral (bottom) portion of the spinal cord. Therefore, this di-
vision often is referred to as the craniosacral portion of the
autonomic system. In the parasympathetic division, the pre-
ganglionic fiber is long, and the postganglionic fiber is short
because the ganglia lie near or within the organ.

The parasympathetic division, sometimes called the “house-
keeper division,” promotes all the internal responses we as-
sociate with a relaxed state; for example, it causes the pupil
of the eye to contract, promotes digestion of food, and re-
tards the heartbeat. The neurotransmitter utilized by the
parasympathetic division is acetylcholine (ACh).

The parasympathetic division brings about the
responses we associate with a relaxed state.

CNS organ

preganglionic
       fiber

postganglionic

ganglion

        fiber  
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Items Somatic Motor Pathway Autonomic Motor Pathways
Sympathetic Parasympathetic

Type of control Voluntary/involuntary Involuntary Involuntary

Number of neurons One Two (preganglionic shorter Two (preganglionic
per message than postganglionic) longer than postganglionic)

Location of motor fiber Most cranial nerves Thoracolumbar spinal nerves Cranial (e.g., vagus) and
and all spinal nerves sacral spinal nerves

Neurotransmitter Acetylcholine Norepinephrine Acetylcholine

Effectors Skeletal muscles Smooth and cardiac muscle, Smooth and cardiac
glands muscle, glands

Table 17.1 Comparison of Somatic Motor and Autonomic Motor Pathways
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17.3 Central Nervous System
The central nervous system (CNS) consists of the spinal cord
and the brain where sensory information is received and
motor control is initiated. Both the spinal cord and the brain
are protected by bone; the brain is enclosed by the skull and
the spinal cord is surrounded by vertebrae. Also, both the
spinal cord and brain are wrapped in protective mem-
branes known as meninges (sing., meninx). Meningitis is
an infection of these coverings. The spaces between the
meninges are filled with cerebrospinal fluid, which cush-
ions and protects the CNS. A small amount of this fluid
sometimes is withdrawn from around the cord for lab-
oratory testing when a spinal tap (i.e., lumbar puncture) is
performed.

Cerebrospinal fluid is also contained within the ventri-
cles of the brain and in the central canal of the spinal cord.
The brain’s ventricles are interconnecting cavities that pro-
duce and serve as a reservoir for cerebrospinal fluid. Nor-
mally, any excess cerebrospinal fluid drains away into the
circulatory system. However, blockages can occur. In an in-
fant, the brain can enlarge due to cerebrospinal fluid accu-
mulation, and this condition is called “water on the brain.”
If cerebrospinal fluid collects in an adult, the brain cannot
enlarge and instead, the brain is pushed against the skull,
possibly causing injury.

The CNS, which lies in the midline of the body and
consists of the brain and the spinal cord, receives
sensory information and initiates voluntary motor
control.

The Spinal Cord
The spinal cord extends from the base of the brain through
a large opening in the skull called the foramen magnum and
into the vertebral canal formed by the vertebrae (Fig. 17.10).

Structure of the Spinal Cord
Figure 17.11a shows how the individual vertebrae join to
form the vertebral canal which protects the spinal cord. The
spinal nerves which project from the cord pass through
openings between the vertebrae of the vertebral canal.

A cross section of the spinal cord shows that the spinal
cord has a central canal, gray matter, and white matter (Fig.
17.11b, c). The central canal contains cerebrospinal fluid, as
do the meninges that protect the spinal cord. The gray mat-
ter is centrally located and shaped like the letter H. It is gray
because it contains cell bodies and short, nonmyelinated
fibers. Portions of sensory neurons and motor neurons are
found here, as are interneurons that communicate with
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Figure 17.10 Central nervous system. 
The central nervous system consists of the brain and spinal cord. The
brain is protected by the skull and the spinal cord is protected by the
vertebrae.

vertebrae

spinal cord

brain

meninges

these two types of neurons. The dorsal root of a spinal nerve
contains sensory nerve fibers entering the gray matter, and
the ventral root of a spinal nerve contains motor nerve fibers
exiting the gray matter. The dorsal and ventral roots join be-
fore the spinal nerve leaves the vertebral canal. Spinal
nerves are a part of the PNS.

The white matter of the spinal cord occurs in areas
around the gray matter. The white matter is white because it
contains myelinated axons of interneurons that run together
in bundles called tracts. Ascending tracts taking information
to the brain are primarily located dorsally, and descending
tracts taking information from the brain are primarily
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located ventrally. Because the tracts cross just after they en-
ter and exit the brain, the left side of the brain controls the
right side of the body, and the right side of the brain controls
the left side of the body.

The spinal cord extends from the base of the
brain into the vertebral canal formed by the
vertebrae. A cross section shows that the spinal
cord has a central canal, gray matter, and white
matter.

Functions of the Spinal Cord
The spinal cord is the center for thousands of reflex arcs. Fig-
ure 17.8 indicates the path of a spinal reflex from sensory re-
ceptors to muscle effectors. Each interneuron in the spinal
cord has synapses with many other neurons, and therefore
they carry out integration of incoming information before
sending signals to other interneurons and motor neurons
(see Fig. 17.6).

The spinal cord provides a means of communication be-
tween the brain and the peripheral nerves that leave the
cord. When someone touches your hand, sensory infor-
mation passes from sensory receptors through sensory
nerve fibers to the spinal cord and up ascending tracts to the
brain. When we voluntarily move our limbs, motor im-
pulses originating in the brain pass down descending tracts
to the spinal cord and out to our muscles by way of motor
nerve fibers. Therefore, if the spinal cord is severed, we suf-
fer a loss of sensation and a loss of voluntary control—that
is, we suffer a paralysis. If the spinal cord is completely cut
across in the thoracic region, paralysis of the lower body and
legs occurs. This condition is known as paraplegia. If the in-
jury is in the neck region, the four limbs are usually affected.
This condition is called quadriplegia.

The spinal cord is a center for reflex action. The
spinal cord also serves as a means of communi-
cation between the brain and much of the body.
Because tracts to and from the brain cross over,
the left side of the brain controls the right side of
the body and vice versa.
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Figure 17.11 Spinal cord. 
a. The spinal cord passes through the vertebral canal formed by the
vertebrae. b. The spinal cord has a central canal filled with
cerebrospinal fluid, H-shaped gray matter, and white matter. The
white matter contains tracts that take nerve impulses to and from the
brain. c. Photomicrograph.
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The Brain
The human brain has been called the last great frontier of bi-
ology. The goal of modern neuroscience is to understand the
structure and function of the brain’s various parts so well
that it will be possible to prevent or correct the more than
1,000 mental disorders that rob human beings of a normal
life. This section gives only a glimpse of what is known
about the brain and the modern avenues of research.

We will discuss the parts of the brain with reference to
the brain stem, the diencephalon, and the cerebrum. The
brain has four ventricles called, in turn, the fourth ventricle,
the third ventricle, and the two lateral ventricles. It may be
helpful to you to associate the brain stem with the fourth
ventricle, the diencephalon with the third ventricle, and the
cerebrum with the two lateral ventricles (Fig. 17.12a).
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Figure 17.12 The human brain. 
a. The cerebrum is the largest part of the brain in humans. 
b. The cerebrum has a left and right cerebral hemisphere 
which are connected by the corpus callosum. b.
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The Brain Stem
The brain stem, the initial portion of the brain, contains
the medulla oblongata, the pons, and the midbrain. The
medulla oblongata lies between the spinal cord and the
pons. It contains a number of vital centers for regulating
heartbeat, breathing, and vasoconstriction (blood pres-
sure). It also contains the reflex centers for vomiting,
coughing, sneezing, hiccuping, and swallowing. The
medulla contains tracts that ascend or descend between the
spinal cord and higher brain centers.

The Cerebellum
The cerebellum is separated from the brain stem by the

fourth ventricle. The cerebellum has two portions that are
joined by a narrow median portion. The surface of the cere-
bellum is gray matter, and the interior is largely white mat-
ter. The cerebellum integrates and passes on both sensory
and motor information. It maintains normal muscle tone,
posture, and balance and also ensures that all of the skeletal
muscles work together to produce smooth and coordinated
motions. The cerebellum is necessary for learning new mo-
tor skills like playing the piano or hitting a baseball.

The word pons means bridge in Latin, and true to its
name, the pons contains bundles of axons traveling between
the cerebellum and the rest of the CNS. In addition, the pons
functions with the medulla to regulate breathing rate and
has reflex centers concerned with head movements in re-
sponse to visual and auditory stimuli.

The midbrain acts as a relay station for tracts passing
between the cerebrum and the spinal cord or cerebellum.
It also has reflex centers for visual, auditory, and tactile
responses.

The Diencephalon
The hypothalamus and the thalamus are in the dien-
cephalon, a region that encircles the third ventricle. The hy-
pothalamus forms the floor of the third ventricle. The hypo-
thalamus is the integrating center for the autonomic system.
It also helps maintain homeostasis by regulating hunger,
sleep, thirst, body temperature, and water balance. The hy-
pothalamus controls the pituitary gland and thereby serves
as a link between the nervous and endocrine systems.

The thalamus consists of two masses of gray matter lo-
cated in the sides and roof of the third ventricle. The thala-
mus integrates sensory information and serves as a central
relay station for sensory impulses traveling upward from
other parts of the brain to the cerebrum. The thalamus is also
involved in arousal and higher mental functions such as
memory and emotion.

The pineal gland, which secretes the hormone mela-
tonin, is located in the diencephalon. Presently there is much
popular interest in the role of melatonin in our daily
rhythms and whether it can help meliorate jet lag or insom-
nia. Scientists are also interested in the possibility that the
hormone may regulate the onset of puberty.

The Cerebrum
The cerebrum, also called the telencephalon, is the foremost
and largest portion of the brain in humans. Just as the hu-
man body has two halves, so does the cerebrum. These
halves are called the left and right cerebral hemispheres
(Fig. 17.12b). These two cerebral hemispheres are connected
by a bridge of tracts within the corpus callosum.

The cerebrum is the highest center to receive sensory in-
put and carry out integration before commanding voluntary
motor responses. It is in communication with and coordi-
nates the activities of the other parts of the brain. As we shall
see, the cerebrum carries out higher thought processes re-
quired for learning and memory and for language and
speech.

The Reticular Formation
The reticular formation is a complex network of nuclei and
fibers that extend the length of the brain stem (Fig. 17.13). In
this context, the term nuclei means masses of cell bodies in
the CNS. The reticular formation receives sensory signals
which it sends up to higher centers, and motor signals which
it sends to the spinal cord.

One portion of the reticular formation called the reticu-
lar activating system (RAS) arouses the cerebrum via the
thalamus and causes a person to be alert. It is believed to fil-
ter out unnecessary sensory stimuli and this may account
for why you can study with the TV on. An inactive reticular
formation results in sleep; a severe injury to the RAS can
cause a person to be comatose.
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Figure 17.13 The reticular activating system.
The reticular formation receives and sends on motor and sensory
information to various parts of the CNS. One portion, the reticular
activating system (see arrows), arouses the cerebrum and in this way
controls alertness versus sleep.
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17.4 The Cerebral Hemispheres
A deep groove called the longitudinal fissure divides the left
from the right cerebral hemisphere; shallow grooves called
sulci (sing., sulcus) divide each hemisphere into lobes (Fig.
17.14). The frontal lobe is toward the front of a cerebral
hemisphere and the parietal lobe is toward the back of a
cerebral hemisphere. The occipital lobe is dorsal to (behind)
the parietal lobe and the temporal lobe lies below the frontal
and parietal lobes.

The Cerebral Cortex
The cerebral cortex is a thin but highly convoluted outer
layer of gray matter that covers the cerebral hemispheres.
The cerebral cortex contains over one billion cell bodies and
is the region of the brain that accounts for sensation, volun-
tary movement, and all the thought processes we associate
with consciousness.

The cerebral cortex contains motor areas and sensory
areas and also association areas. The primary motor area

is in the frontal lobe just ventral to (before) the central sul-
cus. Voluntary commands begin in the primary motor
area and each part of the body is controlled by a certain
section. Our versatile hand takes up an especially large
area of the primary motor area. Ventral to the primary
motor area is a premotor area. The premotor area organizes
motor functions for skilled motor activities before the pri-
mary motor area sends signals to the cerebellum which
integrates them. The unique ability of humans to speak is
partially dependent upon Broca’s area, a motor speech
area located in the left frontal lobe. Signals originating
here pass to the premotor area before reaching the pri-
mary motor area.

The primary somatosensory area is just dorsal to the
central sulcus in the parietal lobe. Sensory information from
the skin and skeletal muscles arrives here, where each part
of the body is sequentially represented. A primary visual
area in the occipital lobe receives information from our eyes,
and a primary auditory area in the temporal lobe receives in-
formation from our ears. A primary taste area in the parietal
lobe accounts for taste sensations.
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Figure 17.14 The cerebral cortex. 
The cortex of the cerebrum is divided into four lobes: frontal, parietal, temporal, and occipital. The frontal lobe has motor areas and an
association area called the prefrontal area. The other lobes have sensory areas and also association areas.
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True to their name, association areas are places where
cell bodies integrate information. The somatosensory associ-
ation area is located just dorsal to the primary somatosen-
sory area. This area processes and analyzes sensory infor-
mation from the skin and muscles. The visual association
area in the occipital lobe associates new visual information
with previously received visual information. It might “de-
cide,” for example, if we have seen this face or tool or what-
ever before. The auditory association area in the temporal
lobe performs the same functions with regard to sounds.
The prefrontal area, an association area in the frontal lobe,
receives information from the other association areas and
uses this information to reason and plan our actions. Inte-
gration in this area accounts for our most cherished human
abilities to think critically and to formulate appropriate be-
haviors.

The parietal, temporal, and occipital association areas
meet near the dorsal end of the lateral sulcus. This region is
called the general interpretation area because it receives in-
formation from all the sensory association areas and allows
us to quickly integrate incoming signals and send them on to
the prefrontal area so an immediate response is possible. He-
roes are people that can quickly assess a situation and take
actions that save others from dangerous situations.

White Matter
Much of the rest of the cerebrum is com-
posed of white matter. From your under-
standing of the spinal cord you know that
white matter in the CNS consists of long
myelinated fibers organized into tracts. De-
scending tracts from the primary motor area
communicate with lower brain centers, and
ascending tracts from lower brain centers
send sensory information up to the primary
somatosensory area. Tracts within the cere-
brum take information between the different
sensory, motor, and association areas pic-
tured in Figure 17.14. The corpus callosum,
you will recall, contains tracts that join the
two cerebral hemispheres.

While the bulk of the cerebrum is com-
posed of tracts, there are subcortical (below
the cortex) nuclei deep within the white mat-
ter. The basal nuclei serve as relay stations
for motor impulses from the primary motor
area. The basal nuclei produce dopamine, an
inhibitory neurotransmitter that helps con-
trol various skeletal muscle activities. Hunt-
ington disease and Parkinson disease, which
are both characterized by uncontrollable
movements, are believed to be due to mal-
functioning of the basal nuclei.
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Figure 17.15 The limbic system. 
Structures deep within the cerebral hemisphere and surrounding the diencephalon join
higher mental functions like reasoning with more primitive feelings like fear and pleasure.

Limbic System
The limbic system is a complex network of tracts and nuclei
that incorporates medial portions of the cerebral lobes, sub-
cortical nuclei, and the diencephalon (Fig. 17.15). The limbic
system blends higher mental functions and primitive emo-
tions into a united whole. It accounts for why activities like
sexual behavior and eating seem pleasurable and also why,
say, mental stress can cause high blood pressure.

Two significant structures within the limbic system are
the hippocampus and the amygdala, which are essential for
learning and memory. The hippocampus is well situated in
the brain to make the prefrontal area aware of past expe-
riences stored in association areas. The amygdala, in particu-
lar, can cause these experiences to have emotional overtones.
The inclusion of the frontal lobe in the limbic system means
that reason can keep us from acting out strong feelings.

The gray matter of the cerebrum consists of the
cerebral cortex and also nuclei. The white matter
consists of tracts. The limbic system is a unique
combination of various portions of the brain which
unify brain functions and sensations.
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17.5 Higher Mental Functions
As in other areas of biological research, brain research has
progressed due to technological breakthroughs. Neurosci-
entists now have a wide range of techniques at their disposal
for studying the human brain. The reading on page 339 lays
out several of the steps that have brought us to our current
knowledge of higher mental functions, including our de-
pendence on modern technologies that allow us to record
the functioning of the brain.

Learning and Memory
Just as the corpus callosum gives evidence that the two
cerebral hemispheres work together, so the limbic system
indicates that cortical areas possibly work with lower cen-
ters to produce learning and memory (Fig. 17.16). Memory
is the ability to hold a thought in mind or recall events
from the past, ranging from a word we learned only yes-
terday to an early emotional experience that has shaped
our lives. Learning takes place when we retain and utilize
past memories.

Types of Memories
We have all had the experience of trying to remember a
seven-digit telephone number for a very short period of
time. If we say we are trying to keep it in the forefront of our
brain, we are exactly correct because the prefrontal area is
active during short-term memory. The prefrontal area is the
association area that lies just dorsal to our forehead! There
are some telephone numbers that you know by heart; in
other words, they have gone into long-term memory. Think
of a telephone number you know by heart and see if you
can bring it to mind without also thinking about the place
or person associated with that number. Most likely you can-
not because typically long-term memory is a mixture of
what is called semantic memory (numbers, words, etc.) and
episodic memory (persons, events, etc.). The flow chart for
long-term memory in Figure 17.16 has two sets of arrows—
one for semantic memory and the other for episodic memory.

Due to brain damage, some persons lose one type of mem-
ory ability but not the other. Without a working episodic
memory they can carry on a conversation but have no rec-
ollection of recent events. If you are talking to them and
leave the room, they don’t remember you when you come
back!

Skill memory is another type of memory that can exist
independent of episodic memory. Skill memory is being able
to perform motor activities like riding a bike or playing ice
hockey. When a person first learns a skill, more areas of the
cerebral cortex are involved than after the skill is perfected.
In other words, you have to think about what you are doing
when you learn a skill, but later the actions become auto-
matic. This shows that the preprimary motor area can com-
municate with the primary motor area below the level of
consciousness.

Memory Storage and Retrieval
The first step toward being able to cure memory disorders is
to know what parts of the brain are functioning when we re-
member something. Investigators have been able to work it
out pretty well. The hippocampus, a seahorse-shaped struc-
ture that lies deep in the temporal lobe, is in a unique posi-
tion to serve as a bridge between the sensory association ar-
eas where memories are stored and the prefrontal area
where memories are utilized. The prefrontal area communi-
cates with the hippocampus when memories are stored and
when these memories are brought to mind. Why are some
memories so emotionally charged? The amygdala seems to
be responsible for fear conditioning and associating danger
with sensory stimuli received from both the diencephalon
and the cortical sensory areas.

Our long-term memories are stored in bits and pieces
throughout the sensory association areas of the cerebral cor-
tex. Visions are stored in the vision association area, sounds
are stored in the auditory association area, and so forth. The
hippocampus gathers this information together for use by
the prefrontal cortex when we remember Uncle Frank or our
summer holiday. And the amygdala adds emotional over-
tones to memories.
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Figure 17.16 Memory circuits.
The hippocampus and amygdala are in communication with the cortical sensory areas where memories are stored, and with the prefrontal area
where memories are utilized to plan future actions. Sensory information also reaches the hippocampus from the diencephalon.
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Neurobiologists want to understand higher mental functions
like memory from the behavioral to the molecular level. They
believe that knowing how the healthy brain goes about its busi-
ness is essential if we are to ever cure disorders like Alzheimer
disease or Parkinson disease, or even psychiatric disorders like
schizophrenia.

It’s been possible for quite some time to determine in general
terms the activities of various parts of the brain. Accidents, ill-
nesses, or birth defects that selectively destroy some particular
region of the brain have allowed investigators to assign func-
tions to brain parts. Let’s consider, for example, the hippocam-
pus, a small seahorse-shaped structure that lies in the medial
temporal lobe. S. S. is a physicist who contracted a herpes sim-
plex infection that destroyed his hippocampus. Although S. S.
still has an IQ of 136, he forgets a recent experience in just a few
minutes. Although he is able to remember childhood events, he
is now unable to convert short-term memory into long-term
memory. From the observation of S. S. and other patients like
him, we can reason that the hippocampus must be involved in
the storage of what is called episodic memories. Episodic mem-
ories pertain to episodes—that is, a series of occurrences.

Circumstantial data regarding the function of the hippocam-
pus has been backed up by research in the laboratory. Monkeys
can be taught to perform a delayed-response task, like choosing
a particular type cup that always contains food. They will choose
the correct cup even after a lapse of time between instruction and
a subsequent testing period. In order to tell what parts of the
brain are involved in a delayed-response task, investigators can
use radioactive tracers. Radioactive glucose is a good choice be-
cause glucose is the primary source of molecular energy for neu-
rons. After a monkey has performed a delayed-response task
and the monkey is sacrificed, radioactivity is particularly de-
tected in the prefrontal area and the hippocampus. From this we
know that the prefrontal area is in communication with the hip-
pocampus when an episodic memory is being stored.

It is possible that a monkey brain may be different from a hu-
man brain. But only the introduction of high-speed computers
made it possible to view a functioning human brain. Data fed into
the computers during positron emission tomography (PET) (Fig.
17A) and magnetic resonance imaging (MRI) produces brain
scans—cross sections of the brain from all directions. Functional
imaging occurs when the subjects undergoing PET or MRI are
asked to perform some particular mental task, such as to study a
few words, and then later to select these words from a long list. In
PET, radioactively labeled water injected into the arm is taken up
preferentially by metabolically active (rather than inactive) brain
tissue. MRI does not require the use of radioactive material be-
cause the machine detects increases in oxygen levels. Blood ves-
sels serving active neurons contain more oxygen than those serv-
ing inactive neurons. In a recent study utilizing functional MRI,
the hippocampus was maximally active when human subjects
were asked to remember a word cued by a picture, while the so-
called parahippocampal region was maximally active when sub-
jects were asked to remember pictures for later recall.

Once it became accepted that the hippocampus and sur-
rounding regions are needed to store and retrieve memories, in-
vestigators began to study the activity of individual neurons in
the region. What exactly are neurons doing when we store mem-
ories and bring them back? Neurobiologists have discovered that
a long-lasting effect, called long-term potentiation (LTP), occurs
when synapses are active within the hippocampus. Long-term
potentiation is carried out by glutamate, a type of neurotrans-
mitter. Investigators at the Massachusetts Institute of Technology
first showed that it was possible to teach mice to find their way
around a maze. Then, by a dramatic feat of genetic engineering,
they were able to produce mice that lacked the receptor for glu-
tamate only in hippocampal cells. These defective mice were un-
able to learn to run the maze. These studies are being hailed as
the first time it has been possible to study memory at all levels,
from behavior to a molecular change in one part of the brain.

How Memories Are Made

Figure 17A Cortical areas for language.
These PET images show the cortical pathway for reading words and then speaking them. Red indicates the most active areas; blue
indicates the least active areas.

primary motor cortexpremotor area

Broca's area

primary auditory cortex

Wernicke's areavisual cortex

1. The word is seen in the 
visual cortex.

2. Information concerning the 
word is interpreted in 
Wernicke’s area.

3. Information from Wernicke’s 
area is transferred to 
Broca’s area.

4. Information is transferred 
from Broca’s area to the 
primary motor cortex.
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Long-Term Potentiation
While it is helpful to know the memory functions of
various portions of the brain, an important step to-
ward curing mental disorders is understanding mem-
ory on the cellular level. Long-term potentiation
(LTP) is an enhanced response at synapses within the
hippocampus. LTP is most likely essential to memory
storage but, unfortunately, it sometimes causes a post-
synaptic neuron to become so excited, it undergoes
apoptosis, a form of cell death. This phenomenon,
called excitotoxicity, may develop due to a mutation.
The longer we live the more likely that any particular
mutation will occur.

Excitotoxicity is due to the action of the neuro-
transmitter glutamate which is active in the hippo-
campus. When glutamate binds with a specific type
of receptor in the postsynaptic membrane, calcium
(Ca2�) may rush in too fast and the influx is lethal to
the cell. A gradual extinction of brain cells in the
hippocampus appears to be the underlying cause of
Alzheimer disease (AD). Although it is not yet known
how excitotoxicity is related to structural abnor-
malities of AD neurons, some researchers are trying to
develop neuroprotective drugs that can possibly guard
brain cells against damage due to glutamate. One type of
neuroprotective drug blocks glutamate receptors and
thereby prevents the entry of Ca2� and excitotoxicity.

Memory has been studied at various levels:
behavioral, structural, and cellular. Knowledge of
memory on the cellular level may offer treatments
and cures for mental disorders.

Language and Speech
Language is obviously dependent upon semantic memory.
Therefore, we would expect some of the same areas in the
brain to be involved in both memory and language. Seeing
and hearing words depends on sensory centers in the occipital
and temporal lobes respectively. And generating and speaking
words depends on motor centers in the frontal lobe. Func-
tional imaging by a technique known as PET (positron emis-
sion tomography) supports these suppositions (see Fig. 17A).

From studies of patients with speech disorders, it has
been known for some time that damage to a motor speech
area called Broca’s area results in an inability to speak.
Broca’s area is located just in front of the primary motor
zone for speech musculature (lips, tongue, larynx, and so
forth). Damage to a sensory speech area in the temporal lobe
called Wernicke’s area results in the inability to comprehend
speech (Fig. 17.17). Any disruption of pathways between
various regions of the brain could very well contribute to an
inability to comprehend our environment and use speech
correctly. Indeed, damage to lower centers, especially the
thalamus, can also cause speech difficulties. Remember that

the thalamus passes on sensory information, and if the cere-
bral cortex does not receive the necessary sensory input, the
motor areas cannot formulate the proper output.

One interesting aside pertaining to language and speech
is the recognition that the left brain and right brain have dif-
ferent functions. Only the left hemisphere and not the right
contains a Broca’s area and Wernicke’s area! Indeed, the left
hemisphere plays a role of great importance in language
functions in general and not just in speech. In an attempt to
cure epilepsy in the early 1940s, the corpus callosum was
surgically severed in some patients. Later studies showed
that these split-brain patients could name objects only if
they were seen by the left hemisphere. If objects were
viewed only by the right hemisphere, a split-brain patient
could choose the proper object for a particular use but was
unable to name it. Based on these and various types of stud-
ies, the popular idea developed that the left brain can be
contrasted with the right brain along these lines:

Left Hemisphere Right Hemisphere

Verbal Nonverbal, visuo-spatial
Logical, analytical Intuitive
Rational Creative

Further, it became generally thought that one hemisphere
was dominant in each person, accounting in part for person-
ality traits. However, recent studies suggest that the hemi-
spheres process the same information differently. The right
hemisphere is more global, whereas the left hemisphere is
more specific in its approach.

Language is dependent upon memory; special
areas in the left hemisphere help account for our
ability to comprehend and use speech.
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Figure 17.17 Language and speech.
Wernicke’s area and Broca’s area are thought to be involved in speech
comprehension and use, as are the other labeled areas of the cerebral cortex.
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17.6 Drug Abuse
A wide variety of drugs can be used to alter
the mood and/or emotional state (see web-
site). Drugs that affect the nervous system
have two general effects: (1) they impact the
limbic system, and (2) they either promote
or decrease the action of a particular neuro-
transmitter (Fig. 17.18). Stimulants increase
the likelihood of neuron excitation, and de-
pressants decrease the likelihood of excita-
tion. Increasingly, researchers believe that
dopamine, a neurotransmitter in the brain,
is primarily responsible for mood. Cocaine
is known to potentiate the effects of
dopamine by interfering with its uptake
from synaptic clefts. Many new medica-
tions developed to counter drug addiction
and mental illness affect the release, recep-
tion, or breakdown of dopamine.

Drug abuse is apparent when a person
takes a drug at a dose level and under cir-
cumstances that increase the potential for a
harmful effect. Drug abusers are apt to dis-
play either a psychological and/or a physi-
cal dependence on the drug. Dependence
has developed when the person spends
much time thinking about the drug or ar-
ranging to get it and often takes more of the
drug than was intended. With physical dependence, for-
merly called an addiction to the drug, the person is tolerant
to the drug—that is, must increase the amount of the drug to
get the same effect and has withdrawal symptoms when he
or she stops taking the drug.

Drugs that affect the nervous system can cause
physical dependence and withdrawal symptoms.

Alcohol
It is possible that alcohol influences the action of GABA, an
inhibiting transmitter, or glutamate, an excitatory neuro-
transmitter. Once imbibed, alcohol is primarily metabolized
in the liver, where it disrupts the normal workings of glycol-
ysis and the Krebs cycle. The cell begins to carry on fermen-
tation, and lactic acid builds up. The pH of the blood de-
creases and becomes acidic.

Since the Krebs cycle is not working, fat cannot be bro-
ken down, and the liver turns fatty. Fat accumulation, the
first stage of liver deterioration, begins after only a single
night of heavy drinking. If heavy drinking continues, fi-
brous scar tissue appears during a second stage of deteriora-
tion. If heavy drinking stops, the liver can still recover and
become normal once again. If not, the final and irrevocable
stage, cirrhosis of the liver, occurs: liver cells die, harden,

and turn orange (cirrhosis means orange).
The surgeon general recommends that pregnant women

drink no alcohol at all. Alcohol crosses the placenta freely
and causes fetal alcohol syndrome, which is characterized by
mental retardation and various physical defects.

Good nutrition is difficult when a person is a heavy
drinker. Alcohol contains little but calories; it does not sup-
ply amino acids, vitamins, or minerals as do most foods.
Without adequate vitamins, red bone marrow cannot pro-
duce white blood cells. The immune system is depressed,
and the chances of cancer increase. Without an adequate
protein intake, muscles atrophy and weakness results. Fat
deposits occur in the heart wall and hypertension develops.
There is an increased risk of heart attack and stroke.

Alcohol, which is the most abused drug in the
United States, can lead to serious health
consequences.

Nicotine
Nicotine, an alkaloid derived from tobacco, is a widely used
neurological agent. When a person smokes a cigarette, nico-
tine is quickly distributed to the central and peripheral ner-
vous systems. In the central nervous system, nicotine causes
neurons to release dopamine, a neurotransmitter mentioned
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Figure 17.18 Drug actions at a synapse. 
Each drug typically has one of these specific functions.
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earlier. The excess of dopamine has a reinforcing effect that
leads to dependence on the drug. In the peripheral nervous
system, nicotine stimulates the same postsynaptic receptors
as acetylcholine and leads to increased skeletal muscular ac-
tivity. It also increases the heart rate and blood pressure, and
digestive tract mobility.

Many cigarette smokers find it difficult to give up the
habit because nicotine induces both physiological and psy-
chological dependence. Withdrawal symptoms include
headache, stomach pain, irritability, and insomnia. Tobacco
contains not only nicotine but many other harmful sub-
stances. Cigarette and cigar smoking contributes to early
death from cancer, including not only lung cancer but also
cancer of the larynx, mouth, throat, pancreas, and urinary
bladder. Now that women are as apt to smoke as men, lung
cancer has surpassed breast cancer as a cause of death. Cig-
arette smoking in young women who are sexually active is
most unfortunate because if they become pregnant, nicotine,
like other psychoactive drugs, adversely affects a develop-
ing embryo and fetus.

Nicotine induces both physiological and
psychological dependence. Most cases of lung
cancer are due to smoking cigarettes and/or cigars.

Marijuana
The dried flowering tops, leaves, and stems of the Indian
hemp plant Cannabis sativa contain and are covered by a resin
that is rich in THC (tetrahydrocannabinol). The names
cannabis and marijuana apply to either the plant or THC. Usu-
ally marijuana is smoked in a cigarette form called a joint.

The occasional user reports experiencing a mild eupho-
ria along with alterations in vision and judgment, which re-
sult in distortions of space and time. Motor incoordination,
including the inability to speak coherently, takes place.
Heavy use can result in hallucinations, anxiety, depression,
rapid flow of ideas, body image distortions, paranoid reac-
tions, and similar psychotic symptoms. The terms cannabis
psychosis and cannabis delirium refer to such reactions.

Recently, researchers have found that marijuana binds
to a receptor for anandamide, a normal molecule in the
body. Craving and difficulty in stopping usage can occur as
a result of regular use. Some researchers believe that long-
term marijuana use leads to brain impairment. Fetal
cannabis syndrome, which resembles fetal alcohol syndrome,
has been reported. Some psychologists believe that mari-
juana use among adolescents prevents them from dealing
with the personal problems that often develop during that
stage of life.

Although marijuana does not produce physical
dependence, it does produce psychological
dependence.

Cocaine
Cocaine is an alkaloid derived from the shrub Erythroxylum
cocoa. Cocaine is sold in powder form and as crack, a more
potent extract (Fig. 17.19). Cocaine prevents the synaptic up-
take of dopamine and this causes the user to experience the
sensation of a rush. The epinephrine-like effects of
dopamine account for the state of arousal that lasts for some
minutes after the rush experience.

With continued cocaine use, the body begins to make
less dopamine to compensate for a seemingly excess supply.
The user, therefore, now experiences tolerance, withdrawal
symptoms, and an intense craving for cocaine. These are indi-
cations that the person is highly dependent upon the drug
or, in other words, that cocaine is extremely addictive. Over-
dosing on cocaine can cause seizures and cardiac and respi-
ratory arrest.

Individuals who snort the drug can suffer damage to the
nasal tissues and even perforation of the septum between
the nostrils. It is possible that long-term cocaine abuse
causes brain damage; babies born to addicts suffer with-
drawal symptoms and may suffer neurological and devel-
opmental problems. A cocaine binge can go on for days, af-
ter which the individual suffers a crash. During the binge
period, the user is hyperactive and has little desire for food
or sleep but has an increased sex drive. During the crash pe-
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Figure 17.19 Drug use. 
Users often smoke crack in a glass water pipe. The high produced
consists of a “rush” lasting a few seconds, followed by a few minutes
of euphoria. Continuous use makes the user extremely dependent on
the drug.
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To control their weight, many people in
the United States have turned to a new

diet pill called Redux, which stimulates
the production and availability of the neu-
rotransmitter serotonin in the brain. This
very same neurotransmitter is released
when we eat a high carbohydrate-rich
meal. Redux also prevents serotonin from
being reabsorbed at presynaptic mem-
branes. The result is spirits are lifted and
appetite is squelched. It’s not uncommon
for patients to lose 20 or more pounds a
week, simply because they have lost all in-
terest in eating!

Unfortunately, Redux has side effects.
Some, like fatigue, diarrhea, vivid
dreams, and a dry mouth can be tolerated.
Others, however, are low in incidence but
very serious. Studies suggest that the

drug increases the incidence of primary
pulmonary hypertension from 1 to 2 per
one million to as much as 46 per one mil-
lion. Primary pulmonary hypertension
destroys blood vessels in the lungs and
heart, and can lead to death. Also, the
drug causes significant, and possibly per-
manent, brain damage in lab animals. An
abundance of serotonin makes the neu-
rons that ordinarily produce the neuro-
transmitter swell, wither, and then die ac-
cording to Dr. Mark Molliver, a Johns
Hopkins neurologist.

Are you acting recklessly, and there-
fore unethically, if you take this drug? To
decide, a risk-benefit analysis may be ap-
propriate. Severe obesity puts people at
risk for hypertension, heart attacks, dia-
betes, and some cancers. And these ill-

nesses contribute to 300,000 deaths a year
in the United States. The slim risk of seri-
ous side effects may be worth it for the
obese, but the same conclusion does not
hold for those who are merely overweight.
Even so, most doctors will probably pre-
scribe the drug for anyone who asks for it.
Just three months after the introduction of
Redux, doctors were writing 85,000 pre-
scriptions a week!

Questions
1. Is there any difference in smoking to

control weight gain and taking Redux to
control weight gain? Explain your answer.

2. Is there any difference in drinking alcohol
to feel better and taking Redux to feel
better? Explain your answer.

3. Is it ever ethical to take drugs to control
our everyday behavior? Why or why not?

riod, the user is fatigued, depressed, and irritable, has mem-
ory and concentration problems, and displays no interest in
sex. Indeed, men are often impotent.

Heroin
Heroin is derived from morphine, an alkaloid of opium. After
an intravenous injection, there is a feeling of euphoria along
with relief of pain within 3 to 6 minutes. Side effects can in-
clude nausea, vomiting, dysphoria, and respiratory and cir-
culatory depression leading to death.

Heroin binds to receptors meant for the endorphins, the
special neurotransmitters that kill pain and produce a feel-
ing of tranquility. With time, the body’s production of en-
dorphins decreases. Tolerance develops so that the user
needs to take more of the drug just to prevent withdrawal
symptoms. The euphoria originally experienced upon injec-
tion is no longer felt.

Heroin withdrawal symptoms include perspiration, di-
lation of pupils, tremors, restlessness, abdominal cramps,
gooseflesh, defecation, vomiting, and increase in systolic
pressure and respiratory rate. Those who are excessively de-
pendent may experience convulsions, respiratory failure,
and death. Infants born to women who are physically de-
pendent also experience these withdrawal symptoms.

Cocaine and heroin produce a very strong physical
dependence. An overdose of these drugs can
cause death.

Methamphetamine (Ice)
Methamphetamine is related to amphetamine, a well-known
stimulant. Both methamphetamine and amphetamine have
been drugs of abuse for some time, but a new form of
methamphetamine known as “ice” is now used as an alter-
native to cocaine. Ice is a pure, crystalline hydrochloride salt
that has the appearance of sheetlike crystals. Unlike cocaine,
ice can be illegally produced in this country in laboratories
and does not need to be imported.

Ice, like crack, will vaporize in a pipe, so it can be
smoked, avoiding the complications of intravenous injec-
tions. After rapid absorption into the bloodstream, the drug
moves quickly to the brain. It has the same stimulatory effect
as cocaine, and subjects report they cannot distinguish be-
tween the two drugs after intravenous administration.
Methamphetamine effects, however, persist for hours in-
stead of a few seconds. Therefore, it is the preferred drug of
abuse by many.

Designer Drugs
Designer drugs are analogs; that is, they are slightly altered
psychoactive drugs. One such drug is MPPP (1-methyl-4-
phenylprionoxy-piperidine), an analog of the narcotic fen-
tanyl. Even small doses of the drug are very toxic and can
cause death.
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Summarizing the Concepts

17.1 Neurons and How They Work
The nervous system contains neurons and neuroglial cells which ser-
vice neurons. Sensory neurons take information from sensory recep-
tors to the CNS; interneurons occur within the CNS, and motor neu-
rons take information from the CNS to effectors (muscles or glands). A
motor neuron can be used to demonstrate that neurons are composed
of dendrites, a cell body, and an axon. Long axons are covered by a
myelin sheath.

When an axon is not conducting a nerve impulse, the inside of an
axon is negative (�65mV) compared to the outside. The 
sodium-potassium pump actively transports Na� out of an axon and
K� to inside an axon. The resting potential is due to the leakage of K�

to the outside of the neuron. When an axon is conducting a nerve im-
pulse (action potential), Na� first moves into the axoplasm and then
K� moves out of the axoplasm.

Transmission of the nerve impulse from one neuron to another
takes place when a neurotransmitter molecule is released into a synap-
tic cleft. The binding of the neurotransmitter to receptors in the post-
synaptic membrane causes either excitation or inhibition. Integration is
the summing of excitatory and inhibitory signals. Neurotransmitter
molecules are removed from the cleft by enzymatic breakdown or by
reabsorption.

17.2 Peripheral Nervous System
The peripheral nervous system contains only nerves and ganglia. The
brain is always involved in voluntary actions but reflexes are auto-
matic, and some do not require involvement of the brain. In the somatic
system, for example, a stimulus causes sensory receptors to generate
nerve impulses which are conducted by sensory nerve fibers to in-
terneurons in the spinal cord. Interneurons signal motor neurons
which conduct nerve impulses to a skeletal muscle that contracts, giv-
ing the response to the stimulus.

The autonomic (involuntary) system controls smooth muscle of the
internal organs and glands. The sympathetic division is associated with
responses that occur during times of stress, and the parasympathetic sys-
tem is associated with responses that occur during times of relaxation.

17.3 Central Nervous System
The CNS consists of the spinal cord and brain, which are both pro-
tected by bone. The CNS receives and integrates sensory input and for-
mulates motor output. The gray matter of the spinal cord contains neu-
ron cell bodies; the white matter consists of myelinated axons that
occur in bundles called tracts. The spinal cord carries out reflex actions
and sends sensory information to the brain and receives motor output
from the brain. Because tracts cross over, the left side of the brain con-
trols the right side of the body and vice versa.

In the brain, the medulla oblongata and pons have centers for vi-
tal functions, like breathing and the heartbeat. The cerebellum primar-
ily coordinates muscle contractions. The hypothalamus controls
homeostasis, and the thalamus specializes in sending on sensory input
to the cerebrum. The cerebrum has two cerebral hemispheres con-
nected by the corpus callosum. Sensation, reasoning, learning and
memory, and also language and speech take place in the cerebrum.

17.4 The Cerebral Hemispheres
Each cerebral hemisphere contains a frontal, parietal, occipital, and
temporal lobe. The cerebral cortex is a thin layer of gray matter cov-
ering the cerebrum. The primary motor area in the frontal lobe sends

out motor commands to lower brain centers which pass them on to
motor neurons. The primary somatosensory area in the parietal lobe
receives sensory information from lower brain centers in communi-
cation with sensory neurons. A visual area occurs in the occipital
lobe, an auditory area occurs in the temporal lobe, and so forth for
the other senses. Association areas are located in all the lobes; the
prefrontal area of the frontal lobe is especially necessary to higher
mental functions.

The limbic system is a complex network of cortical and subcortical
nuclei (masses of cell bodies) within the brain that is known to gener-
ate primitive emotions and function in higher mental functions.

17.5 Higher Mental Functions
Short-term memory and long-term memory are dependent upon the
prefrontal area. The hippocampus acts as a conduit for sending infor-
mation to long-term memory and retrieving it once again. The amyg-
dala adds emotional overtones to memories. On the cellular level, long-
term potentiation seems to be required for long-term memory.
Unfortunately, long-term potentiation can go awry when neurons be-
come overexcited and die. Neuroprotective drugs are being developed
in the hope they will prevent disorders like Alzheimer disease. Lan-
guage and speech are dependent upon Broca’s area (a motor speech
area) and Wernicke’s area (a sensory speech area) that are in communi-
cation. Interestingly enough, these two areas are located only in the left
hemisphere.

17.6 Drug Abuse
Although neurological drugs are quite varied, each type has been
found to either promote or prevent the action of a particular neuro-
transmitter.

Studying the Concepts

1. With reference to a motor neuron, describe the structure and
function of the three parts of a neuron. What are the three
classes of neurons and what is their relationship to the 
CNS? 322

2. What is the sodium-potassium pump? What is resting poten-
tial, and how is it brought about? 324

3. Describe the two parts of an action potential and the changes
that can be associated with each part. 324

4. What is a neurotransmitter, where is it stored, how does it
function, and how is it destroyed? Name two well-known
neurotransmitters. 327

5. The peripheral nervous system contains what three types of
nerves? What is meant by a mixed nerve? 328

6. Trace the path of a somatic reflex. 329
7. What is the autonomic system, and what are its two major

divisions? Give several similarities and differences between
these divisions. 331

8. Describe the structure and function of the spinal cord.
332–33

9. Name the major parts of the brain, and give a function for
each. What is the reticular formation? 335

10. Name the lobes of the cerebral hemispheres and describe the
function of motor, sensory, and association areas. What is the
limbic system? 336�37

11. Name several different types of memory and explain how
long-term memory is thought to occur. What is long-term
potentiation? 338�39
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12. Language and speech require what portions of the brain?
What is the left brain/right brain hypothesis? 340

13. Describe the physiological effects and mode of action of alco-
hol, marijuana, cocaine, and heroin. 341�43

Testing Yourself

Choose the best answer for each question.
1. Which of these are the first and last elements in a spinal re-

flex?
a. axon and dendrite
b. sensory receptor and muscle effector
c. ventral horn and dorsal horn
d. brain and skeletal muscle
e. motor neuron and sensory neuron

2. A spinal nerve takes nerve impulses
a. to the CNS.
b. away from the CNS.
c. both to and away from the CNS.
d. from the CNS to the spinal cord.

3. Which of these correctly describes the distribution of ions on
either side of an axon when it is not conducting a nerve im-
pulse?
a. more sodium ions (Na�) outside and less potassium ions

(K�) inside
b. more K� outside and less Na� inside
c. charged protein outside; Na� and K� inside
d. Na� and K� outside and water only inside
e. chlorine ions (Cl�) on outside and K� and Na� on inside

4. When the action potential begins, sodium gates open, allow-
ing Na� to cross the membrane. Now the polarity changes to
a. negative outside and positive inside.
b. positive outside and negative inside.
c. There is no difference in charge between outside and in-

side.
d. neutral outside and positive inside.
e. Any one of these could be correct.

5. Transmission of the nerve impulse across a synapse is accom-
plished by the
a. movement of Na� and K�.
b. release of a neurotransmitter by a dendrite.
c. release of a neurotransmitter by an axon.
d. release of a neurotransmitter by a cell body.
e. Any one of these is correct.

6. The autonomic system has two divisions called the
a. CNS and PNS.
b. somatic and skeletal systems.
c. efferent and afferent systems.
d. sympathetic and parasympathetic systems.

7. Synaptic vesicles are
a. at the ends of dendrites and axons.
b. at the ends of axons only.
c. along the length of all long fibers.
d. All of these are correct.

8. Which of these would be covered by a myelin sheath?
a. short dendrites
b. globular cell bodies
c. long axons
d. interneurons
e. All of these are correct.

9. When you remove your hand from a hot stove, which system
is least likely to be involved?
a. somatic system
b. parasympathetic system
c. central nervous system
d. sympathetic system
e. peripheral nervous system

10. The spinal cord communicates with the brain via
a. the gray matter of the cord and brain.
b. sensory nerve fibers in a spinal nerve.
c. the sympathetic system.
d. tracts in the white matter.
e. ventricles in the brain and the spinal cord.

11. Which two parts of the brain are least likely to work
together?
a. thalamus and the cerebrum
b. cerebrum and the cerebellum
c. hypothalamus and the medulla oblongata
d. cerebellum and the medulla oblongata
e. reticular formation and the thalamus

12. Which of these is not a proper contrast between the primary
motor area and the primary somatosensory area?
a. ventral to the central sulcus—dorsal to the central sulcus
b. controls skeletal muscles—receives sensory information
c. communicates directly with association areas in the pari-

etal lobe—communicates directly with association areas in
the frontal lobe

d. has connections with the cerebellum—has connections
with the thalamus

e. All of these are contrasts between the two areas.
13. The limbic system

a. involves portions of the cerebral lobes, subcortical nuclei,
and the diencephalon.

b. is responsible for our deepest emotions like pleasure, rage,
and fear.

c. is a system necessary to memory storage.
d. is not responsible for reason and self control.
e. All of these are correct.

14. Label this diagram.

a.__________

c.__________

d.

i.

b.__________

e.

g.

f.

h.

j.
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Understanding the Terms

acetylcholine (ACh) 327
acetylcholinesterase

(AChE) 327
action potential 324
amygdala 338
association area 337
autonomic system 331
axon 322
axon bulb 327
basal nuclei 337
brain 334
brain stem 335
cell body 322
central nervous system

(CNS) 322
cerebellum 335
cerebral cortex 336
cerebral hemisphere 335
cerebrospinal fluid 332
cerebrum 335
cranial nerve 328
dendrite 322
diencephalon 335
dorsal-root ganglion 328
drug abuse 341
endorphin 343
episodic memory 338
fight or flight 331

ganglion 328
gray matter 332
hippocampus 338
hypothalamus 335
integration 327
interneuron 322
limbic system 337
long-term memory 338
long-term potentiation (LTP)

340
medulla oblongata 335
memory 338
meninges (sing., meninx) 332
midbrain 335
motor neuron 322
myelin sheath 323
nerve 328
nerve impulse 324
neuroglial cell 322
neuron 322
neurotransmitter 327
node of Ranvier 323
norepinephrine (NE) 327
nuclei 335
oscilloscope 324
parasympathetic division 331
peripheral nervous system

(PNS) 322

Match the terms to these definitions:
a. Action potential (an electrochemical change)

traveling along an axon.
b. One of the large paired structures making up the

cerebrum of the brain.
c. The summing of excitatory and inhibitory signals

received at synapses by a neuron.
d. Neuron that takes information from the central

nervous system to effectors.
e. Network of nuclei and fibers extending from the

brain stem to the thalamus that passes on sensory stimuli and
arouses the cerebral cortex.

Thinking Scientifically

1. Considering the nerve impulse, electricity is the flow of elec-
trons within a wire (page 324).
a. How is the nerve impulse different from this?
b. If a neurotransmitter substance is inhibitory, would you

expect a higher or lower voltage reading compared to
�65mV on the oscilloscope?

c. In the laboratory, an axon segment can conduct a nerve
impulse in either direction. Why do nerve impulses go
only from axon to dendrite or cell body across a synapse in
the body?

d. Nerves cause muscles to contract. Assuming one nerve
fiber per one muscle fiber of a muscle, explain how a nerve
can bring about degrees of muscle contraction.

2. Considering a reflex arc (page 329):
a. If you applied acid to the left leg of a frog, why might both

legs respond?
b. If you severed just the dorsal root ganglion of the left sci-

atic nerve that serves the leg, would either leg be able to
respond?

c. If you severed just the ventral root of the left sciatic nerve,
would either leg be able to respond?

d. If you destroyed just the spinal cord, would either leg be
able to respond?

pons 335
prefrontal area 337
primary motor area 336
primary somatosensory area

336
reflex 329
refractory period 324
resting potential 324
reticular formation 335
Schwann cell 323
semantic memory 338
sensory neuron 322
short-term memory 338

skill memory 338
sodium-potassium pump 324
somatic system 329
spinal cord 332
spinal nerve 328
sympathetic division 331
synapse 327
synaptic cleft 327
thalamus 335
threshold 324
tract 333
ventricle 332
white matter 333

Using Technology

Your study of the nervous system is supported by these
available technologies:

Essential Study Partner CD-ROM
Animals ££Nervous System

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Nervous System

Virtual Physiology Laboratory CD-ROM
Action Potential
Synaptic Transmission

HealthQuest CD-ROM
1 Stress Management and Mental Health
8 Alcohol
9 Other Drugs

http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/chap17espactivities_s.html
http://www.mhhe.com/biosci/genbio/mader
http://www.mhhe.com
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Chapter Concepts

18.1 Sensory Receptors and Sensations
• Sensory receptors respond to certain types of

environmental stimuli. 348
• Sensation occurs when sensory receptors send

nerve impulses to the brain. 348
• Senses are divided into the somatic (general)

senses and the special senses (taste, smell, vision,
hearing, balance). 349

18.2 Somatic Senses 
• Proprioceptors in muscles and joints help the

body maintain balance and posture. 350
• Sensory receptors in the skin respond to touch,

pressure, pain, and temperature (warmth and
cold). 351

18.3 Chemical Senses
• Taste cells within taste buds in the mouth

respond to molecules that result in bitter, sour,
salty, or sweet tastes. 352

• Olfactory cells within the olfactory epithelium
respond to molecules that result in a sense of
smell. 353

18.4 Sense of Vision
• The photoreceptors for sight contain visual

pigments, which respond to light rays. 354
• A great deal of integration occurs in the retina of

the eye before nerve impulses are sent to the
brain. 357

18.5 Sense of Hearing 
• The sensory receptors for hearing are hair cells

in the cochlea of the inner ear which respond to
pressure waves. 362

18.6 Sense of Balance 
• The sensory receptors for balance are hair cells

in the vestibule and semicircular canals of the
inner ear, which respond to the tilt of the head
and the movement of the body respectively. 365

A bike rider has to use all his senses. A sense of balance keeps the
bike aligned, and a sense of sight allows the biker to see any
obstacles ahead. The other senses also play important roles.

Senses
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inflation. Proprioceptors, which respond to the stretching of
muscle fibers, tendons, joints, and ligaments make us aware
of the position of our limbs. Even hearing is dependent on
mechanoreceptors. In this case, the receptors are sensitive to
pressure waves in inner ear fluid. Pressure receptors that
provide information regarding equilibrium are also located
in the inner ear.

Thermoreceptors are stimulated by changes in temper-
ature. Those that respond when temperatures rise are called
warmth receptors, and those that respond when tempera-
tures lower are called cold receptors. There are internal
thermoreceptors in the hypothalamus and surface thermo-
receptors in the skin.

Photoreceptors respond to light energy. Our eyes con-
tain photoreceptors that are sensitive to light and thereby
provide us with a sense of vision. Stimulation of the pho-
toreceptors, known as rod cells, results in black and white
vision, while stimulation of the photoreceptors, known as
cone cells, results in color vision. 

The sensory receptors of humans respond to four
types of stimuli: chemical, mechanical,
temperature, and light.

How Sensation Occurs
Sensory receptors respond to environmental stimuli by gen-
erating nerve impulses. Sensation occurs when nerve im-
pulses arrive at the cerebral cortex of the brain. Perception
occurs when the cerebral cortex interprets the meaning of
sensations.

Most sensory receptors are free nerve endings or encap-
sulated nerve endings, but some are specialized cells closely
associated with neurons. The plasma membrane of a sen-
sory receptor contains receptor proteins that react to the
stimulus. For example, the receptor proteins in the plasma
membrane of chemoreceptors bind to certain molecules.
When this happens, ion channels open and ions flow across
the plasma membrane. If the stimulus is sufficient, nerve im-
pulses begin and are carried by a sensory nerve fiber to the
CNS (Fig. 18.1). The stronger the stimulus, the greater the
frequency of nerve impulses. 

Although sensory receptors simply initiate nerve im-
pulses, we have different senses. The brain, as you know, is
responsible for sensation and perception. Nerve impulses
that begin in the optic nerve eventually reach the visual ar-
eas of the cerebral cortex and, thereafter, we see objects.
Nerve impulses that begin in the auditory nerve eventually
reach the auditory areas of the cerebral cortex and, there-
after, we hear sounds. If it were possible to switch these
nerves, then stimulation of the eyes would result in hearing!
On the other hand, when a blow to the eye stimulates pho-
toreceptors, we “see stars” because nerve impulses from the
eyes can only result in sight.

18.1 Sensory Receptors and Sensations
Sensory receptors are specialized to receive certain types of
stimuli (sing., stimulus), or particular forms of energy.
Eventually these stimuli result in a sensation within the
cerebral cortex.

Types of Sensory Receptors
Sensory receptors in humans can be classified into just four
types.

Chemoreceptors respond to chemical substances in the
immediate vicinity. The senses of taste and smell are well
known to have this type of sensory receptor, but there are
also chemoreceptors in various other organs that are sensi-
tive to internal conditions. Chemoreceptors in certain blood
vessels monitor the hydrogen ion concentration [H�] in the
blood, and if the pH lowers, the breathing rate increases. As
more carbon dioxide is expired, the blood pH will rise. 

Pain receptors are a type of chemoreceptor. They are
naked dendrites that respond to chemicals released by dam-
aged tissues. Pain receptors are protective because they alert
us to possible danger. Without the pain of appendicitis, we
may never seek the medical help that is needed to avoid a
ruptured appendix.

Mechanoreceptors are stimulated by mechanical forces,
which are most often pressure of some sort. The sense of
touch is dependent on pressure receptors that are sensitive
to either strong or slight pressures. Pressure receptors lo-
cated in certain arteries detect changes in blood pressure,
and stretch receptors in the lungs detect the degree of lung

Sally, keeping her eyes closed, opened her mouth, and
her lab partner placed a piece of apple—or was it
carrot—on her tongue. Joe, who was looking through a

tube with one eye, saw a hole in his free hand with the other
eye. As Mary moved the paper closer to her eye, a letter she
knew was there disappeared. This laboratory session was a
lot more fun than many of the others. The old expression
“Don’t believe everything you hear and only half of what you
see” had more meaning after performing some of the exer-
cises on sensory perception.

Sense organs at the periphery of the body are the “win-
dows of the brain” because they keep the brain aware of
what is going on in the external world. When stimulated,
sensory receptors generate nerve impulses that travel to the
central nervous system (CNS). Nerve impulses arriving at the
cerebral cortex of the brain result in sensation. Stimulation of
specific parts of the cerebral cortex result in seeing, hearing,
tasting, and all our other senses. As the laboratory exercises
mentioned above demonstrate, the brain’s interpretation of
data received from sensory receptors can lead to a mistaken
perception of environmental circumstances. The brain has
checks and balances, however. The prefrontal area can rea-
son that a mistake may have been made.
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Sensory receptors carry out integration, the summing of
signals. In this instance, the signals are in the form of envi-
ronmental stimuli. One example of integration is sensory
adaptation, a decrease in response to a stimulus. We have all
had the experience of smelling an odor when we first enter a
room and then later not being aware of it at all. Some au-
thorities believe that when sensory adaptation occurs, sen-
sory receptors have stopped sending impulses to the brain.
Others believe that interneurons in the CNS have filtered
out the ongoing stimuli (see Fig. 17.13). 

Sensation occurs when nerve impulses reach the
cerebral cortex of the brain. Perception, which also
occurs in the cerebral cortex, is an interpretation of
the meaning of sensations. 

Types of Senses
Senses are divided into the somatic senses and the special
senses.

Somatic Senses
Senses associated with the skin, muscles, joints, and internal
organs are called somatic senses. Mechanoreceptors in the
skin give us a sense of touch and throughout the body a
sense of pressure. A sense of temperature is due to receptors
located in the skin and the brain. A sense of pain is due to
pain receptors located in the skin and also among internal
organs. Proprioception, which helps maintain posture and
balance, is due to proprioceptors like Golgi tendon organs in
tendons and muscle spindles in skeletal muscles. 

Special Senses
The sense organs for taste, smell, vision, balance, and hear-
ing contain a number of receptors all specialized to give us a
particular sense. Table 18.1 lists the special senses and their
associated sense organs.

The sensory receptors, whether existing
independently or in sense organs, account for our
various senses. 
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stimulus

receptor proteins

ion channels

nerve impulses

sensory nerve fibers

spinal cord

brain sensation

sensory
receptorPNS

CNS

—

Figure 18.1 Sensation.
The stimulus is received by a receptor protein which causes ion
channels to open and nerve impulses (action potentials) to be
generated. Conduction of nerve impulses to the CNS by sensory
nerve fibers results in sensation.

Sense Type of Specific Sense
Sensory Receptor Sensory Receptors Organ

Taste Chemoreceptor Taste cells Taste buds

Smell Chemoreceptor Olfactory cells Olfactory epithelium

Vision Photoreceptor Rod cells and cone cells Eye
in retina

Hearing Mechanoreceptor Hair cells in spiral organ Ear

Balance Mechanoreceptor Hair cells in utricle, Ear
saccule, and semicircular canals

Table 18.1 Special Sense Organs
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18.2 Somatic Senses 
Somatic senses are dependent upon receptors in the mus-
cles, joints, and tendons and in the skin. The sensory recep-
tors for somatic senses send nerve impulses to the spinal
cord. From there, they travel up the spinal cord in tracts to
the somatosensory areas of the cerebral cortex.

Proprioceptors
Proprioceptors detect the degree of muscle relaxation, the
stretch of tendons, and the movement of ligaments. Muscle
spindles act to increase and Golgi tendon organs act to de-
crease the degree of muscle contraction. The result is a
muscle that has the proper length and tension, or muscle
tone.

Figure 18.2 illustrates the activity of a muscle spindle. In
a muscle spindle, sensory nerve endings are wrapped
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around thin muscle cells within a connective tissue sheath.
When the muscle relaxes and undue stretching of the muscle
spindle occurs, nerve impulses are generated. The rapidity
of the nerve impulses generated by the muscle spindle is
proportional to the stretching of a muscle. A reflex action oc-
curs which results in contraction of muscle fibers adjoining
the muscle spindle.

The information sent by muscle spindles to the CNS is
used to maintain the body’s balance and posture despite the
force of gravity always acting upon the skeleton and mus-
cles. Proprioception also helps us know the position of our
limbs in space.

Proprioceptors are involved in reflex actions that
maintain muscle tone and thereby the body’s
balance and posture. 

muscle
fiber

muscle
spindle

bundle
of 
muscle 
fibers

tendon

quadriceps muscle

1

1

2
2

Figure 18.2 Muscle spindle.
➀ When a muscle relaxes, a muscle spindle is stimulated as it is stretched. ➁ A reflex action occurs, resulting in muscle fiber contraction so that
muscle tone is maintained.
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Cutaneous Receptors
The skin is composed of two layers: the epidermis and the
dermis. In Figure 18.3, the artist has dramatically indicated
these two layers by separating the epidermis from the der-
mis in one location. The epidermis is stratified squamous
epithelium in which cells become keratinized as they rise to
the surface where they are sloughed off. The dermis of skin
is a thick connective tissue layer. The dermis contains recep-
tors for touch, pressure, pain, and temperature. It is a mosaic
of these tiny receptors, as you can determine by slowly pass-
ing a metal probe over your skin. At certain points, there is a
feeling of pressure, and at others, there is a feeling of hot or
cold (depending on the probe’s temperature).

Two types of receptors are responsive to fine touch: the
Meissner’s corpuscles and the Merkel’s disks. The Meiss-
ner’s corpuscles are concentrated in the fingertips, the
palms, the lips, the tongue, the nipples, the penis, and the
clitoris. Their prevalence provides these regions with special
sensitivity. Pacinian corpuscles, Ruffini’s endings, and
Krause end bulbs are three different types of pressure recep-
tors. Pacinian corpuscles are onion-shaped sensory recep-
tors that lie deep inside the dermis. Ruffini’s endings and
Krause end bulbs are encapsulated by sheaths of connective

tissue and contain lacy networks of nerve fibers. Tempera-
ture and pain receptors are simply free nerve endings in the
epidermis. Some free nerve endings are responsive to cold;
others are responsive to warmth. Cold receptors are far
more numerous than warmth receptors, but there are no
known structural differences between the two. 

Specialized receptors in the human skin respond
to touch, pressure, pain, and temperature (warmth
and cold).

Referred Pain
Like the skin, many internal organs have pain receptors.
Sometimes, stimulation of internal pain receptors is felt as
pain from the skin. This is called referred pain. Some inter-
nal organs have a referred pain relationship with areas lo-
cated in the skin of the back, groin, and abdomen; pain from
the heart is felt in the left shoulder and arm. This most likely
happens when nerve impulses from the pain receptors of
internal organs travel to the spinal cord and synapse with
neurons also receiving impulses from the skin. The brain
perceives this as pain in the skin.
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Figure 18.3 Receptors in human skin. 
The classical view shown here is that each receptor has the main function indicated. However, investigations in this century indicate that matters
are not so clear-cut. For example, microscopic examination of the skin of the ear shows only free nerve endings (pain receptors), and yet the skin
of the ear is sensitive to all sensations. Therefore, it appears that the receptors of the skin are somewhat, but not completely, specialized.
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18.3 Chemical Senses
There are chemoreceptors located in the carotid arteries and
in the aorta that are primarily sensitive to the pH of the
blood. These bodies communicate via sensory nerve fibers
with the respiratory center located in the medulla oblongata.
When the pH drops, they signal this center, and immedi-
ately thereafter the breathing rate increases. The expiration
of CO2 raises the pH of the blood. 

Taste and smell are called the chemical senses because
the receptors for these senses are sensitive to molecules in
the food we eat and air we breathe.

Sense of Taste
Taste buds are sense organs located primarily on the tongue
(Fig. 18.4). Many lie along the walls of the papillae, the small
elevations on the tongue that are visible to the naked eye.
Isolated ones are also present on the hard palate, the phar-
ynx, and the epiglottis.

Taste buds are embedded in tongue epithelium and
open at a taste pore. They have supporting cells and a num-
ber of elongated taste cells that end in microvilli. The mi-
crovilli bear receptor proteins for certain molecules. When

these molecules bind to receptor proteins, nerve impulses
are generated in associated sensory nerve fibers. These
nerve impulses go to the brain including cortical areas
which interpret them as tastes. 

There are four primary types of tastes (sweet, sour,
salty, bitter) and taste buds for each are concentrated on
the tongue in particular regions (Fig. 18.4a). Sweet recep-
tors are most plentiful near the tip of the tongue. Sour
receptors occur primarily along the margins of the tongue.
Salty receptors are most common on the tip and the upper
front portion of the tongue. Bitter receptors are located
toward the back of the tongue. Actually, the response of
taste buds can result in a range of sweet, sour, salty, and
bitter tastes. The brain appears to survey the overall
pattern of incoming sensory impulses and to take a
“weighted average” of their taste messages as the perceived
taste.

Taste buds are sense organs that contain taste
cells. The microvilli of taste cells have receptor
proteins for molecules that cause the brain to
distinguish between sweet, sour, salty, and bitter
tastes.
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a. Tongue b. Papillae c. Taste buds d. One taste bud

Bitter
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Figure 18.4 Taste buds. 
a. Papillae on the tongue contain taste buds that are sensitive to sweet, sour, salty, and bitter tastes as indicated. 
b. Enlargement of papillae. c. Taste buds occur along the walls of the papillae. d. Taste cells end in microvilli that bear receptor proteins for
certain molecules. When molecules bind to the receptor proteins, nerve impulses are generated that go to the brain where the sensation of taste
occurs.
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Sense of Smell 
Our sense of smell is dependent on olfactory cells located
within olfactory epithelium high in the roof of the nasal
cavity (Fig. 18.5). Olfactory cells are modified neurons. Each
cell ends in a tuft of about five olfactory cilia which bear re-
ceptor proteins for odor molecules. Each olfactory cell has
only one out of 1,000 different types of receptor proteins.
Nerve fibers from like olfactory cells lead to the same in-
terneuron in the olfactory bulb, an extension of the brain.
An odor contains many odor molecules which activate a
characteristic combination of receptor proteins. A rose
might stimulate olfactory cell type A, B, C, while a daffodil
might stimulate olfactory cell type B, C, E . An odor’s sig-
nature in the olfactory bulb is determined by which corre-
sponding interneurons are stimulated. When the
interneurons communicate this information via the olfac-
tory tract to the olfactory areas of the cerebral cortex, we
know we have smelled a rose or a daffodil. 

Have you ever noticed that an aroma will bring to mind a
vivid memory of a person or place? A person’s perfume may
remind you of someone else, or the smell of boxwood may

remind you of your grandfather’s farm. Look again at Figure
17.15 and notice that the olfactory bulbs have direct connec-
tions with the limbic system and its centers for emotions and
memory. One investigator showed that when subjects smelled
an orange when viewing a painting, they not only remem-
bered the painting, they had many deep feelings about it. 

Actually, the sense of taste and the sense of smell work
together to create a combined effect when interpreted by the
cerebral cortex. For example, when you have a cold, you
think that food has lost its taste, but most likely you have
lost the ability to sense its smell. This method works in re-
verse also. When you smell something, some of the mole-
cules move from the nose down into the mouth region and
stimulate the taste buds there. Therefore, part of what we re-
fer to as smell may in fact be taste.

The olfactory epithelium is the sense organ that
contains olfactory cells. The cilia of olfactory cells
have receptor proteins for odor molecules that
cause the brain to distinguish odors. 
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Figure 18.5 Olfactory cell location and anatomy. 
a. The olfactory epithelium in humans is located high in the nasal cavity. b. Olfactory cells end in cilia that bear receptor proteins for specific odor
molecules. The cilia of each olfactory cell can bind to only one type of odor molecule signified here by color. If a rose causes A, B, C type
olfactory cells to be stimulated, then interneurons A, B, C in the olfactory bulb are activated. The primary olfactory area of the cerebral cortex
interprets the pattern of interneurons stimulated as the scent of a rose.
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18.4 Sense of Vision 
Vision requires the work of the eyes and the brain. As we
shall see, much processing of stimuli occurs in the eyes be-
fore nerve impulses are sent to the brain. Still, researchers es-
timate that at least a third of the cerebral cortex takes part in
processing visual information. 

Anatomy of the Eye 
The eyeball, which is an elongated sphere about 2.5 cm in di-
ameter, has three layers, or coats: the sclera, the choroid, and
the retina (Fig. 18.6 and Table 18.2). The outer layer, the
sclera, is white and fibrous except for the transparent cornea
which is made of transparent collagen fibers. The cornea is
the window of the eye.

The middle, thin, darkly pigmented layer, the choroid,
is vascular and absorbs stray light rays that photoreceptors
have not absorbed. Toward the front, the choroid becomes
the donut-shaped iris. The iris regulates the size of the
pupil, a hole in the center of the iris through which light en-
ters the eyeball. The color of the iris (and therefore the color
of your eyes) correlates with its pigmentation. Heavily pig-
mented eyes are brown, while lightly pigmented eyes are
green or blue. Behind the iris, the choroid thickens and
forms the circular ciliary body. The ciliary body contains the
ciliary muscle, which controls the shape of the lens for near
and far vision. 
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Figure 18.6 Anatomy of the human eye. 
Notice that the sclera, the outer layer of the eye, becomes the cornea and that the choroid, the middle layer, is continuous with the ciliary body
and the iris. The retina, the inner layer, contains the photoreceptors for vision; the fovea centralis is the region where vision is most acute.

Sclera Protects and supports eyeball

Cornea Refracts light rays

Choroid Absorbs stray light

Retina Contains receptors for sight

Rods Make black-and-white vision possible

Cones Make color vision possible

Fovea centralis Makes acute vision possible

Lens Refracts and focuses light rays

Ciliary body Holds lens in place, accommodation

Iris Regulates light entrance

Pupil Admits light

Humors Transmit light rays and support eyeball

Optic nerve Transmits impulse to brain

Table 18.2 Function of Parts of the Eye

The lens, attached to the ciliary body by ligaments, di-
vides the eye into two compartments; the one in front of the
lens is the anterior compartment and the one behind the
lens is the posterior compartment. The anterior compart-
ment is filled with a clear, watery fluid called the aqueous
humor. A small amount of aqueous humor is continually
produced each day. Normally, it leaves the anterior com-
partment by way of tiny ducts. When a person has
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glaucoma, these drainage ducts are blocked, and aqueous
humor builds up. If glaucoma is not treated, the resulting
pressure compresses the arteries that serve the nerve fibers
of the retina, where photoreceptors are located. The nerve
fibers begin to die due to lack of nutrients, and the person
becomes partially blind. Eventually, total blindness can
result.

The third layer of the eye, the retina, is located in the
posterior compartment which is filled with a clear gelati-
nous material called the vitreous humor. The retina contains
photoreceptors called rod cells and cone cells. The rods are
very sensitive to light but they do not see color; therefore, at
night or in a darkened room we see only shades of gray. The
cones, which require bright light, are sensitive to different
wavelengths of light and, therefore, we have the ability to
distinguish colors. The retina has a very special region called
the fovea centralis where cone cells are densely packed.
Light is normally focused on the fovea when we look di-
rectly at an object. This is helpful because vision is most
acute in the fovea centralis. Sensory fibers from the retina form
the optic nerve which takes nerve impulses to the brain.

The eye has three layers: the outer sclera, the
middle choroid, and the inner retina. Only the
retina contains photoreceptors for light energy. 

Focusing 
When we look at an object, light rays pass through the pupil
and are focused on the retina (Fig. 18.7a). The image pro-
duced is much smaller than the object because light rays are
bent (refracted) when they are brought into focus. Focusing
starts with the cornea and continues as the rays pass
through the lens and the humors. Notice that the image on
the retina is inverted (it is upside down) and reversed from
left to right. 

The lens provides additional focusing power as visual
accommodation occurs for close vision. The shape of the
lens is controlled by the ciliary muscle within the ciliary
body. When we view a distant object, the ciliary muscle is re-
laxed, causing the suspensory ligaments attached to the cil-
iary body to be taut; therefore, the lens remains relatively
flat (Fig. 18.7b). When we view a near object, the ciliary mus-
cle contracts, releasing the tension on the suspensory liga-
ments, and the lens rounds up due to its natural elasticity
(Fig. 18.7c). Because close work requires contraction of the
ciliary muscle, it very often causes muscle fatigue known as
eyestrain.

Usually after the age of 40, the lens loses some of its elas-
ticity and is unable to accommodate. Bifocal lenses are then
usually necessary for those who already have corrective
lenses. Also with aging or possibly exposure to the sun (see

the Health reading on page 360), the lens is subject to
cataracts. The lens becomes opaque and therefore incapable
of transmitting rays of light. Usually, today, the lens is re-
placed with an artificial lens during surgery. In the future, it
may be possible to  restore the original configuration of the
proteins making up the lens.

The lens, assisted by the cornea and the humors,
focuses images on the retina.
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Figure 18.7 Focusing. 
a. Light rays from each point on an object are bent by the cornea
and the lens in such a way that an inverted and reversed image 
of the object forms on the retina. b. When focusing on a distant
object, the lens is flat because the ciliary muscle is relaxed and
the suspensory ligament is taut. c. When focusing on a near
object, the lens accommodates; it becomes rounded because 
the ciliary muscle contracts, causing the suspensory ligament 
to relax.
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Photoreceptors 
Vision begins once light has been focused on the photore-
ceptors in the retina. Figure 18.8 illustrates the structure of
our photoreceptors called rod cells and cone cells. Both rods
and cones have an outer segment joined to an inner segment
by a stalk. The outer segment contains many membranous
disks. And many pigment molecules are embedded in the
membrane of these disks. Synaptic vesicles are located at the
synaptic endings of the inner segment 

The visual pigment in rods is a deep purple pigment
called rhodopsin. Rhodopsin is a complex molecule made
up of the protein opsin and a light absorbing molecule called
retinal, which is a derivative of vitamin A. When a rod ab-
sorbs light, rhodopsin splits into opsin and retinal, leading
to a cascade of reactions and the closure of ion channels in
the rod cell’s plasma membrane. This stops the release of in-
hibitory transmitter molecules from the rod’s synaptic vesi-
cles and starts the signals that result in nerve impulses going
to the brain. Rods are very sensitive to light and therefore
are suited to night vision. (Since carrots are rich in vitamin

A, it is true that eating carrots can improve your night
vision.) Rod cells are plentiful throughout the entire retina;
therefore, they also provide us with peripheral vision and a
perception of motion. 

The cones, on the other hand, are located primarily in
the fovea and are activated by bright light. They allow us to
detect the fine detail and the color of an object. Color vision
depends on three different kinds of cones, which contain
pigments called the B (blue), G (green), and R (red) pig-
ments. Each pigment is made up of retinal and opsin, but
there is a slight difference in the opsin structure of each,
which accounts for their individual absorption patterns.
Various combinations of cones are believed to be stimulated
by in-between shades of color.

The receptors for sight are the rods and the cones.
The rods permit vision in dim light at night, and the
cones permit vision in bright light needed for color
vision.
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Figure 18.8 Structure and function of rod cells and cone cells.
The outer segment of rods and cones contains stacks of membranous disks, which contain visual pigments. In rods, the membrane of each disk
contains rhodopsin, a complex molecule containing the protein opsin and the pigment retinal. When rhodopsin absorbs light energy, it splits,
releasing opsin, which sets in motion a cascade of reactions that ends when ion channels in the plasma membrane close.
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Integration of Visual Signals
in the Retina
The retina has three layers of neurons (Fig. 18.9). The layer
closest to the choroid contains the rods and cones; the mid-
dle layer contains bipolar cells; and the innermost layer con-
tains ganglion cells, whose fibers become the optic nerve.
Only the rod cells and the cone cells are sensitive to light,
and therefore light must penetrate to the back of the retina
before they are stimulated.

The rod cells and the cone cells synapse with the bipolar
cells, which in turn synapse with ganglion cells that initiate
nerve impulses. Notice in Figure 18.9 that there are many
more rod cells and cone cells than ganglion cells. In fact, the
retina has as many as 150 million rod cells and 6 billion cone
cells but only one million ganglion cells. The sensitivity of
cones in the fovea versus rods is mirrored by how directly
they connect to ganglion cells. As many as 100 rods may
synapse with the same ganglion cell. No wonder that stimu-
lation of rods results in vision that is only blurred and indis-
tinct. In contrast, each cone in the fovea synapses with only
one ganglion cell. This accounts for why cones particularly
in the fovea provide us with a sharper, more detailed image
of an object. 

As signals pass to bipolar cells and ganglion cells, inte-
gration occurs. Each ganglion cell receives signals from rod

cells covering about one square millimeter of retina (about
the size of a thumb tack hole). This region is called the gan-
glion cell’s receptive field. Some time ago, scientists discov-
ered that a ganglion cell is stimulated when light hits the
center of its receptive field, and is inhibited when light hits
the area of the receptive field surrounding the center. If all
the rod cells in the receptive field are stimulated, the gan-
glion cell responds in a neutral way—it reacts only weakly
or perhaps not at all. This supports the hypothesis that con-
siderable processing occurs in the retina before nerve im-
pulses are sent to the brain.

Synaptic integration and processing begins in the
retina before nerve impulses are sent to the brain.

Blind Spot
Figure 18.9 provides an opportunity to point out that there
are no rods and cones where the optic nerve exits the
retina. Therefore, no vision is possible in this area. You can
prove this to yourself by putting a dot to the right of center
on a piece of paper. Use the right hand to move the paper
slowly toward the right eye while you look straight ahead.
The dot will disappear at one point—this is your “blind
spot.”
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Figure 18.9 Structure and function of retina. 
The retina is the inner layer of the eye. Rod cells and cone cells located at the back of the retina synapse with bipolar cells which synapse with
ganglion cells. Integration of signals occurs at these synapses; therefore much processing occurs in bipolar and ganglion cells. Further, notice
that many rod cells share one bipolar cell but cone cells do not. Each cone synapses with only one ganglion cell. Cone cells, therefore,
distinguish more detail than do rod cells.
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Integration of Visual Signals
in the Brain
Sensory fibers from ganglion cells assemble to form the op-
tic nerves. At the �-shaped optic chiasma, fibers from the
right half of each retina converge and continue on together
in the right optic tract, and fibers from the left half of each
retina converge and continue on together in the left optic
tract. This is the first way in which the brain divides up the
visual field (Fig. 18.10).

Because the image is reversed, the left optic tract car-
ries information about the right portion of the visual field,
and the right optic tract carries information about the left
portion of the visual field.

The optic tracts sweep around the hypothalamus, and
most fibers synapse with interneurons in a nucleus (mass
of neuron cell bodies) of the thalamus. Axons from the tha-
lamic nucleus form an optic radiation that takes nerve im-
pulses to the primary visual area of the cerebral cortex.
Since each primary visual area receives information re-
garding only half the visual field, these areas must eventu-

ally share information to form a unified image. Also, the in-
verted and reversed image must be righted in the brain for
us to correctly perceive the visual field.

The most surprising finding has been that the brain
has a second way of taking the field apart. Each primary
visual area of the cerebral cortex acts like a post office,
parceling out information regarding color, form, motion,
and possibly other attributes to different portions of the
adjoining visual association area. Therefore, the brain
has taken the field apart even though we see a unified vi-
sual field. The cerebral cortex is believed to rebuild the
visual field and give us an understanding of it at the
same time.

The visual pathway which begins in the retina
passes through the thalamus before reaching the
cerebral cortex. The pathway and the visual cortex
take the visual field apart, but the visual
association areas rebuild it so that we correctly
perceive the entire field.
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Figure 18.10 Optic chiasma. 
Both eyes “see” the entire visual field. Because of the optic chiasma, data from the right half of each retina go to the right visual areas of the
cerebral cortex, and data from the left half of the retina go to the left visual areas of the cerebral cortex. This data is combined to allow us to see
the entire visual field. Note that the visual pathway to the brain includes the thalamus, which has the ability to filter sensory stimuli.
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Abnormalities of the Eye
Color blindness and misshaped eyeballs are two common
abnormalities of the eyes. More serious abnormalities are
discussed in the Health reading on page 360. 

Color Blindness
Complete color blindness is extremely rare. In most in-
stances, a particular type of cone is lacking or deficient in
number. The most common mutation is a lack of red or
green cones. This abnormality affects 5–8% of the male pop-
ulation. If the eye lacks red cones, the green colors are ac-
centuated, and vice versa.

Distance Vision
The majority of people can see what is
designated as a size 20 letter 20 feet
away, and so are said to have 20/20
vision. Persons who can see close ob-
jects but cannot see the letters from
this distance are said to be near-
sighted. Nearsighted people can see
close objects better than they can see
objects at a distance. These individu-
als have an elongated eyeball, and
when they attempt to look at a distant
object, the image is brought to focus
in front of the retina (Fig. 18.11). They
can see close objects because they can
adjust the lens to allow the image to
focus on the retina, but to see distant
objects, these people must wear con-
cave lenses, which diverge the light
rays so that the image can be focused
on the retina. 

There is a treatment for nearsight-
edness called radial keratotomy, or RK.
From four to eight cuts are made in the
cornea so that they radiate out from
the center like spokes in a wheel. When
the cuts heal, the cornea is flattened.
Lasers are now also used to flatten or
change the shape of the cornea. Al-
though some patients are satisfied
with the result, others complain of
glare and varying visual acuity.

Persons who can easily see the op-
tometrist’s chart but cannot see close
objects well are farsighted; these indi-
viduals can see distant objects better
than they can see close objects. They
have a shortened eyeball, and when
they try to see close objects, the image
is focused behind the retina. When the
object is distant, the lens can compen-
sate for the short eyeball, but when the

object is close, these persons must wear a convex lens to
increase the bending of light rays so that the image can be fo-
cused on the retina.

When the cornea or lens is uneven, the image is fuzzy.
The light rays cannot be evenly focused on the retina. This
condition, called astigmatism, can be corrected by an un-
evenly ground lens to compensate for the uneven cornea.

The shape of the eyeball determines the need for
corrective lenses; the inability of the lens to
accommodate as we age also requires corrective
lenses for close vision.
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Figure 18.11 Common abnormalities of the eye, with possible corrective
lenses. 
a. The cornea and the lens function in bringing light rays (lines) to focus, but sometimes they
are unable to compensate for the shape of the eyeball or for an irregular curvature of the
cornea. b. In these instances, corrective lenses can allow the individual to see normally.
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Protecting Vision and Hearing

Older age can be accompanied by a serious loss of vision and
hearing. The time to start preventive measures for such prob-
lems, however, is when we are younger. 

Preventing a Loss of Vision 
The eye is subject to both injuries and disorders. Although fly-
ing objects sometimes penetrate the cornea and damage the
iris, lens, or retina, careless use of contact lenses is the most
common cause of injuries to the eye. Injuries cause only 4% of
all cases of blindness; the most frequent causes are retinal dis-
orders, glaucoma, and cataracts, in that order. Retinal disorders
are varied. In diabetic retinopathy, which blinds many people
between the ages of 20 and 74, capillaries to the retina burst and
blood spills into the vitreous fluid. Careful regulation of blood
glucose levels in these patients may be protective. In macular
degeneration, the cones are destroyed because thickened
choroid vessels no longer function as they should. Glaucoma
occurs when the drainage system of the eyes fails, so that fluid
builds up and destroys nerve fibers responsible for peripheral
vision. Eye doctors always check for glaucoma, but it is advis-
able to be aware of the disorder in case it comes on quickly.
Those who have experienced acute glaucoma report that the
eyeball feels as heavy as a stone. In cataracts, cloudy spots on
the lens of the eye eventually pervade the whole lens. The
milky yellow-white lens scatters incoming light and blocks
vision.

Regular visits to an eye-care specialist, especially by the el-
derly, are a necessity in order to catch conditions, such as glau-
coma, early enough to allow effective treatment. It has not been
proven, however, that consuming particular foods or vitamin
supplements will reduce the risk of cataracts. Even so, it’s possi-
ble that estrogen replacement therapy may be somewhat pro-
tective in postmenopausal women.

There are preventive measures that we can take to reduce
the chance of defective vision as we age. Accumulating evi-
dence suggests that both macular degeneration and cataracts,
which tend to occur in the elderly, are caused by long-term
exposure to the ultraviolet rays of the sun. It is recom-
mended, therefore, that everyone, especially those who live
in sunny climates or work outdoors, wear sunglasses that ab-
sorb ultraviolet light. Large lenses worn close to the eyes of-
fer further protection. The Sunglass Association of America
has devised the following system for categorizing sun-
glasses:

• Cosmetic lenses absorb at least 70% of UV-B and 20%
UV-A and 60% of visible light. Such lenses are worn for
comfort rather than protection.

• General purpose lenses absorb at least 95% of UV-B and
60% of UV-A and 60–92% of visible light. They are good
for outdoor activities in temperate regions.

• Special purpose lenses block at least 99% of UV-B and
60% UV-A, and 20–97% of visible light. They are good
for bright sun combined with sand, snow, or water.

Health care providers have found an increased incidence of
cataracts in heavy cigarette smokers. In men, smoking 20 ciga-
rettes or more a day, and in women, smoking more than 35 cig-
arettes a day doubles the risk of cataracts. It is possible that
smoking reduces the delivery of blood and therefore nutrients
to the lens.

Preventing a Loss of Hearing
Especially when we are young, the middle ear is subject to in-
fections that can lead to hearing impairments if the infections
are not treated promptly by a physician. The mobility of ossi-
cles decreases with age, and in otosclerosis, new filamentous
bone grows over the stirrup, impeding its movement. Surgical
treatment is the only remedy for this type of conduction deaf-
ness. However, age-associated nerve deafness due to stere-
ocilia damage from exposure to loud noises is preventable.
Hospitals are now aware that even the ears of the newborn
need to be protected from noise and are taking steps to make
sure neonatal intensive care units and nurseries are as quiet as
possible.

In today’s society, exposure to the types of noises listed in
Table 18A is a common occurrence. Noise is measured in deci-
bels, and any noise above a level of 80 decibels could result in
damage to the hair cells of the organ of Corti. Eventually, the
stereocilia and then the hair cells disappear completely (Fig.
18A). If listening to city traffic for extended periods can dam-
age hearing, it stands to reason that frequent attendance at rock
concerts, constantly playing a stereo loudly, or using ear-
phones at high volume is also damaging to hearing. The first
hint of danger could be temporary hearing loss, a “full” feeling
in the ears, muffled hearing, or tinnitus (e.g., ringing in the
ears). If you have any of these symptoms, modify your listen-
ing habits immediately to prevent further damage. If exposure
to noise is unavoidable, specially designed noise-reduction
earmuffs are available, and it is also possible to purchase
earplugs made from a compressible, spongelike material at the
drugstore or sporting-goods store. These earplugs are not the
same as those worn for swimming, and they should not be
used interchangeably.

Aside from loud music, noisy indoor or outdoor equipment,
such as a rug-cleaning machine or a chain saw, is also trouble-
some. Even motorcycles and recreational vehicles such as snow-
mobiles and motocross bikes can contribute to a gradual loss of
hearing. Exposure to intense sounds of short duration, such as a
burst of gunfire, can result in an immediate hearing loss. Hunters
may have a significant hearing reduction in the ear opposite to
the shoulder where the gun is carried. The butt of the rifle offers
some protection to the ear nearest the gun when it is shot.
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Figure 18A The higher the decibel reading noted in the table, the more likely a noise will damage hearing. 
a. Normal hair cells in the spiral organ of a guinea pig. b. Damaged cells. This damage occurred after 24-hour exposure to a noise level like
that at heavy-metal rock concerts. Hearing is permanently impaired because lost cells will not be replaced, and damaged cells may also die.

Type of Noise Sound Level (decibels) Effect

“Boom car,” jet engine, shotgun, rock concert over 125 Beyond threshold of pain; potential for
hearing loss high

Discotheque, “boom box,” thunderclap over 120 Hearing loss likely

Chain saw, pneumatic drill, jackhammer, 100–200 Regular exposure of more than one minute
symphony orchestra, snowmobile, risks permanent hearing loss
garbage truck, cement mixer

Farm tractor, newspaper press, subway, 90–100 Fifteen minutes of unprotected exposure 
motorcycle potentially harmful

Lawn mower, food blender 85–90 Continuous daily exposure for more than 
eight hours can cause hearing damage

Diesel truck, average city traffic noise 80–85 Annoying; constant exposure may cause 
hearing damage

Source: National Institute on Deafness and Other Communication Disorders, January 1990, National Institute of Health.

Table 18A Noises That Affect Hearing

10 µm 10 µm10 µm

Finally, people need to be aware that some medicines are oto-
toxic. Anticancer drugs, most notably cisplatin, and certain an-
tibiotics (e.g., streptomycin, kanamycin, gentamicin) make ears

especially susceptible to a hearing loss. Anyone taking such
medications needs to be especially careful to protect the ears
from any loud noises.

a. b.
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18.5 Sense of Hearing M

The ear has two sensory functions: hearing and balance
(equilibrium). The receptors for both of these are located in
the inner ear, and each consists of hair cells with stereocilia
that respond to mechanical stimulation. 

Anatomy of the Ear
Figure 18.12 shows that the ear has three divisions: outer,
middle, and inner. The outer ear consists of the pinna (exter-
nal flap) and the auditory canal. The opening of the auditory
canal is lined with fine hairs and sweat glands. Modified
sweat glands are located in the upper wall of the canal; they
secrete earwax, a substance that helps to guard the ear against
the entrance of foreign materials, such as air pollutants.

The middle ear begins at the tympanic membrane
(eardrum) and ends at a bony wall containing two small
openings covered by membranes. These openings are called
the oval window and the round window. Three small bones
are found between the tympanic membrane and the oval
window. Collectively called the ossicles, individually they
are the malleus (hammer), the incus (anvil), and the stapes
(stirrup) because their shapes resemble these objects. The
malleus adheres to the tympanic membrane, and the stapes
touches the oval window. An auditory (eustachian) tube,

which extends from each middle ear to the nasopharynx,
permits equalization of air pressure. Chewing gum, yawn-
ing, and swallowing in elevators and airplanes help to move
air through the auditory tubes upon ascent and descent. As
this occurs we often hear the ears “pop.”

Whereas the outer ear and the middle ear contain air, the
inner ear is filled with fluid. The inner ear, anatomically
speaking, has three areas: the semicircular canals and the
vestibule are concerned with equilibrium; the cochlea is
concerned with hearing. The cochlea resembles the shell of a
snail because it spirals. 

Process of Hearing
The process of hearing begins when sound waves enter the
auditory canal (Fig. 18.13). Just as ripples travel across the
surface of a pond, sound waves travel by the successive vi-
brations of molecules. Ordinarily, sound waves do not carry
much energy, but when a large number of waves strike the
tympanic membrane, it moves back and forth (vibrates) ever
so slightly. The malleus then takes the pressure from the in-
ner surface of the tympanic membrane and passes it by
means of the incus to the stapes in such a way that the pres-
sure is multiplied about 20 times as it moves from the tym-
panic membrane to the stapes. The stapes strikes the
membrane of the oval window, causing it to vibrate, and in
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Figure 18.12 Anatomy of the human ear. 
In the middle ear, the malleus (hammer), the incus (anvil), and the stapes (stirrup) amplify sound waves. The inner ear contains the sensory
receptors for balance in the semicircular canals and the vestibule, and the sensory receptors for hearing in the cochlea.
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Figure 18.13 Receptors for hearing. 
The spiral organ (organ of Corti) is located within the cochlea. In the
uncoiled cochlea, note that the spiral organ consists of hair cells
resting on the basilar membrane with the tectorial membrane above.
Hearing occurs when pressure waves move from the vestibular canal
to the tympanic canal, causing the basilar membrane to vibrate and
the stereocilia (or at least a portion of the more than 20,000 hair cells)
to bend within the tectorial membrane. Nerve impulses traveling in
the cochlear nerve result in hearing.

this way, the pressure is passed to the fluid within the
cochlea.

If the cochlea is unwound and examined in cross section
(Fig. 18.13) you can see that it has three canals: the vestibu-
lar canal, the cochlear canal, and the tympanic canal. The
vestibular canal connects with the tympanic canal, which
leads to the round window membrane. Along the length of
the basilar membrane, which forms the lower wall of the
cochlear canal, are little hair cells whose stereocilia are em-
bedded within a gelatinous material called the tectorial
membrane. The hair cells of the cochlear canal, called the
spiral organ (organ of Corti), synapse with nerve fibers of
the cochlear (auditory) nerve.

When the stapes strikes the membrane of the oval win-
dow, pressure waves move from the vestibular canal to the
tympanic canal and across the basilar membrane, and the
round window bulges. As the basilar membrane moves up and
down, the stereocilia of the hair cells embedded in the tectorial
membrane bend. Then, nerve impulses begin in the cochlear
nerve and travel to the brain stem. When they reach the audi-
tory areas of the cerebral cortex they are interpreted as a sound.

Each part of the spiral organ is sensitive to different wave

frequencies, or pitch. Near the tip, the spiral organ responds
to low pitches, such as a tuba, and near the base, it responds
to higher pitches, such as a bell or a whistle. The nerve fibers
from each region along the length of the spiral organ lead to
slightly different areas in the brain. The pitch sensation we ex-
perience depends upon which region of the basilar mem-
brane vibrates and which area of the brain is stimulated.

Volume is a function of the amplitude of sound waves.
Loud noises cause the fluid of the cochlea to vibrate to a
greater degree, and this, in turn, causes the basilar mem-
brane to move up and down to a greater extent. The result-
ing increased stimulation is interpreted by the brain as
volume. It is believed that the tone of a sound is an interpre-
tation of the brain based on the distribution of hair cells
stimulated.

The sense receptors for sound are hair cells on the
basilar membrane (the spiral organ). When the
basilar membrane vibrates, the stereocilia of the
hair cells bend, and nerve impulses are transmitted
to the brain.
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Figure 18.14 Receptors for balance. 
a. Dynamic equilibrium. The ampullae of the semicircular canals contain hair cells with stereocilia embedded in a cupula. When the head rotates, the
cupula is displaced, bending the stereocilia. Thereafter, nerve impulses travel in the vestibular nerve to the brain. b. Static equilibrium. The utricle
and the saccule contain hair cells with stereocilia embedded in an otolithic membrane. When the head bends, otoliths are displaced, causing the
membrane to sag and the stereocilia to bend. The rapidity of nerve impulses in the vestibular nerve tells the brain how much the head has moved.

Outer Ear Middle Ear Inner Ear

Cochlea Sacs and Semicircular Canals

Function Directs sound waves to Picks up and amplifies Hearing Maintains equilibrium
tympanic membranes sound waves

Anatomy Pinna; auditory canal Tympanic membrane; Spiral organ Saccule and utricle;
ossicles (organ of Corti) semicircular canals

Medium Air Air (auditory tube) Fluid Fluid

Table 18.3 The Ear
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18.6 Sense of Balance
The sense of balance has been subdivided into two senses:
dynamic equilibrium, involving angular and/or rota-
tional movement of the head, and static equilibrium, in-
volving movement of the head in one plane, either vertical
or horizontal.

Dynamic Equilibrium
Dynamic equilibrium utilizes the semicircular canals which
are arranged so that there is one in each dimension of space.
The base of each of the three canals, called the ampulla, is
slightly enlarged. Little hair cells whose stereocilia are em-
bedded within a gelatinous material called a cupula are
found within the ampullae. Because there are three semicir-
cular canals, each ampulla responds to head rotation in a
different plane of space. As fluid within a semicircular canal
flows over and displaces a cupula, the stereocilia of the hair
cells bend, and the pattern of impulses carried by the
vestibular nerve to the brain changes. Continuous move-
ment of fluid in the semicircular canals causes one form of
motion sickness.

Vertigo is dizziness and a sensation of rotation. It is pos-
sible to simulate a feeling of vertigo by spinning rapidly and
stopping suddenly. When the eyes are rapidly jerked back to
a midline position, the person feels like the room is spin-
ning. This shows that the eyes are also involved in our sense
of balance. 

Static Equilibrium
Static equilibrium depends on the utricle and saccule, two
membranous sacs located in the vestibule. Both of these
sacs contain little hair cells, whose stereocilia are embedded
within a gelatinous material called an otolithic membrane.
Calcium carbonate (CaCO3) granules, or otoliths, rest on
this membrane. The utricle is especially sensitive to hori-
zontal movements and the bending of the head, while the
saccule responds best to vertical (up-down) movements.
When the body is still, the otoliths in the utricle and the sac-
cule rest on the otolithic membrane above the hair cells (Fig.
18.14b). When the head bends or the body moves in the hor-
izontal and vertical planes, the otoliths are displaced and
the otolithic membrane sags, bending the stereocilia of the
hair cells beneath. If the stereocilia move toward the
kinocilium, the largest stereocilium, nerve impulses in the
vestibular nerve increase. If the stereocilia move away from
the kinocilium, nerve impulses in the vestibular nerve de-
crease. These data tell the brain the direction of the move-
ment of the head. 

Movement of a cupula within the semicircular
canals contributes to the sense of dynamic
equilibrium. Movement of the otolithic membrane
within the utricle and the saccule accounts for
static equilibrium.
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Acataract is a cloudiness of the lens that
occurs in 50% of people between the

ages of 65 and 74, and in 70% of those age
75 or older. The extent of visual impair-
ment depends on the size, density of the
cataract, and where it is located in the lens.
A dense centrally placed cataract causes
severe blurring of vision. 

Are cataracts preventable? For most
people the answer is yes, they are pre-
ventable. These factors have been identi-
fied as contributing to the chances of
having a cataract: 

• Smoking 20 or more cigarettes a
day doubles the risk of cataracts in men—
women have to smoke more than 30 ciga-
rettes a day to increase their chances of a
cataract. 

• Exposure to the ultraviolet radia-
tion in sunlight can more than double the
risk of a cataract. In addition, this relation-
ship is dose-dependent—the more sun-
light, the higher the risk. 

• Also, as many as one-third of
cataracts may be caused by being over-
weight. Diet, rather than exercise, seems to
reduce cataract formation, perhaps through
lower blood sugar levels or improved an-
tioxidant properties of the blood. 

It’s clear, then, that our own behavior
contributes to the occurrence of cataracts
for most of us. Should we be responsible in
our actions and take all possible steps to
prevent developing a cataract, such as not
smoking, wearing sunglasses and a wide-
brim hat, and watching our weight? Or

should we simply rely on medical science
to restore our eyesight? Most cataract op-
erations today are performed on an outpa-
tient basis with minimal postoperative
discomfort and with a high expectation of
restoration of sight. Perhaps it’s better,
though, to take all possible steps to pre-
vent the occurrence of cataracts, just in
case our experience is atypical? 

Questions
1. To what extent do you feel each person is

responsible for his or her own health?
Explain your answer. 

2. Should Medicare pay for cataract surgery
in heavy smokers?

3. At what age should we make people
aware that their behavior today can affect
their health tomorrow?
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Summarizing the Concepts

18.1 Sensory Receptors and Sensations
Each type of sensory receptor responds to a particular kind of stimulus.
When stimulation occurs, sensory receptors initiate nerve impulses
that are transmitted to the spinal cord and/or brain. Sensation occurs
when nerve impulses reach the cerebral cortex. Perception is an inter-
pretation of the meaning of sensations.

The senses are divided into the somatic (general) senses and the
special senses (taste, smell, vision, hearing, balance).

18.2 Somatic Senses
Proprioception is illustrated by the action of muscle spindles which are
stimulated when muscle fibers stretch. A reflex action, which is illus-
trated by the knee-reflex, causes the muscle fibers to contract. Proprio-
ception helps maintain balance and posture. 

The skin contains sensory receptors for touch, pressure, pain, and
temperature (warmth and cold). The pain of internal organs is some-
times felt in the skin and is called referred pain. 

18.3 Chemical Senses
Taste and smell are due to chemoreceptors that are stimulated by mol-
ecules in the environment. The taste buds contain taste cells that com-
municate with sensory nerve fibers, while the receptors for smell are
neurons.

After molecules bind to plasma membrane receptor proteins on
the microvilli of taste cells and the cilia of olfactory cells, nerve im-
pulses eventually reach the cerebral cortex, which determines the taste
and odor according to the pattern of receptors stimulated.

18.4 Sense of Vision
Vision is dependent on the eye, the optic nerves, and the visual areas of
the cerebral cortex. The eye has three layers. The outer layer, the sclera,
can be seen as the white of the eye; it also becomes the transparent
bulge in the front of the eye called the cornea. The middle pigmented
layer, called the choroid, absorbs stray light rays. The rod cells (sensory
receptors for dim light, and the cone cells (sensory receptors for bright
light and color) are located in the retina, the inner layer of the eyeball.
The cornea, the humors, and especially the lens bring the light rays to
focus on the retina. To see a close object, accommodation occurs as the
lens rounds up.

When light strikes rhodopsin within the membranous disks of rod
cells, rhodopsin splits into opsin and retinal. A cascade of reactions
leads to the closing of ion channels in a rod cell’s plasma membrane. In-
hibitory transmitter molecules are no longer released and nerve im-
pulses are carried in the optic nerve to the brain.

Integration occurs in the retina which is composed of three layers
of cells: the rod and cone layer, the bipolar cell layer, and the ganglion
cell layer. Integration also occurs in the brain, especially because the vi-
sual field is first taken apart by the optic chiasma and the primary vi-
sual area in the cerebral cortex parcels out signals for color, form, and
motion to the visual association area.

18.5 Sense of Hearing
Hearing is a specialized sense dependent on the ear, the cochlear nerve,
and the auditory areas of the cerebral cortex.

The ear is divided into three parts: outer, middle, and inner. The
outer ear consists of the pinna and the auditory canal, which direct
sound waves to the middle ear. The middle ear begins with the tym-
panic membrane and contains the ossicles (malleus, incus, stapes). The
malleus is attached to the tympanic membrane, and the stapes is at-
tached to the oval window, which is covered by membrane. The inner
ear contains the cochlea and the semicircular canals, plus the utricle
and saccule. 

Hearing begins when the outer and middle portions of the ear
convey and amplify the sound waves that strike the oval window. Its
vibrations set up pressure waves within the cochlea, which contains
the spiral organ, consisting of hair cells whose stereocilia are embed-
ded within the tectorial membrane. When the stereocilia of the hair
cells bend, nerve impulses begin in the cochlear nerve and are carried
to the brain.

18.6 Sense of Balance
The ear also contains receptors for our sense of balance. Dynamic equi-
librium is dependent on the stimulation of hair cells within the ampul-
lae of the semicircular canals. Static equilibrium relies on the
stimulation of hair cells within the utricle and the saccule.

Studying the Concepts

1. What are the four types of receptors in the human body?
348 

2. Explain sensation from the reception of stimuli to the passage
of nerve impulses to the brain. 348

3. What are the somatic senses? Explain how muscle spindles
are involved in a reflex action. What are the cutaneous
senses? 349–50

4. Describe the structure of a taste bud, and tell how a taste cell
functions. 352

5. Describe the structure and function of the olfactory
epithelium. How does the sense of smell come 
about? 353

6. Describe the anatomy of the eye, and explain focusing and
accommodation. 354–55

7. Describe the structure and function of rod cells and cone
cells. 356 

8. Explain the process of integration in the retina and the brain.
357–58

9. Relate the need for corrective lenses to three possible eye
shapes. 359

10. Describe the anatomy of the ear and how we hear. 362–63
11. Describe the role of the semicircular canals, the utricle, and

the saccule in balance. 365

Testing Yourself

Choose the best answer for each question.
1. A receptor

a. is the first portion of a reflex arc.
b. initiates nerve impulses.
c. can be internal or external.
d. All of these are correct.
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2. Which of these is not a proper contrast between olfactory
receptors and equilibrium receptors?
olfactory receptors—equilibrium receptors
a. located in nasal cavities—located in the inner ear
b. chemoreceptor—mechanoreceptor
c. respond to molecules in air—respond to movements of the

body 
d. communicate with brain via a tract—communicate with

brain via vestibular nerve
e. All of these contrasts are correct.

3. Which of these is not a proper contrast between propriocep-
tors and cutaneous receptors?
proprioceptors—cutaneous receptors
a. located in muscles and tendons—located in the skin
b. mechanoreceptor—chemoreceptors
c. respond to tension—respond to pain, hot, cold, touch,

pressure 
d. type of somatic sense—a type of special sense
e. Both b and d are correct.

4. Which of these gives the correct path for light rays entering
the human eye?
a. sclera, retina, choroid, lens, cornea
b. fovea centralis, pupil, aqueous humor, lens
c. cornea, pupil, lens, vitreous humor, retina
d. cornea, fovea centralis, lens, choroid, rods
e. optic nerve, sclera, choroid, retina, humors

5. Which gives an incorrect function for the structure?
a. lens—focusing
b. cones—color vision
c. iris—regulation of amount of light
d. choroid—location of cones
e. sclera—protection

6. Which one of these wouldn’t you mention if you were tracing
the path of sound vibrations?
a. auditory canal d. semicircular canals
b. tympanic membrane e. cochlea
c. ossicles

7. Which one of these correctly describes the location of the
spiral organ?
a. between the tympanic membrane and the oval window in

the inner ear
b. in the utricle and saccule within the vestibule
c. between the tectorial membrane and the basilar membrane

in the cochlear canal
d. between the nasal cavities and the throat
e. between the outer and inner ear within the semicircular

canals
8. Which of these is mismatched?

a. semicircular canals—inner ear
b. utricle and saccule—outer ear
c. auditory canal—outer ear
d. cochlea—inner ear
e. ossicles—middle ear

9. Retinal is
a. a derivative of vitamin A.
b. sensitive to light energy.
c. a part of rhodopsin.
d. found in both rods and cones.
e. All of these are correct.

10. Both olfactory receptors and sound receptors have cilia, and
they both
a. are chemoreceptors.
b. are a part of the brain.
c. are mechanoreceptors.
d. initiate nerve impulses.
e. All of these are correct.

11. Label this diagram of an eye. State a function for each struc-
ture labeled.
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Understanding the Terms

ampulla 365
aqueous humor 354
astigmatism 359
auditory tube 362
blind spot 357
cataracts 355
chemoreceptor 348
choroid 354
ciliary body 354
cochlea 362
cochlear canal 363
cochlear nerve 363
color vision 356
cone cell 356
cornea 354
dynamic equilibrium 365
focus 355
fovea centralis 355
glaucoma 355
hair cell 362
incus 362

inner ear 362
integration 349
iris 354
lens 354
malleus 362
mechanoreceptor 348
middle ear 362
olfactory cell 353
optic nerve 355
ossicle 362
otolith 365
outer ear 362 
oval window 362
pain receptor 348
perception 348
photoreceptor 348
proprioceptor 350
pupil 354
referred pain 351
retina 355
rhodopsin 356

rod cell 356
round window 362
saccule 365
sclera 354
semicircular canal 365
sensation 348
sensory adaptation 349
sensory receptor 348
somatic sense 349
special sense 349
spiral organ 363
stapes 362

static equilibrium 365
stimulus 348
taste bud 352
tectorial membrane 363
thermoreceptor 348
tympanic membrane 362
utricle 365
vertigo 365
vestibule 362
visual accommodation 355
visual field 358
vitreous humor 355

Match the terms to these definitions:
a. Portion of the inner ear that resembles a snail’s

shell and contains the spiral organ, the sense organ for hear-
ing.

b. Sensory receptor that responds to chemical stimu-
lation—for example, receptors for taste and smell.

c. Visual pigment found in the rods whose activa-
tion by light energy leads to vision.

d. An awareness of a stimulus.; occurs only in cere-
bral cortex.

e. A mechanoreceptor that gives rise to nerve im-
pulses when its stereocilia are bent or tilted.

Thinking Scientifically

1. Considering photoreceptors, (page 355):
a. Devise a categorization for the part of the eye (Table 18.2).

Justify your system of categorization. When a person
needs glasses, which of your categories is at fault?

b. Phytochrome and chlorophyll (plant pigments) and retinal
in our eyes are all pigments. What features do they have in
common?

c. The pineal gland, located on the edge of the third ventricle
of the brain, is sensitive to the length of the day and the
night. Hypothesize how the pineal gland detects when it is
day or night.

2. Considering the human ear (page 362):
a. Fishes do not have ears, but they do have a lateral line that

contains mechanoreceptors that are sensitive to fluid pres-
sure waves. What fossil evidence is needed to support the
hypothesis that the lateral line of fishes evolved into the
human ear?

b. What part of the human ear (outer, middle, inner) would
you expect to have evolved from the lateral line? What
parts of the human ear would you expect to have evolved
from other structures or to have been “added on,” consid-
ering that humans are terrestrial? Why?

Using Technology

Your study of the senses is supported by these available technologies:

Essential Study Partner CD-ROM
Animals ££ Sense Organs

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Nervous System

http://www.mhhe.com/biosci/genbio/mader
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/chap18espactivities_s.html
http://www.mhhe.com/biosci/genbio/maderinquiry9
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Musculoskeletal
System

Chapter Concepts

19.1 Anatomy and Physiology of Bones 
• Bone is a living tissue; therefore, it develops and

undergoes repair. 372 
• The fetal skeleton is cartilaginous, and then it is

replaced by bone. 372
• The adult bones undergo remodeling—they are

constantly being broken down and rebuilt. 372

19.2 Bones of the Skeleton
• The bones of the skeleton are divided into those

of the axial skeleton and those of the
appendicular skeleton. 374

• Joints are classified according to their anatomy,
and only one type is freely movable. 380

19.3 Skeletal Muscles
• Skeletal muscles work in antagonistic pairs to

move bones in opposite directions. 381
• Muscles permit movement and have other

functions as well. 381

19.4 Mechanism of Muscle Fiber Contraction
• Following nervous stimulation, a chain of events

leads to muscle fiber contraction. 385
• Nervous stimulation requires a neuromuscular

junction where the stimulus is passed from nerve
fiber to muscle fiber. 386

• When a muscle fiber contracts, the protein
myosin breaks down ATP. 387

19.5 Whole Muscle Contraction
• Laboratory observations have established the

basics of whole muscle contraction. 388
• In the body, muscles have tone, vary in 

the strength of contraction, and can be 
isometric. 388

• Aerobic respiration, creatine phosphate
breakdown, and fermentation are three sources
of ATP for muscle contraction. 389

19.6 Exercise and Muscle Contraction
• Muscle fibers differ and help us perform in one

sport as compared to another. 391
• Exercise has many health benefits aside from

strength and endurance of muscles. 391

Humans have a strong but flexible skeleton. The vertebral column
supports the head and trunk, yet it allows the body to bend for-
ward, backward, and to the side.
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Tissues Associated With Bones
Cartilage and fibrous connective tissue are two types of tis-
sues associated with bones.

Cartilage
Cartilage is not as strong as bone, but it is more flexible be-
cause the matrix is gel-like and contains many collagenous
and elastic fibers. The cells lie within lacunae that are irreg-
ularly grouped. Cartilage has no blood vessels, and there-
fore injured cartilage is slow to heal. Hyaline cartilage is firm
and somewhat flexible. The matrix appears uniform and
glassy, but actually it contains a generous supply of collage-
nous fibers. Hyaline cartilage is found at the ends of long
bones and in the nose, at the ends of the ribs, and in the lar-
ynx and trachea. 

Fibrocartilage is stronger than hyaline cartilage because
the matrix contains wide rows of thick collagenous fibers.
Fibrocartilage is able to withstand both tension and pres-
sure, and this type of cartilage is found where support is of
prime importance—in the disks located between the verte-
brae and also in the cartilage of the knee.

Elastic cartilage is more flexible than hyaline cartilage
because the matrix contains mostly elastin fibers. This type
of cartilage is found in the ear flaps and epiglottis.

Dense Fibrous Connective Tissue
Fibrous connective tissue contains rows of cells called fi-
broblasts separated by bundles of collagenous fibers. Fi-
brous connective tissue makes up the ligaments that con-
nect bone to bone and the tendons that connect muscles to a
bone at joints, which are also called articulations. 

Structure of a Long Bone
The ends of a long bone are expanded regions composed
largely of spongy bone. The ends of a long bone are coated
with a thin layer of hyaline cartilage, which is called articu-
lar cartilage because it occurs at a joint.

The shaft, or main portion of the bone, has a large
medullary cavity that is filled with fatty yellow bone mar-
row in adults. The walls of the medullary cavity are com-
posed of compact bone. 

Except for the articular cartilage on its ends, a long bone
is completely covered by a layer of fibrous connective tissue
called the periosteum. This covering contains blood vessels,
lymphatic vessels, and nerves. Note in Figure 19.1 how a
blood vessel penetrates the periosteum and the bone where
it gives off branches within the central canals. The perios-
teum is continuous with ligaments and tendons. 

Various types of connective tissue including bone,
cartilage, and fibrous connective tissue make up
the skeleton. A long bone contains all these
tissues.

19.1 Anatomy and Physiology of
Bones 
The organs of the skeleton are largely composed of connec-
tive tissues. Connective tissue contains cells separated by a
matrix that contains fibers. 

Structure of Bone
Bones are strong because their matrix contains mineral salts,
notably calcium phosphate. Compact bone is highly orga-
nized and composed of tubular units called osteons. In cross
section of an osteon, bone cells called osteocytes lie in lacu-
nae, which are tiny chambers arranged in concentric circles
around a central canal (Fig. 19.1). The mineralized matrix,
which also contains protein fibers, fills the spaces between
the lacunae. Tiny canals called canaliculi run through the
matrix, connecting the lacunae with each other and with the
central canal. Central canals contain blood vessels, lymphatic
vessels, and nerves. Canaliculi bring nutrients from the
blood vessel in the central canal to the cells in the lacunae.

Compared to compact bone, spongy bone has an unor-
ganized appearance (Fig. 19.1). Osteocytes are found in  nu-
merous thin plates separated by unequal spaces. Although
the latter make spongy bone lighter than compact bone,
spongy bone is still designed for strength. Just as braces are
used for support in buildings, the plates of spongy bone fol-
low lines of stress. The spaces of spongy bone are often filled
with red bone marrow, a specialized tissue that produces all
types of blood cells. 
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Two . . . Three . . . Four . . . the aerobics instructor
yelled as the music blared. Mary, along with 14 
others, dutifully stretched, bent, and squatted, de-

spite her sore muscles from other recent workouts. She had
decided to continue working out because she knew that ex-
ercise would benefit her heart and lungs and tone up her
muscles.

The faster heartbeat and breathing rate Mary experi-
ences when she works out ensures that oxygen will enter her
body and be delivered to working muscle fibers. Glucose,
absorbed by the digestive tract, is also needed by muscle
fibers in order to produce ATP within mitochondria. When a
muscle fiber contracts, ATP is broken down as one type of
protein filament slides past another type. Mary’s class is
called aerobics because the pace is set to allow oxygen to
be delivered to muscle fibers at a rate that prevents anaero-
bic ATP production.

Muscle contraction causes bones to move, and these
two types of organs work together to cause locomotion,
whether we are in an aerobics class or just going about our
daily routine. This text, recognizing the close connection be-
tween the skeletal system and the muscular system, has
joined the two systems under the common title of musculo-
skeletal system.
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Figure 19.1 Anatomy of a long bone.
A long bone is encased by the periosteum (fibrous membrane) except where it is covered by hyaline (articular) cartilage (see micrograph). Spongy
bone located at each end may contain red bone marrow. The central shaft contains yellow bone marrow and is bordered by compact bone,
which is shown in the enlargement and micrograph.
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Bone Growth and Repair 
Bones are composed of living tissues as exemplified by their
ability to grow and undergo remodeling.

Bone Development and Growth
The bones of the human skeleton, except those of the skull,
first appear during embryonic development as hyaline carti-
lage models. The replacement of cartilaginous models by
bone is called endochondral ossification (Fig. 19.2). 

During endochondral ossification, the cartilage begins
to break down in the center of a long bone, which is now
covered by a periosteum. Osteoblasts invade the region and
begin to lay down spongy bone in what is called a primary
ossification center. Other osteoblasts lay down compact
bone beneath the periosteum. As the compact bone thickens,
the spongy bone is broken down by osteoclasts, and the cav-
ity created becomes the medullary cavity. 

The ends of developing bone continue to grow, but soon
secondary ossification centers appear in these regions. Here
spongy bone forms and does not break down. Also, a band
of cartilage called a growth plate remains between the pri-
mary ossification center and each secondary center. The
limbs keep increasing in length as long as the growth plates
are still present. The rate of growth is controlled by hor-
mones, such as growth hormones and the sex hormones.
Eventually the growth plates become ossified, and the bone
stops growing. 

Remodeling of Bones
In the adult, bone is continually being broken down and
built up again. Osteoclasts, which are derived from mono-
cytes in red bone marrow, break down bone, remove worn
cells, and deposit calcium in the blood. After a period of
about three weeks, the osteoclasts disappear, and the bone is
repaired by the work of osteoblasts. As they form new bone,
osteoblasts take calcium from the blood. Eventually some of
these cells get caught in the matrix they secrete and are con-
verted to osteocytes, the cells found within the lacunae of os-
teons.

Because of continual remodeling, the thickness of bones
can change. Physical use and hormone balance affect the
thickness of bones. Strange as it may seem, adults appar-
ently require more calcium in the diet (about 1,000 to 1,500
mg daily) than do children in order to promote the work of
osteoblasts. Otherwise, osteoporosis, a condition in which
weak and thin bones easily fracture, may develop. The like-
lihood of osteoporosis is greater in older women due to a re-
duction in estrogen levels after menopause. Although it is
not known how estrogen acts on bone maintenance, it seems
to play a role in calcium metabolism. 

Bone is living tissue. It develops, grows, and
remodels itself. In all these processes, osteoclasts
break down bone, and osteoblasts build bone.
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Figure 19.2 Endochondral bone formation.
a. A cartilaginous model develops during fetal development. b. A periosteum develops. c. A primary ossification center contains spongy bone
surrounded by compact bone. d. Medullary cavity forms in the shaft, and secondary ossification centers develop at the ends of a long bone. 
e. Growth is still possible as long as cartilage remains at the growth plate. f. When the bone is fully formed, the growth plate disappears. 
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19.2 Bones of the Skeleton 
Let’s discuss the functions of the skeleton in relation to par-
ticular bones. 

The skeleton supports the body. The bones of the legs (the
femur in particular and also the tibia) support the entire
body when we are standing, and the coxal bones of the
pelvic girdle support the abdominal cavity.

The skeleton protects soft body parts. The bones of the skull
protect the brain; and the rib cage, composed of the ribs, tho-
racic vertebrae, and sternum, protects the heart and lungs. 

The skeleton produces blood cells. All bones in the fetus
have spongy bone with red bone marrow that produces
blood cells. In the adult, the flat bones of the skull, ribs, ster-
num, clavicles, and also the vertebrae and pelvis produce
blood cells. 

The skeleton stores minerals and fat. All bones have a ma-
trix that contains calcium phosphate. When bones are re-
modeled, osteoclasts break down bone and return calcium
ions and phosphorus ions to the bloodstream. Fat is stored
in the yellow bone marrow. 

The skeleton permits flexible body movement. While articu-
lations (joints) occur between all the bones, we can associate
body movement in particular with the bones of the legs (es-
pecially the femur and tibia) and the feet (tarsals,
metatarsals, and phalanges) because we use them when
walking. 

Classification of the Bones
The bones are sometimes classified according to their shape.
Long bones, exemplified by the humerus and femur, are
longer than they are wide. Short bones, such as the carpals
and tarsals, are cube shaped—their lengths and widths are
about equal. Flat bones, like those of the skull, are platelike
with broad surfaces. Round bones, exemplified by the
patella, are circular in shape. Irregular bones, such as the
vertebrae and facial bones, have varied shapes that permit
connections with other bones. 

Bones are also classified according to whether they occur
in the axial skeleton or the appendicular skeleton. The axial
skeleton is in the midline of the body, and the appendicular
skeleton is the limbs along with their girdles (Fig. 19.3).

The bones of the skeleton are not smooth; they have ar-
ticulating depressions and protuberances at various joints.
And they have projections, often called processes, where the
muscles attach. Also, there are openings for nerves and/or
blood vessels.

The skeleton supports and protects internal
organs; it produces blood cells and stores minerals
and fat in addition to permitting flexible body
movement. The skeleton is divided into the axial
and appendicular skeleton.
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Figure 19.3 The skeleton.
The skeleton of a human adult contains bones that belong to the
axial skeleton (red labels) and those that belong to the appendicular
skeleton (black labels). 
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The Axial Skeleton
The axial skeleton lies in the mid-
line of the body and consists of the
skull, hyoid bone, vertebral column,
and rib cage.

The Skull
The skull is formed by the brain
case, called the cranium, and the
facial bones. It can be noted, how-
ever, that the frontal bone is a part
of the cranium even though it forms
the forehead of the face.

The cranium protects the brain
and is composed of eight flat bones
fitted tightly together in adults. In
newborns, certain bones are not
completely formed and instead are
joined by membranous regions
called fontanels. The fontanels
usually close by the age of 16
months.

Some of the bones of the cra-
nium contain the sinuses, air spaces
lined by mucous membrane, which
reduce the weight of the skull and
give a resonant sound to the voice.
Two sinuses called the mastoid si-
nuses drain into the middle ear.
Mastoiditis, a condition that can
lead to deafness, is an inflammation
of these sinuses.

The major bones of the cra-
nium have the same names as the
lobes of the brain: frontal, parietal,
occipital, and temporal. On the top
of the cranium (Fig. 19.4a), the
frontal bone forms the forehead,
the parietal bones extend to the
sides, and the occipital bone curves
to form the base of the skull. Here
there is a large opening, the fora-
men magnum (Fig. 19.4b), through
which the spinal cord passes and
becomes the brain stem. Below the
much larger parietal bones, each
temporal bone has an opening (ex-
ternal auditory canal) that leads to the middle ear.

The sphenoid bone, which is shaped like a bat with
wings outstretched, extends across the floor of the cranium
from one side to the other. The sphenoid is considered to be
the keystone bone of the cranium because all the other bones
articulate with it. The sphenoid completes the sides of the
skull and also contributes to forming of the eye sockets. Other
bones, which lie in front of the sphenoid, complete the eye
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Figure 19.4 Bones of the skull. 
a. Lateral view. b. Inferior view.

socket. Eye sockets are sometimes called orbits because the
eyes can rotate.

The cranium contains eight bones: the frontal, two
parietal, the occipital, two temporal, the sphenoid,
and the ethmoid.

a.

b.
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The Facial Bones
The most prominent of the facial bones are the mandible,
maxillae (maxillary bones), the zygomatic bones, and the
nasal bones. 

The mandible, or lower jaw, is the only movable portion
of the skull (Fig. 19.5a), and its action permits us to chew our
food. It also forms the “chin.” Tooth sockets are located on
the mandible and on the maxillae, the upper jaw that also
forms the front portion of the hard palate. The back portion
of the hard palate and the floor of the nasal cavity is formed
by the palatine bones (see Fig. 19.4b).

The lips and cheeks have a core of skeletal muscle. The
zygomatic bones are the cheekbone prominences, and the
nasal bones form the bridge of the nose. Other bones make
up the nasal septum which divides the nose cavity into two
regions. 

The temporal and frontal bones are cranial bones that
contribute to the face. The temporal bones account for the
flattened areas on each side of the forehead, which we call
the temples. The frontal bone forms the forehead and has
supraorbital ridges where the eyebrows are located. Glasses
sit where the frontal bone joins the nasal bones. 

While the ears are formed only by elastic cartilage and
not by bone, the nose (Fig. 19.5c) is a mixture of bones and
cartilages and fibrous connective tissue. The cartilages com-
plete the tip of the nose, and fibrous connective tissue forms
the flared sides of the nose.

Among the facial bones, the mandible is the lower
jaw where the chin is located, the two maxillae
form the upper jaw, the two zygomatic bones are
the cheekbones, and the two nasal bones form the
bridge of the nose. 

The Hyoid Bone
Although the hyoid bone is not part of the skull, it will be men-
tioned here because it is a part of the axial skeleton. The larynx
is the voice box at the top of the trachea in the neck region.
The hyoid bone, which is located above the larynx, is the only
bone in the body that does not articulate with another bone.
It is attached to the temporal bones by muscles and ligaments.
The hyoid bone anchors the tongue and serves as the site for
the attachment of muscles associated with swallowing.
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Figure 19.5 Bones of the face, including the nose.
a. The frontal bone forms the forehead and eyebrow ridges; the zygomatic bones form the cheekbones, and maxillae form the upper jaw. The
maxillae are the most expansive facial bones, extending from the forehead to the lower jaw. The mandible has a projection we call the chin. 
b. The maxillae, frontal, and nasal bones help form the external nose. c. The rest of the nose is formed by cartilages and fibrous connective
tissue.
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The Vertebral Column 
The vertebral column consists of 33 vertebrae (Fig. 19.6).
The vertebral column has many functions, including: 

• supports the head and trunk, allowing movement.
• protects the spinal cord and roots of spinal nerves.
• serves as a site for muscle attachment. 

Normally, the vertebral column has four curvatures that
provide more resiliency and strength in an upright posture
than a straight column could. Scoliosis is an abnormal lat-
eral (sideways) curvature of the spine. There are two other
well-known abnormal curvatures: kyphosis is an abnormal
curvature that often results in a hunchback, and lordosis is
an abnormal curvature resulting in a swayback. 

The vertebrae join together to form a canal through
which the spinal cord passes. The spinous processes of the
vertebrae can be felt as bony projections along the midline of
the back. The spinous processes and the transverse
processes serve as attachment sites for the muscles that
move the vertebral column. 

The various vertebrae are named according to their
location in the vertebral column (Fig. 19.6). The cervical ver-
tebrae are located in the neck. The first cervical vertebra,
called the atlas, holds up the head. It is so-named because
Atlas, of Greek mythology, held up the world. Movement of
the atlas permits the “yes” motion of the head. It also allows
the head to tilt from side to side. The second cervical verte-
bra is called the axis because it allows a degree of rotation as
when we shake the head “no.” Figure 19.7a shows the
anatomy of the thoracic vertebrae which are found in the
chest. The thoracic vertebrae have long, thin spinous
processes, and articular facets (flat regions) for the attach-
ment of the ribs. The lumbar vertebrae which are found in
the small of the back have a large body and thick processes.
The five sacral vertebrae are fused together in the sacrum,
which is a part of the pelvis. The coccyx, or tailbone, is com-
posed of four fused vertebrae. 

Intervertebral disks composed of fibrocartilage that oc-
cur between the vertebrae act as a kind of padding. They
prevent the vertebrae from grinding against one another
and absorb shock caused by movements such as running,
jumping, and even walking. The presence of the disks al-
lows motion between vertebrae so that we can bend for-
ward, backward, and from side to side. Unfortunately, these
disks become weakened due to injuries and can even slip
and rupture. Pain will result if a slipped disk presses against
the spinal cord and/or spinal nerves. If so, surgical removal
of the disk may relieve the pain.

The vertebral column consists of the vertebrae and
serves as the backbone for the body. Disks
between the vertebrae provide padding and
account for flexibility of the column.
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Figure 19.6 The vertebral column. 
The vertebrae are named according to their location in the vertebral
column, which is flexible due to the intervertebral disks. Note the
presence of the coccyx, also called the tailbone.
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The Rib Cage
The rib cage is composed of the thoracic vertebrae, the ribs
and their associated cartilages, and the sternum (Fig.
19.7b).

The rib cage demonstrates how the skeleton is protec-
tive but also flexible. The rib cage protects the heart and
lungs; yet it swings outward and upward upon inspiration
and then downward and inward upon expiration.

The Ribs There are twelve pairs of ribs. All twelve pairs
connect directly to the thoracic vertebrae in the back. A rib
articulates with the body and transverse process of its corre-
sponding thoracic vertebra. Each rib curves outward and
then forward and down. 

The upper seven pairs of ribs connect directly to the
sternum by means of costal cartilages. These are called
the “true ribs.” The lower five pairs of ribs do not connect
directly to the sternum and they are called the “false
ribs.” Three pairs of false ribs attach to the sternum by
means of a common cartilage. The other two pairs are
called “floating ribs” because they do not attach to the
sternum at all.

The Sternum The sternum, or breastbone, is a flat bone
that has the shape of a blade. The sternum, along with the
ribs, helps protect the heart and lungs. 

The sternum is composed of three bones that fuse dur-
ing development. These bones are the manubrium, the body,
and the xiphoid process. An elevation called the sternal an-
gle occurs where the manubrium joins with the body of the
sternum. This is an important anatomical landmark because
it occurs at the level of the second rib and therefore allows
the ribs to be counted. Counting the ribs is sometimes used
to determine where the apex of the heart is located. The apex
of the heart is usually between the fifth and sixth ribs.

The xiphoid process, the third part of the sternum, is
composed of hyaline cartilage in the child but it becomes os-
sified in the adult. The diaphragm that divides the thoracic
cavity from the abdominal cavity is attached to the xiphoid
process. 

The rib cage, consisting of the thoracic vertebrae,
the ribs, and the sternum, protects the heart and
lungs in the thoracic cavity.
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Figure 19.7 Thoracic vertebrae and the rib cage.
a. The thoracic vertebrae articulate with each other and with the ribs. A thoracic vertebra has two facets (flat regions) for articulation with a rib;
one is on the body, and the other is on the transverse process. b. The rib cage consists of the thoracic vertebrae, the ribs, the costal cartilages,
and the sternum.
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The Appendicular Skeleton 
The appendicular skeleton consists of the bones within the
pectoral and pelvic girdles and their attached limbs. The
pectoral (shoulder) girdle and arm are specialized for flexi-
bility; the pelvic (hip) girdle and legs are specialized for
strength.

The Pectoral Girdle and Arm
The pectoral girdle consists of four bones—two scapulae
(shoulder blades) and two clavicles (collarbones) (Fig. 19.8).
The clavicles extend across the top of the thorax; each articu-
lates with a scapula and also with the sternum. The scapulae,
which are quite visible in the back, are held in place only by
the muscles of the arm and chest. The components of the pec-
toral girdle are loosely linked together by ligaments, and this
allows the girdle to follow freely the movements of the arm.

A shallow cavity of the scapula articulates with the
head of the humerus, the bone of the upper arm. The head
of the humerus is much larger than this cavity. Although
this means that the arm can move in almost any direction,
there is little stability. Therefore, this is the joint that is most
apt to dislocate. The shaft of the humerus has a protuber-
ance where the deltoid, the prominent muscle of the chest,
attaches. Upon death, enlargement of this protuberance
can be used as evidence that the person did a lot of heavy
lifting.

The far end of the humerus has two other protuberances
which articulate respectively with the ulna and the radius,
the bones of the lower arm. The “funny bone” of the elbow
is a portion of the ulna. 

When the arm is held so that the palm is turned upward,
the radius and ulna are about parallel to one another. When
the arm is turned so that the palm is next to the body, the ra-
dius crosses in front of the ulna, a feature that contributes to
the easy twisting motion of the forearm.

The hand has many bones, and this increases its flexi-
bility. The wrist has eight carpal bones, which look like
small pebbles. From these, five metacarpal bones fan out to
form a framework for the palm. The metacarpal bone that
leads to the thumb is placed in such a way that the thumb
can reach out and touch the other digits. (Digits is a term
that refers to either fingers or toes.) Your knuckles are the
enlarged ends of the metacarpals. Beyond the metacarpals
are the phalanges, the bones of the fingers and the thumb.
The phalanges of the hand are long, slender, and light-
weight.

The pectoral girdle and arm are specialized for
flexibility of movement. 
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Figure 19.8 Bones of the pectoral girdle and arm. 
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The Pelvic Girdle and Leg
Figure 19.9 shows how the leg is attached to the pelvic gir-
dle. The pelvic (hip) girdle consists of two heavy, large coxal
bones (hipbones). The pelvic cavity is bordered by the bones
of the pelvis: the sacrum, and the two coxal bones. The
pelvis bears the weight of the body, protects the organs
within the pelvic cavity, and serves as the place of attach-
ment for the legs.

Each coxal bone has three parts: the ilium, the ischium,
and the pubis, which are fused in the adult (Fig. 19.9). The
hip socket occurs where these three bones meet. The ilium is
the largest part of the coxal bones, and our hips occur where
it flares out. We sit on the ischium, which has a posterior
spine called the ischial spine that projects into the pelvic cav-
ity. The pubis (referring to pubic hair) is the anterior part of a
coxal bone. The two pubic bones are joined together by a fi-
brocartilage disk at the pubic symphysis. 

The pelvic cavity differs in the male and female. In the
female, the iliac bones are more flared; the pelvic cavity is
more shallow, but the outlet is wider. These adaptations fa-
cilitate giving birth. 

The femur (thighbone) is the longest and strongest bone
in the body. Its head fits into the hip socket and its short neck
better positions the legs for walking. The femur has large
processes for attachment of the muscles of the legs and but-
tocks. The knee occurs where the femur articulates with the
tibia of the lower leg. The patella, or kneecap, is held in
place by tendons that attach it to the tibia.

The tibia and fibula are the bones of the lower leg. The
tibia is the shin bone. At its far end, the tibia accounts for the
inner bulge of the ankle. The fibula is the more slender bone
in the lower leg. The fibula articulates with the tibia at its
head and at its far end, where it accounts for the outer bulge
of the ankle. 

Each foot has an ankle, an instep, and five toes. The an-
kle contains seven tarsal bones, one of which (the talus) can
move freely where it joins the tibia and fibula. Strange to say,
the calcaneus, or heel bone, is also considered to be part of
the ankle. The talus and calcaneus support the weight of the
body. 

The instep of the foot has five elongated metatarsal
bones. The far end of the metatarsals form the ball of the
foot. If the ligaments that bind the metatarsals together be-
come weakened, flat feet are apt to result. The bones of the
toes are called phalanges, just like those of the fingers, but in
the foot, the phalanges are stout and extremely sturdy. 

The pelvic girdle and leg are adapted to supporting
the weight of the body. The femur is the longest
and strongest bone in the body.
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Figure 19.9 Bones of the pelvic girdle and leg. 
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Articulations
Bones are joined at the joints, which are classified as fibrous,
cartilaginous, and synovial. Fibrous joints, such as the su-
tures between the cranial bones, are immovable. Cartilagi-
nous joints are connected by hyaline cartilage, as in the
costal cartilages that join the ribs to the sternum, or by fibro-
cartilage, as seen in the intervertebral disks. Cartilaginous
joints are slightly movable. 

In freely movable synovial joints, the two bones are
separated by a cavity. Ligaments hold the two bones in
place as they form a capsule. Tendons also help stabilize
joints. The joint capsule is lined by a synovial membrane,
which produces synovial fluid, a lubricant for the joint. The
knee is an example of a synovial joint (Fig. 19.10). Aside
from articular cartilage, the knee contains menisci (sing.,
meniscus), crescent-shaped pieces of cartilage between
the bones. These give added stability and act as shock ab-
sorbers. Unfortunately, athletes often suffer injury of the
menisci, known as torn cartilage. The knee joint also con-
tains 13 fluid-filled sacs called bursae (sing., bursa), which
ease friction between tendons and ligaments. Inflamma-
tion of the bursae is called bursitis. Tennis elbow is a form
of bursitis.

There are different types of movable joints. The knee
and elbow joints are hinge joints because, like a hinged
door, they largely permit movement in one direction
only. The joint between the radius and ulna is a pivot joint in
which only rotation is possible. More movable are the ball-
and-socket joints; for example, the ball of the femur fits into
a socket on the hipbone. Ball-and-socket joints allow move-
ment in all planes and even a rotational movement.

Synovial joints are subject to arthritis. In rheumatoid
arthritis, the synovial membrane becomes inflamed and
grows thicker. Degenerative changes take place that make
the joint almost immovable and painful to use. Evidence in-
dicates that these effects are brought on by an autoimmune
reaction. In osteoarthritis, the cartilage at the ends of the bones
disintegrates so that the two bones become rough and irreg-
ular. The pain of arthritis, however, is believed to come from
the soft tissues associated with joints and not from bone.

Joints are regions of articulations between bones.
Synovial joints are freely movable and allow
particular types of movements. Unfortunately,
synovial joints are subject to various disorders.
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Figure 19.10 Knee joint. 
The knee joint is a synovial joint. Notice the cavity between the bones, which is encased by ligaments and lined by synovial membrane. The
patella (kneecap) serves to guide the quadriceps tendon over the joint when flexion or extension occurs.
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19.3 Skeletal Muscles
Muscles have various functions, which they are more apt to
perform well if they are exercised regularly.

Skeletal muscles help support the body. Skeletal muscle con-
traction opposes the force of gravity and helps us to remain
upright.

Skeletal muscles make bones move. Muscle contraction ac-
counts not only for the movement of arms and legs but also
for movements of the eyes, facial expressions, and breathing.

Skeletal muscles help maintain a constant body temperature.
Skeletal muscle contraction causes ATP to breakdown, re-
leasing heat that is distributed about the body.

Skeletal muscle contraction assists movement in cardiovascu-
lar and lymphatic vessels. The pressure of skeletal muscle con-
traction keeps blood moving in cardiovascular veins and
lymph moving in lymphatic vessels. 

Skeletal muscles help protect internal organs. Skeletal mus-
cles cover the bones and underlying organs such as the kid-
neys and blood vessels. 

Cardiac and smooth muscles have specific functions. The
contraction of cardiac muscle causes the heart to pump
blood. Smooth muscle contraction propels food in the diges-
tive tract and urine in the ureters, for example.

Muscles Work in Pairs
This chapter is primarily concerned with skeletal muscles—
those muscles that make up the bulk of the human body. Be-
cause tendons most often attach muscles to the far side of a
joint, contraction of skeletal muscle causes the movement of
bones at the joint. When muscles contract, one bone remains
fairly stationary, and the other one moves. The origin of a
muscle is on the stationary bone, and the insertion of a mus-
cle is on the bone that moves.

Frequently, a body part is moved by a group of muscles
working together. Even so, one muscle does most of the
work and is called the prime mover. The assisting muscles are
called the synergists. When muscles contract, they shorten;
therefore, muscles can only pull; they cannot push.

Muscles have antagonists, and antagonistic pairs work
opposite to one another to bring about movement in oppo-
site directions. For example, the biceps brachii and the tri-
ceps brachii are antagonists; one flexes the forearm, and the
other extends the forearm (Fig. 19.11). 

When muscles cooperate to achieve movement,
some act as prime movers, others are synergists,
and still others are antagonists.
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Figure 19.11 Attachment of the skeletal muscles
The origin of a muscle is on a bone that remains stationary, and the insertion of a muscle is on a bone that moves when the muscle contracts.
The muscles in this drawing are antagonistic. When the biceps brachii contracts, the lower arm flexes, and when the triceps brachii contracts, the
lower arm extends.
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Skeletal Muscles of the Body
Skeletal muscles (Fig. 19.12 and Tables 19.1 and 19.2) are given
names based on the following characteristics and examples:

1. Size. The gluteus maximus is the largest muscle that
makes up the buttocks.

2. Shape. The deltoid is shaped like a delta, or triangle.
3. Location. The frontalis overlies the frontal bone.
4. Direction of fibers. The rectus abdominis is a

longitudinal muscle of the abdomen (rectus means
straight).

5. Number of attachments. The biceps brachii has two
attachments, or origins.

6. Action. The extensor digitorum extends the fingers and
digits. Extension increases the joint angle; flexion
decreases the joint angle; abduction is the movement of
a body part sideways away from the midline;
adduction is the movement of a body part toward the
midline.
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Figure 19.12 Human musculature.
Superficial skeletal muscles. In (a) anterior and (b) posterior view. 
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Name Function

Head and neck

Frontalis Wrinkles forehead and lifts eyebrows

Orbicularis oculi Closes eye (winking)

Zygomaticus Raises corner of mouth (smiling)

Masseter Closes jaw

Orbicularis oris Closes and protrudes lips (kissing)

Arms and trunk

External oblique Compresses abdomen; rotates trunk

Rectus abdominis Flexes spine

Pectoralis major Flexes and adducts shoulder and arm ventrally (pulls
arm across chest)

Deltoid Abducts and raises arm at shoulder joint

Biceps brachii Flexes forearm and supinates hand

Leg

Adductor longus Adducts thigh

Iliopsoas Flexes thigh

Sartorius Rotates thigh (sitting cross-legged)

Quadriceps femoris group Extends lower leg

Peroneus longus Everts foot

Tibialis anterior Dorsiflexes and inverts foot

Flexor and extensor digitorum longus Flex and extend toes

Table 19.1 Muscles (anterior view)

Name Function

Head and neck

Occipitalis Moves scalp backward

Sternocleidomastoid Turns head to side; flexes neck and head

Trapezius Extends head; raises and adducts shoulders dorsally
(shrugging shoulders)

Arm and trunk

Latissimus dorsi Extends and adducts shoulder and arm dorsally (pulls
arm across back)

Deltoid Abducts and raises arm at shoulder joint

External oblique Rotates trunk

Triceps brachii Extends forearm

Flexor and extensor carpi group Flex and extend hand

Flexor and extensor digitorum Flex and extend fingers

Buttocks and legs

Gluteus medius Abducts thigh

Gluteus maximus Extends thigh (forms buttocks)

Hamstring group Flexes lower leg

Gastrocnemius Extends foot (tiptoeing)

Table 19.2 Muscles (posterior view)
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1. Nerve impulses from spinal cord travel
down motor neuron to a muscle.

2. Each motor neuron branch terminates at
the neuromuscular junction of a muscle fiber.

3. Impulses travel down the T system of
a muscle fiber to the sarcoplasmic reticulum
where calcium (Ca2+) is stored.

4. Calcium is released, and the actin filaments
slide past the myosin filaments of a sarcomere.

Spinal Cord

One Sarcomere

Contracted Sarcomere

motor neuron

neuromuscular junction

skeletal muscle fibers

sarcoplasmic
reticulum

one myofibril

sarcolemma
of muscle fiber

T tubule

myosin

actin

Z line

Z line Z line

H zone

A band I band

cross-bridge

VISUAL FOCUS

Figure 19.13 Contraction of a muscle. 
A whole muscle contains bundles of skeletal muscle fibers. A motor neuron ends in neuromuscular junctions at these fibers. A fiber contains
many myofibrils. Each myofibril is divided into sarcomeres, where actin and myosin filaments are precisely arranged. When a motor impulse
reaches a neuromuscular junction, the impulse travels down the T system and calcium is released from the sarcoplasmic reticulum. Then the
actin filaments slide past myosin filaments and the sarcomere contracts.
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19.4 Mechanism of Muscle
Fiber Contraction M

A series of events leads up to muscle fiber contraction. After
discussing these events, we will examine a neuromuscular
junction and filament sliding in detail.

Overview of Muscular Contraction
Figure 19.13 shows the steps that lead to muscle contraction.
Muscles are stimulated to contract by nerve impulses that
begin in the brain or spinal cord. These nerve impulses
travel down a motor neuron to a neuromuscular junction, a
region where a motor neuron fiber meets a muscle fiber.

Each muscle fiber is a cell containing the usual cellular
components, but special names have been assigned to
some of these components. The plasma membrane is called
the sarcolemma, the cytoplasm is the sarcoplasm, and the
endoplasmic reticulum is the sarcoplasmic reticulum. A
muscle fiber also has some unique anatomical characteris-
tics. For one thing, the sarcolemma forms T (transverse)
tubules that penetrate, or dip down, into the cell so that
they come into contact—but do not fuse—with expanded
portions of the sarcoplasmic reticulum. The expanded por-
tions of the sarcoplasmic reticulum contain calcium ions
(Ca2�), which are essential for muscle contraction. The sar-
coplasmic reticulum encases hundreds and sometimes
even thousands of myofibrils, which are the contractile
portions of the fibers.

Myofibrils and Sarcomeres
Myofibrils are cylindrical in shape and run the length of the
muscle fiber. The light microscope shows that muscle fibers
have light and dark bands called striations (Fig. 19.14). The
electron microscope shows that the striations of myofibrils
are formed by the placement of myofilaments within con-
tractile units called sarcomeres. A sarcomere extends be-
tween two dark lines called the Z lines. A sarcomere con-
tains two types of protein myofilaments. The thick filaments
are made up of a protein called myosin, and the thin fila-
ments are made up of a protein called actin. Other proteins
in addition to actin are also present. The I band is light col-
ored because it contains only actin filaments attached to a Z
line. The dark regions of the A band contain overlapping
actin and myosin filaments, and its H zone has only myosin
filaments. 

Sliding Filaments
Impulses generated at a neuromuscular junction travel
down a T tubule, and calcium is released from the sar-
coplasmic reticulum into the muscle fiber. Now the muscle
fiber contracts as the sarcomeres within the myofibrils
shorten. When a sarcomere shortens, the actin (thin) fila-
ments slide past the myosin (thick) filaments and approach

one another. This causes the I band to shorten and the H
zone to almost or completely disappear. The movement of
actin filaments in relation to myosin filaments is called the
sliding filament theory of muscle contraction. During the
sliding process, the sarcomere shortens even though the fil-
aments themselves remain the same length.

The participants in muscle contraction have the func-
tions listed in Table 19.3. ATP supplies the energy for muscle
contraction. Although the actin filaments slide past the
myosin filaments, it is the myosin filaments that do the
work. Myosin filaments break down ATP and have cross-
bridges that pull the actin filaments toward the center of the
sarcomere. 

Muscle fibers are innervated, and when they are
stimulated to contract, myofilaments slide past
one another causing sarcomeres to shorten.
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muscle
fiber

nuclei

Figure 19.14 Light micrograph of skeletal muscle.
The striations of skeletal muscle tissue are produced by alternating
dark A bands and light I bands. See the sarcomere in Figure 19.13.

Name Function

Actin filaments Slide past myosin, causing contraction

Ca2� Needed for myosin to bind the actin

Myosin filaments Pull actin filaments by means of cross-
bridges; are enzymatic and split ATP

ATP Supplies energy for muscle contraction

Table 19.3 Muscle Contraction
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axon bulb

synaptic vesicle

branch of motor nerve fiber

mitochondria

muscle fiber
nucleus

folded sarcolemma

synaptic cleft

neurotransmitter

Muscle Innervation
Muscles are stimulated to contract by motor nerve fibers.
Each nerve fiber has several branches ending in an axon
bulb that lies in close proximity to the sarcolemma of a mus-
cle fiber. A small gap, called a synaptic cleft, separates the
axon bulb from the sarcolemma. This entire region is called
a neuromuscular junction (Fig. 19.15).

Axon bulbs contain synaptic vesicles that are filled with
neurotransmitter molecules called acetylcholine (ACh).
When nerve impulses traveling down a motor neuron arrive
at an axon bulb, the synaptic vesicles release ACh into the

synaptic cleft. ACh quickly diffuses across the cleft and binds
to receptor proteins in the sarcolemma. Now the sarcolemma
generates impulses that spread over the sarcolemma and
down T tubules to the sarcoplasmic reticulum. The release of
calcium from the sarcoplasmic reticulum causes the myofib-
rils within a muscle fiber to contract as discussed previously. 

At a neuromuscular junction, nerve impulses bring
about the release of neurotransmitter molecules
that signal a muscle fiber to contract. 
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Figure 19.15 Neuromuscular junction. 
The branch of a motor nerve fiber terminates in an axon bulb that meets but does not touch a muscle fiber. A synaptic cleft separates the axon
bulb from the sarcolemma of the muscle fiber. Nerve impulses traveling down a motor neuron cause synaptic vesicles to discharge acetylcholine,
which diffuses across the synaptic cleft. When this neurotransmitter is received by the sarcolemma of a muscle fiber, contraction follows.
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Figure 19.16 shows the placement of two other proteins
associated with a thin filament, which is composed of a
double row of twisted actin molecules. Threads of
tropomyosin wind about an actin filament, and troponin
occurs at intervals along the threads. Calcium ions (Ca2�)
that have been released from the sarcoplasmic reticulum
combine with troponin. After binding occurs, the
tropomyosin threads shift their position, and myosin bind-
ing sites are exposed. 

The thick filament is actually a bundle of myosin mole-
cules, each having a double globular head with an ATP
binding site. The heads function as ATPase enzymes, split-
ting ATP into ADP and �P . This reaction activates the head
so that it will bind to actin. The ADP and �P remain on the
myosin heads until the heads attach to actin, forming a
cross-bridge. Now, ADP and �P are released, and this causes
the cross-bridges to change their positions. This is the power
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stroke that pulls the thin filaments toward the middle of the
sarcomere. When another ATP molecule binds to a myosin
head, the cross-bridge is broken as the head detaches from
actin. The cycle begins again; the actin filaments move
nearer the center of the sarcomere each time the cycle is re-
peated.

Contraction continues until nerve impulses cease and
calcium ions are returned to their storage sacs. The mem-
branes of the sarcoplasmic reticulum contain active transport
proteins that pump calcium ions back into the sarcoplasmic
reticulum.

Myosin filament heads break down ATP and then
attach to an actin filament, forming cross-bridges
that pull the actin filament to the center of a
sarcomere.

a.

b.

actin filament troponin

Troponin-Ca2+ complex pulls tropomyosin away,
exposing myosin binding sites. 

myosin binding
sites

tropomyosin

Ca2+

Ca2+

ADP+      release causes head to change
position and actin filament to move.

P3.

ADP+      are bound to myosin as
myosin head attaches to actin.

P

ATP is hydrolyzed when myosin
head is unattached.

P

2.

actin
filament

ADP

Binding of ATP causes myosin
head to return to resting position.

4.

myosin
filament

myosin headcross-bridgeATP

1.

ATP

Figure 19.16 The role of calcium and myosin in muscle contraction.
a. Upon release, calcium binds to troponin, exposing myosin binding sites. b. After breaking down ATP, myosin heads bind to an actin filament,
and later, a power stroke causes the actin filament to move.
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19.5 Whole Muscle Contraction
Observation of muscle contraction in the laboratory applies
to muscle contraction in the body.

Basic Laboratory Observations
To study muscle contraction in the laboratory, the gastrocne-
mius (calf muscle) is usually removed from a frog and at-
tached to a movable lever. The muscle is stimulated, and the
mechanical force of contraction is recorded as a visual pat-
tern called a myogram. 

At first, the stimulus may be too weak to cause a con-
traction, but as soon as the strength of the stimulus reaches a
threshold stimulus, the muscle contracts and then relaxes.
This action—a single contraction that lasts only a fraction of
a second—is called a muscle twitch. Figure 19.17a is a myo-
gram of a twitch, which is customarily divided into the la-
tent period, or the period of time between stimulation and
initiation of contraction; the contraction period, when the
muscle shortens; and the relaxation period, when the muscle
returns to its former length. 

Stimulation of an individual fiber within a muscle usu-
ally results in a maximal, all-or-none contraction. But the con-
traction of a whole muscle, as evidenced by the size of a
muscle twitch, can vary in strength depending on the num-
ber of fibers contracting.

If a muscle is given a rapid series of threshold stimuli, it
can respond to the next stimulus without relaxing com-
pletely. In this way, muscle contraction summates until max-
imal sustained contraction, called tetanus, is achieved (Fig.
19.17b). The myogram no longer shows individual twitches;
rather, the twitches are fused and blended completely into a
straight line. Tetanus continues until the muscle fatigues
due to depletion of energy reserves. Fatigue is apparent
when a muscle relaxes even though stimulation continues.

Muscle Tone in the Body
Tetanic contractions ordinarily occur in the body’s muscles
whenever skeletal muscles are actively used. But while
some fibers are contracting, others are relaxing. Because of
this, intact muscles rarely fatigue completely. Even when
muscles appear to be at rest, they exhibit tone in which some
of their fibers are contracting. Muscle tone is particularly im-
portant in maintaining posture. If all the fibers within the
muscles of the neck, trunk, and legs were to suddenly relax,
the body would collapse.

Maintenance of the right amount of tone requires the
use of special receptors called muscle spindles. A muscle
spindle consists of a bundle of modified muscle fibers, with
sensory nerve fibers wrapped around a short, specialized re-
gion. A muscle spindle contracts along with muscle fibers,
but thereafter it sends sensory nerve impulses to the central
nervous system, which then regulates muscle contraction so
that tone is maintained (see Fig. 18.2). 

Recruitment and the Strength of
Contraction 
Each motor neuron innervates several muscle fibers at a
time. A motor neuron together with all of the muscle fibers
that it innervates is called a motor unit. As the intensity of
nervous stimulation increases, more and more motor units
are activated. This phenomenon, known as recruitment, re-
sults in stronger and stronger contractions. 

Another variable of importance is the number of fibers
within a motor unit. In the ocular muscles that move the
eyes, the innervation ratio is one neuron per 23 muscle
fibers, while in the gastrocnemius muscle of the buttocks,
the ratio is about one motor neuron per 1,000 muscle fibers.
Moving the eyes requires finer control than moving the legs. 

Observation of muscle contraction in the
laboratory applies to muscle contraction in the
body. A muscle at rest exhibits tone dependent on
tetanic contractions; a contracting muscle exhibits
degrees of contraction dependent on recruitment.
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Figure 19.17 Physiology of skeletal muscle contraction. 
These are myograms, visual representations of the contraction of a
muscle that has been dissected from a frog. a. Simple muscle twitch
is composed of three periods: latent, contraction, and relaxation.
b. Summation and tetanus. When stimulation frequency increases,
the muscle does not relax completely between stimuli, and the
contraction gradually increases in intensity. The muscle becomes
maximally contracted until it fatigues.
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Energy for Muscle Contraction
ATP produced previous to strenuous exercise lasts a few sec-
onds, and then muscles acquire new ATP in three different
ways. There are two anaerobic ways by which muscles can
acquire ATP immediately. The first method depends on cre-
atine phosphate, a high-energy compound built up when a
muscle is resting. Creatine phosphate cannot participate di-
rectly in muscle contraction. Instead, it is used to regenerate
ATP by the following reaction:

This reaction, which occurs in the midst of sliding filaments,
is the speediest way to make ATP available to muscles. Cre-
atine phosphate provides enough energy for only about
eight seconds of intense activity, and then it is spent. Crea-
tine phosphate is rebuilt when a muscle is resting by trans-
ferring a phosphate group from ATP to creatinine. 

Fermentation also supplies ATP without consuming
oxygen. During fermentation, glucose is broken down to
lactate (lactic acid):

The accumulation of lactate in a muscle fiber makes the
cytoplasm more acidic, and eventually enzymes will cease
to function well. If fermentation continues longer than two
or three minutes, cramping and fatigue will set in. Cramp-
ing seems to be due to lack of ATP needed to pump calcium
ions back into the sarcoplasmic reticulum and to break the
linkages between the actin and myosin filaments so that
muscle fibers can relax. 

Fortunately, aerobic respiration occurring in mitochon-
dria usually provides most of a muscle’s ATP. A muscle cell
can make use of glycogen and fatty acids stored in the mus-
cle as fuel, but still also needs a supply of oxygen in order to
produce ATP:

glucose + oxygen carbon dioxide + water

ADP ATP

glucose lactate

ADP ATP

creatine phosphate creatine

ADP ATP

Myoglobin, an oxygen carrier similar to hemoglobin, is
synthesized in muscle cells, and its presence accounts for the
reddish brown color of skeletal muscle fibers. Myoglobin
has a higher affinity of oxygen than does hemoglobin.
Therefore, myoglobin can pull oxygen out of blood and
make it available to muscle mitochondria which are carrying
on aerobic respiration. Then, too, the ability of myoglobin to
temporarily store oxygen reduces a muscle’s immediate
need for oxygen when aerobic respiration begins. The end
products (carbon dioxide and water) can be rapidly dis-
posed of, and the by-product heat keeps the entire body
warm. 

The three pathways for acquiring ATP work together
during muscle contraction. But the anaerobic pathways are
usually no longer needed as the body achieves an aerobic
steady state. At this point, some lactate has accumulated but
not enough to bring on exhaustion. 

People who train rely even more heavily on aerobic res-
piration than people who do not train. In people who train,
the number of muscle mitochondria increases, and so fer-
mentation is not needed to produce ATP. Their mitochondria
can start consuming oxygen as soon as ADP concentration
starts rising during muscle contraction. Because mitochon-
dria can break down fatty acid, instead of glucose, blood
glucose is spared for the activity of the brain. (The brain, un-
like other organs, can only utilize glucose to produce ATP.)
Because less lactate is produced in people who train, the pH
of the blood remains steady. And, there is less of an oxygen
debt.

Oxygen Debt
When a muscle uses the anaerobic means of supplying
energy needs, it incurs an oxygen debt. Oxygen debt is
obvious when a person continues to breathe heavily after
exercising. The ability to run up an oxygen debt is one of
muscle tissue’s greatest assets. Brain tissue cannot last
nearly as long as muscles can without oxygen.

Repaying an oxygen debt requires replenishing crea-
tine phosphate supplies and disposing of lactic acid. Lactic
acid can be changed back to pyruvic acid and metabolized
completely in mitochondria, or it can be sent to the liver to
reconstruct glycogen. A marathon runner who has just
crossed the finish line is not exhausted due to oxygen debt.
Instead, the runner has used up all the muscles’, and
probably the liver’s, glycogen supply. It takes about two
days to replace glycogen stores on a high-carbohydrate
diet.

Working muscles require a supply of ATP.
Anaerobic creatine phosphate breakdown and
glycolysis can quickly generate ATP. Aerobic
respiration in mitochondria is best for sustained
exercise.
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Exercise, Exercise, Exercise

Exercise programs improve muscular strength, muscular en-
durance, and flexibility. Muscular strength is the force a muscle
group (or muscle) can exert against a resistance in one maximal
effort. Muscular endurance is judged by the ability of a muscle
to contract repeatedly or sustain a contraction for an extended
period. Flexibility is tested by observing the range of motion
about a joint.

Exercise also improves cardiorespiratory endurance. The
heart rate and capacity increase, and the air passages dilate so
that the heart and lungs are able to support prolonged muscular
activity. The blood level of high-density lipoprotein (HDL), the
molecule that prevents the development of plaque in blood ves-
sels, increases. Also, body composition, the proportion of pro-
tein to fat, changes favorably when you exercise.

Exercise also seems to help prevent certain kinds of cancer.
Cancer prevention involves eating properly, not smoking,
avoiding cancer-causing chemicals and radiation, undergoing
appropriate medical screening tests, and knowing the early
warning signs of cancer. However, studies show that people
who exercise are less likely to develop colon, breast, cervical,
uterine, and ovarian cancers.

Physical training with weights can improve bone density
and strength and muscular strength and endurance in all adults
regardless of age. Even men and women in their eighties and
nineties make substantial gains in bone and muscle strength,
which can help them lead more independent lives. Exercise
helps prevent osteoporosis, a condition in which the bones are
weak and tend to break. Exercise promotes the activity of os-
teoblasts in young people as well as older people. The stronger

the bones when a person is young, the less chance of osteoporo-
sis as a person ages. Exercise helps prevent weight gain not only
because the level of activity increases but also because muscles
metabolize faster than other tissues. As a person becomes more
muscular, it is less likely that fat will accumulate.

Exercise relieves depression and enhances the mood. Some
report exercise actually makes them feel more energetic, and af-
ter exercising, particularly in the late afternoon, they sleep bet-
ter that night. Self-esteem rises not only because of improved
appearance, but also due to other factors that are not well un-
derstood. It is known that vigorous exercise releases endor-
phins, hormone-like chemicals that are known to alleviate pain
and provide a feeling of tranquility.

A sensible exercise program is one that provides all the ben-
efits without the detriments of a too strenuous program.
Overexertion can actually be harmful to the body and might re-
sult in sports injuries such as a bad back or bad knees. The pro-
grams suggested in Table 19A are tailored according to age and,
if followed, are beneficial.

Dr. Arthur Leon at the University of Minnesota performed a
study involving 12,000 men, and the results showed that only
moderate exercise is needed to lower the risk of a heart attack by
one-third. In another study conducted by the Institute for Aero-
bics Research in Dallas, Texas, which included 10,000 men and
more than 3,000 women, even a little exercise was found to
lower the risk of death from circulatory diseases and cancer. In-
creasing daily activity by walking to the corner store instead of
driving and by taking the stairs instead of the elevator can im-
prove your health.

Children, 7–12 Teenagers, 13–18 Adults, 19–55 Seniors, 55 and up

Vigorous activity 1–2 hours Vigorous activity 1 hour Vigorous activity 1 hour Moderate exercise 1 hour daily
daily 3–5 days a week, otherwise 3 days a week, otherwise 3 days a week, otherwise

1/2 hour daily moderate activity 1/2 hour daily moderate activity 1/2 hour daily moderate activity

Free play Build muscle with calisthenics Exercise to prevent lower back Plan a daily walk
pain: aerobics, stretching,
yoga

Build motor skills through Plan aerobic exercise to Take active vacations: hike, Daily stretching exercise 
team sports, dance, swimming control buildup of fat cells bicycle, cross-country ski

Encourage more exercise Pursue tennis, swimming, Find exercise partners: join a Learn a new sport or activity:
outside of physical education horseback riding—sports that running club, bicycle club, golf, fishing, ballroom dancing
classes can be enjoyed for a lifetime outing group

Initiate family outings: bowling, Continue team sports, Try low-impact aerobics, boating,
boating, camping, hiking dancing, hiking, swimming Before undertaking new exercises,

consult your doctor

Table 19A A Checklist for Staying Fit
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Slow-twitch muscle fiber:
• Is aerobic
• Has steady power
• Has endurance

Fast-twitch muscle fiber:
• Is anaerobic
• Has explosive power
• Fatigues easily

slow-
twitch
fibers

fast-
twitch
fibers

19.6 Exercise and Muscle Contraction
Aside from athletes who excel in a particular sport, there is a
general interest today in staying fit by exercising. 

Exercise and Size of Muscles
Muscles that are not used or that are used for only very
weak contractions decrease in size, or atrophy. Atrophy can
occur when a limb is placed in a cast or when the nerve serv-
ing a muscle is damaged. If nerve stimulation is not re-
stored, muscle fibers gradually are replaced by fat and fi-
brous tissue. Unfortunately, atrophy can cause muscle fibers
to shorten progressively, leaving body parts contracted in
contorted positions. 

Forceful muscular activity over a prolonged period
causes muscle to increase in size as the number of myofibrils
within muscle fibers increases. Increase in muscle size,
called hypertrophy, occurs only if the muscle contracts to at
least 75% of its maximum tension. Some athletes take ana-
bolic steroids, either testosterone or related chemicals, to
promote muscle growth. This practice has many undesirable
side effects such as cardiovascular disease, liver and kidney
dysfunction, impotency and sterility, and even an increase in
rash behavior called “roid mania.”

Exercise and Health
As discussed on the previous page, exercise is believed to
have many benefits such as less risk of osteoporosis, cancer,
and cardiovascular disease. Exercise also improves the spir-
its of many people, perhaps in part because exercise usually
improves one’s appearance.

Slow-Twitch and Fast-Twitch Muscle Fibers
We have seen that all muscle fibers metabolize both aerobi-
cally and anaerobically. Some fibers, however, utilize one
method more than the other to provide myofibrils with
ATP.

Slow-twitch fibers (Fig. 19.18) have a steadier tug and
have more endurance despite motor units with a smaller
number of fibers. These fibers are most helpful in sports like
long-distance running, biking, jogging, and swimming. Be-
cause they produce most of their energy aerobically, they tire
only when their fuel supply is gone. Slow-twitch fibers have
many mitochondria and are dark in color because they con-
tain myoglobin. They are also surrounded by dense capil-
lary beds and draw more blood and oxygen than fast-twitch
fibers. Slow-twitch fibers have a low maximum tension but
are highly resistant to fatigue. Because slow-twitch fibers
have a substantial reserve of glycogen and fat, their abun-
dant mitochondria can maintain a steady, prolonged pro-
duction of ATP when oxygen is available. 

Fast-twitch fibers are those that tend to be anaerobic and
seem to be designed for strength because their motor units
contain many fibers. They provide explosions of energy
and are most helpful in sports like sprinting, weight lift-
ing, swinging a golf club, or putting a shot. Fast-twitch
fibers are white in color because they have fewer mito-
chondria, little or no myoglobin, and fewer blood vessels
than slow-twitch fibers do. Fast-twitch fibers can develop
maximum tension more rapidly than slow-twitch fibers
can, and their maximum tension is greater. However, their
dependence on anaerobic energy leaves them vulnerable
to an accumulation of lactic acid that causes them to
fatigue quickly.
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Figure 19.18 Slow-twitch and fast-twitch fibers.
If your muscles contain many slow-twitch fibers (dark color), you would probably do better at a sport like cross-country running. But if your
muscles contain many fast-twitch fibers (light color), you would probably do better at a sport like weight lifting.
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Summarizing the Concepts

19.1 Anatomy and Physiology of Bones
Bone and the associated tissues cartilage and fibrous connective tissue
are found in the skeleton. Hyaline (articular) cartilage covers the ends,
while periosteum (fibrous connective tissue) covers the rest of a long
bone. Spongy bone, which may contain red bone marrow, is in the ends
of long bones, and yellow bone marrow is in the medullary cavity of
the shaft. The wall of the shaft is compact bone. 

Bone is a living tissue that can grow and repair itself. The prenatal
human skeleton is at first cartilaginous, but it is later replaced by a
bony skeleton. During adult life, bone is constantly being broken down
by osteoclasts and then rebuilt by osteoblasts that become osteocytes in
lacunae. 

19.2 Bones of the Skeleton 
The skeleton supports and protects the body, permits flexible move-
ment, produces blood cells, and serves as a storehouse for mineral
salts, particularly calcium phosphate. 

The axial skeleton lies in the midline of the body and consists of
the skull, the hyoid bone, the vertebral column, and the rib cage. The
skull contains the cranium, which protects the brain and the facial
bones. 

The appendicular skeleton consists of the bones of the pectoral
girdle, arms, pelvic girdle, and legs. The pectoral girdle and arms are
adapted for flexibility. The pelvic girdle and the legs are adapted for
strength: the femur is the strongest bone in the body. However, the foot,
like the hand, is flexible because it contains so many bones. Both fin-
gers and toes are digits with bones called phalanges. 

There are three types of joints: fibrous joints, like the sutures of the
cranium, are immovable; cartilaginous joints, like those between the
ribs and sternum and the pubic symphysis, are slightly movable; and

the synovial joints, consisting of a membrane-lined (synovial mem-
brane) capsule, are freely movable. There are different kinds of syn-
ovial joints based on the movements they permit.

19.3 Skeletal Muscles
Muscles have various functions: they help maintain posture, provide
movement and heat, and protect underlying organs. Whole muscles
work in antagonistic pairs; for example, the biceps flexes the lower arm
and the triceps extends it. 

Muscles are named for their size, shape, direction of fibers, lo-
cation, number of attachments, and action.

19.4 Mechanism of Muscle Fiber Contraction
Nerve impulses travel down motor nerve fibers and meet muscle fibers
at neuromuscular junctions. The sarcolemma of a muscle fiber forms T
tubules that extend into the fiber and almost touch the sarcoplasmic
reticulum, which stores calcium ions. When calcium ions (Ca2�) are re-
leased into muscle fibers, actin filaments slide past myosin filaments
within the sarcomeres of a myofibril.

At a neuromuscular junction, synaptic vesicles release acetyl-
choline (ACh), which binds to protein receptors on the sarcolemma,
causing impulses to travel down T tubules and calcium to leave the sar-
coplasmic reticulum. Myofibril contraction follows. 

Calcium ions bind to troponin and cause tropomyosin threads
winding around actin filaments to shift their position, revealing
myosin binding sites. The myosin filament is composed of many
myosin molecules, each containing a head with an ATP binding site.
Myosin is an ATPase, and once it breaks down ATP, the myosin head
is ready to attach to actin. The release of ADP � �P causes the head to
change its position. This is the power stroke that causes the actin fila-
ment to slide toward the center of a sarcomere. When myosin cat-
alyzes another ATP, the head detaches from actin, and the cycle begins
again.
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On page 391, we learned that athletes
are better at one sport or another, de-

pending on whether their muscles contain
fast- or slow-twitch fibers. A natural ad-
vantage of this sort does not bar an athlete
from participating in and winning a medal
in a particular sport at the Olympic games.
Nor are athletes restricted to a certain
amount of practice or required to elimi-
nate certain foods from their diet. 

Athletes are, however, prevented
from participating in the Olympic games if
they have taken certain performance en-
hancing drugs. There is no doubt that reg-
ular use of drugs like anabolic steroids
leads to kidney disease, liver dysfunction,
hypertension, and a myriad of other unde-
sirable side effects. Even so, shouldn’t the

individual be allowed to take these drugs
if they want to? Anabolic steroids are syn-
thetic forms of the male sex hormone
testosterone. Large doses along with
strength training leads to much larger
muscles than otherwise. Extra strength
and endurance can give an athlete an ad-
vantage in certain sports such as racing,
swimming, and weight lifting. 

Should the Olympic committee out-
law the taking of anabolic steroids and, if
so, on what basis? The basis can’t be an un-
fair advantage, because some athletes nat-
urally have an unfair advantage over
other athletes. Should these drugs be out-
lawed on the basis of health reasons? Ex-
cessive practice alone and a purposeful
decrease or increase in weight to better

perform in a sport can also be injurious to
one’s health. In other words, how can you
justify allowing some behaviors that en-
hance performance and not others? 

Questions
1. Do you believe that the manner in which

athletes wish to train and increase their
performance should be regulated in any
way? Why or why not?

2. Is it all right for athletes to endanger their
health by excessive practice, gaining or
losing pounds, or the taking of drugs?
Why or why not?

3. Who should be in charge of regulating the
behavior of athletes so that they do not do
harm to themselves?
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19.5 Whole Muscle Contraction
In the laboratory, muscle contraction is described in terms of a muscle
twitch, summation, and tetanus. In the body, muscles exhibit tone, in
which tetanic contraction involving a number of fibers is the rule. 

A muscle fiber has three ways to acquire ATP after muscle con-
traction begins: (1) creatine phosphate, built up when a muscle is rest-
ing,  donates phosphates to ADP, forming ATP;  (2) fermentation with
the concomitant accumulation of lactic acid quickly produces ATP; and
(3) oxygen-dependent aerobic respiration occurs within mitochondria.
Two of these ways (1 and 2) are anaerobic (they do not require oxygen).
Fermentation can result in oxygen debt because oxygen is needed to
complete the metabolism of lactate acid.

19.6 Exercise and Muscle Contraction
Certain sports like running and swimming can be associated with
slow-twitch fibers, which rely on aerobic respiration to acquire ATP.
They have a plentiful supply of mitochondria and myoglobin, which
gives them a dark color. Other sports like weight lifting can be associ-
ated with fast-twitch fibers, which rely on an anaerobic means of ac-
quiring ATP. They have few mitochondria and myoglobin, and their
motor units contain more muscle fibers. Fast-twitching fibers are
known for their explosive power, but they fatigue quickly.

Studying the Concepts

1. Describe the makeup of long bone. Describe endochondral
ossification and remodeling of a bone. 370-72

2. List and discuss the functions of the skeletal system in
humans. 373

3. Name and describe the bones of the axial and appendicular
skeletons. 374-79

4. Which of the bones described in question 3 form the pectoral
girdle and the pelvic girdle? 378-79

5. How are joints classified? Give examples of the different
types of synovial joints and the movements they permit. 380

6. List and discuss the functions of the muscular system in
humans. 381

7. Describe the steps resulting in muscle contraction by starting
with the motor neuron and ending with the sliding of actin
filaments. 385

8. Describe the structure and function of a neuromuscular
junction. 386

9. Contrast a muscle twitch with summation and tetanus. 388
10. What is muscle tone, and how is it maintained? 388
11. What are the three ways a muscle fiber can acquire ATP for

muscle contraction? Discuss a benefit of each method. 389
12. Contrast slow-twitch and fast-twitch fibers in as many ways

as possible. 391

Testing Yourself

Choose the best answer for each question.
For questions 1–4, match the following items with the correct

locations given in the key.
Key:
a. upper arm d. pelvic girdle
b. lower arm e. upper leg
c. pectoral girdle f. lower leg

1. ulna
2. tibia
3. clavicle
4. femur
5. Spongy bone

a. contains osteons.
b. contains red bone marrow where blood cells are formed.
c. lends no strength to bones.
d. takes up most of a leg bone.
e. All of these are correct.

6. Which of these is mismatched?
a. immovable—cranial sutures
b. slightly movable joint—vertebrae
c. hinge joint—hip 
d. synovial joint—elbow
e. immovable joint—sutures in cranium

7. In a muscle fiber
a. the sarcolemma is connective tissue holding the myofibrils

together.
b. the T system consists of tubules.
c. both filaments have cross-bridges.
d. there is no endoplasmic reticulum.
e. All of these are correct.

8. Nervous stimulation of muscles
a. occurs at a neuromuscular junction.
b. results in an action potential that travels down the T

system.
c. causes calcium to be released from expanded regions of

the sarcoplasmic reticulum.
d. All of these are correct.

9. When muscles contract
a. sarcomeres increase in size.
b. actin breaks down ATP.
c. myosin slides past actin.
d. the H zone disappears.
e. calcium is taken up by the sarcoplasmic reticulum.

10. Which of these is a direct source of energy for muscle
contraction?
a. ATP
b. creatine phosphate
c. lactic acid
d. glycogen
e. Both a and b are correct.

11. When actin filaments move as a sarcomere contracts,
a. myosin filaments are hydrolyzing ATP molecules.
b. ADP � �P are released from myosin filament heads.
c. ATP is binding to myosin heads.
d. ADP � �P are attached to myosin heads.
e. All of these in the sequence mentioned.
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12. Label this diagram of a muscle fiber, using these terms:
myofibril, mitochondrion, T tubule, sarcomere, sarcolemma,
sarcoplasmic reticulum. 
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Understanding the Terms

actin 385
appendicular skeleton 378
arthritis 380
articular cartilage 370
atrophy 391
axial skeleton 374
ball-and-socket joint 380
bursa 380
bursitis 380

compact bone 370
creatine phosphate 389
fontanel 374
foramen magnum 374
growth plate 372
hinge joint 380
hypertrophy 391
insertion 381
intervertebral disk 376

Match the terms to these definitions:
a. Sustained maximal muscle contraction.
b. Fibrous connective tissue that joins bone to bone

at a joint.
c. Plasma membrane of a muscle fiber.
d. Compound unique to muscles that contains a

high-energy phosphate bond.
e. Blood-cell forming tissue located in the spaces

within spongy bone.

a. b.

c.

d.
e.

f.

Thinking Scientifically

1. Considering skeletal bones (page 370):
a. What evidence do you have that bone is living tissue?
b. Why would you expect persons with stronger muscles to

have stronger bones?
c. Bones have all sorts of grooves and protuberances. What

purpose might they have?
d. The female pelvis is wider than the male pelvis. With what

might this be associated?

2. A muscle fiber obeys the all-or-none law—that is, it contracts
or it doesn’t contract (page 385).
a. Therefore, do all myofibrils in a muscle fiber contract at the

same time?
b. When a sarcomere contracts, does the Z line move? If so, in

which direction?
c. A respiratory pigment in muscle called myoglobin receives

oxygen (O2) from hemoglobin. Which of these two respira-
tory pigments has the higher affinity for oxygen?

d. When we exercise, blood brings more oxygen to the mus-
cles. What do the muscles specifically do with all this
oxygen?

joint 370
ligament 370
mastoiditis 374
menisci 380
motor unit 388
muscle twitch 388
myofibril 385
myoglobin 389
myogram 388
myosin 385
neuromuscular

junction 386
origin 381
osteoclast 372
osteocyte 370
osteon 370
oxygen debt 389
pectoral girdle 378
pelvic girdle 379
periosteum 370

red bone marrow 370
sarcolemma 385
sarcomere 385
sarcoplasmic

reticulum 385
scoliosis 376
sinus 374
sliding filament theory 385
spongy bone 370
suture 380
synovial joint 380
synovial membrane 380
T (transverse) tubule 385
tendon 370
tetanus 388
tone 388
tropomyosin 387
troponin 387
vertebral column 376
yellow bone marrow 370

Using Technology

Your study of the musculoskeletal system is supported by
these available technologies:

Essential Study Partner CD-ROM
Animals ££ Support / Locomotion

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Skeletal System

Muscular System

Virtual Physiology Laboratory CD-ROM
Frog Muscle
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Chapter Concepts

20.1 Environmental Signals
• Three types of environmental signals are

identified; hormones are one of those types. 396
• Hormones influence the metabolism of their

target cells. 397

20.2 Hypothalamus and Pituitary Gland
• The hypothalamus, a part of the brain, controls

the function of the pituitary gland which consists
of the anterior pituitary and the posterior
pituitary. 400

• The anterior pituitary produces several
hormones, some of which control other
endocrine glands. 400

• Growth hormone, produced by the anterior
pituitary, affects the height of the individual.
Giants are due to overproduction of growth
hormone during childhood, and pituitary dwarfs
are due to underproduction of growth hormone.
402

20.3 Thyroid and Parathyroid Glands
• The thyroid and the parathyroid glands are

entirely separate in structure and function. 403
• The thyroid produces two hormones that speed

metabolism and another hormone that lowers
the blood calcium level. The parathyroid glands
produce a hormone that raises blood calcium
level. 403

20.4 Adrenal Glands
• The adrenal glands produce hormones that help

us respond to stress. 405
• Malfunctioning of the adrenal cortex leads to the

symptoms of Addison disease and Cushing
disease. 407

20.5 Pancreas
• The pancreas secretes hormones that help

regulate the blood glucose level. 408
• Diabetes mellitus occurs when cells are unable to

take up glucose and it spills over into the urine.
409

Endocrine System

The pancreatic islets are specialized regions of the pancreas, an
endocrine gland. The islets secrete the hormone insulin when the
blood glucose level is high. Insulin increases the passage of glucose
into cells, restoring the normal level.

20.6 Other Endocrine Glands
• The gonads produce the sex hormones that

control secondary sex characteristics. 411
• Many other tissues, although not traditionally

considered endocrine glands, secrete hormones.
411
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Environmental signals that act at a distance between organ-
isms. Pheromones are chemical messengers that pass
between members of a species. As an example, ants lay
down a pheromone trail to direct other ants to food, and
female silkworm moths release a sex attractant that is
received by male moth antennae even several kilometers
away. Mammals also release pheromones, as when dogs use
their urine to serve as a territorial marker. Some studies are
being conducted to determine if humans have pheromones.
In one investigation, it was observed that women who live
in close quarters tend to have coinciding menstrual cycles. It
is possible that this is due to a pheromone.

Environmental signals that act at a distance between body
parts. This category includes hormones that are produced by
endocrine glands or by neurosecretory cells of the hypothal-
amus. An overlap between the nervous and endocrine sys-
tems is also exemplified by the secretion of epinephrine and
norepinephrine at sympathetic nerve endings and also by
the adrenal medulla, an endocrine gland.

Environmental signals that act locally between adjacent cells.
Neurotransmitters belong in this category, as do substances
that are sometimes called local hormones. For example,
when the skin is cut, histamine, released by mast cells, pro-
motes the inflammatory response.

Today, hormones are categorized as one type of
environmental signal, a term which includes
molecules that work at a distance between
individuals or body parts or locally between
adjacent cells.

20.1 Environmental Signals M

Even though the endocrine system and the nervous system
have distinct differences, they both utilize chemical messen-
gers—hormones versus neurotransmitter molecules. This
realization supports a general interest in environmental sig-
nals that can be categorized in these three ways (Fig. 20.1).
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Harry stood before the mirror making sure his appear-
ance was just right. Tonight was the big junior high
dance, and he was taking Mary on his first date. He

noticed that he was getting a slight growth of hair on his
upper lip and chin, and he couldn’t decide whether to shave
or let it grow. But the facial hair didn’t concern him nearly as
much as his voice—the change of pitch, which he could not
control, was quite embarrassing. Although some of the kids
laughed when this happened, he hoped Mary would not be
one of them. Harry even wondered why he cared what Mary
thought; just last year he wouldn’t have wanted to go to the
dance, never mind go on a date with a girl.

Harry was experiencing normal signs of puberty
brought on by an increase in sex hormones. Sex hormones
are produced by the gonads which are a part of the
endocrine system. Along with the nervous system, the
endocrine system coordinates the various activities of body
parts such as the changes that occur during puberty. The
nervous system quickly transmits electrical signals along
nerve fibers. The endocrine system acts more slowly
because hormones have to be produced and then usually
transported in the blood to target organs.

Pheromone
released 
into the air by
female attracts
a male.

antenna
(receptor)

Signal acts at a distance
between individuals.

Signal acts at a distance between body parts.

Insulin produced
by pancreas affects
liver metabolism. 

Releasing hormones
produced by
hypothalamus affect
anterior pituitary.

Neurotransmitters affect
membrane potential of 
nearby neurons.

Prostaglandin affects 
metabolism of nearby 
cells.

Signal acts locally between adjacent cells. a. b. c.

Figure 20.1 Environmental signals. 
There are three categories of environmental signals (red dots). a. Pheromones are chemical messengers that act at a distance between
individuals. b. Endocrine hormones and neurosecretions typically are carried in the bloodstream and act at a distance within the body of a single
organism. c. Some chemical messengers have local effects only; they pass between cells that are adjacent to one another.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


The Action of Hormones
Hormones fall into two basic categories: (1) a nonsteroid
hormone can be an amino acid, a peptide, or a protein com-
posed of one or more polypeptides; (2) a steroid hormone is
always the same complex of four carbon rings, but each type
has different side chains. Because their effect is amplified
through cellular mechanisms, either type of hormone can
function at extremely low concentrations.

A hormone does not seek out a particular organ; rather
the organ is awaiting the arrival of the hormone. Cells that
can react to a hormone have hormone receptor proteins that
combine with the hormone in a lock-and-key manner.
Steroid hormones are lipids and therefore they cross cell
membranes (Fig. 20.2a). Only after they are inside the nucle-
us do steroid hormones, such as estrogen and progesterone,
bind to hormone receptor proteins. The hormone-receptor
complex then binds to DNA, activating particular genes.
Activation leads to production of a cellular enzyme in mul-
tiple quantities. 

Most nonsteroid hormones cannot pass through the
plasma membrane, and instead they bind to a receptor pro-
tein in the membrane (Fig. 20.2b). After epinephrine binds to
a receptor protein, a relay system leads to the conversion of

ATP to cyclic AMP (cyclic adenosine monophosphate).
Cyclic AMP (cAMP) is made from ATP, but it contains only
one phosphate group, which is attached to the adenosine
portion of the molecule at two spots. Thus the molecule is
cyclic. The nonsteroid hormone is called the first messenger
and cAMP—or some other molecule—is called the second
messenger. Calcium is also a common second messenger, and
this helps explain why calcium regulation in the body is so
important.

The second messenger sets in motion an enzyme cascade.
In muscle cells epinephrine leads to the breakdown of glyco-
gen to glucose (Fig. 20.2b). An enzyme cascade is so-called
because each enzyme in turn activates another. Because
enzymes work over and over, every step in an enzyme cas-
cade leads to more reactions—the binding of a single non-
steroid hormone molecule can result even in a thousandfold
response.

Hormones are chemical messengers that influence
the metabolism of the cell either indirectly by
regulating the production of a particular protein
(steroid hormone) or directly by activating an
enzyme cascade (nonsteroid hormone).
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(leaves the cell)

glucose
glycogen

cytoplasm

cytoplasm

activated 
enzyme

plasma membrane

second
messenger

hormone
receptor

inactive
enzyme

active
enzyme

active
enzyme

active
enzyme

inactive
enzyme

inactive
enzyme

nonsteroid hormone
(first messenger)

ATP
cAMP

enzym
e cascade

protein

ribosomes
on mRNA

mRNA

DNA

hormone
receptor

plasma membrane

nuclear envelope

blood capillary

steroid
hormone

b. Action of nonsteroid hormonea. Action of steroid hormone

Figure 20.2 Cellular activity of hormones. 
a. After passing through the plasma membrane and nuclear envelope, a steroid hormone binds to a receptor protein inside the nucleus. The
hormone-receptor complex then binds to DNA, and this leads to activation of certain genes and protein synthesis. b. Nonsteroid hormones,
called first messengers, bind to a specific receptor protein in the plasma membrane. A protein relay ends when an enzyme converts ATP to cAMP,
the second messenger, which activates an enzyme cascade.
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Endocrine Target
Gland Hormone Released Tissues/Organs Chief Function(s) of Hormone

Hypothalamus Hypothalamic-releasing and Anterior pituitary Regulate anterior pituitary hormones
release-inhibiting hormones

Anterior pituitary Thyroid-stimulating (TSH, thyrotropic) Thyroid Stimulates thyroid

Adrenocorticotropic (ACTH) Adrenal cortex Stimulates adrenal cortex

Gonadotropic [follicle-stimulating (FSH), Gonads Egg and sperm production,
luteinizing (LH)] and sex hormone production

Prolactin (PRL) Mammary glands Milk production

Growth (GH, somatotropic) Soft tissues, bones Cell division, protein synthesis, and bone growth

Melanocyte-stimulating (MSH) Melanocytes in skin Unknown function in humans; regulates skin
color in lower vertebrates

Posterior pituitary Antidiuretic (ADH, vasopressin) Kidneys Stimulates water reabsorption by kidneys

Oxytocin Uterus, mammary Stimulates uterine muscle contraction and
glands release of milk by mammary glands

Pineal gland Melatonin Brain Circadian and circannual rhythms;
possibly involved in maturation of sex organs

Thyroid Thyroxine (T4) and triiodothyronine (T3) All tissues Increases metabolic rate; regulates growth
and development

Calcitonin Bones, kidneys, Lowers blood calcium level
intestine

Parathyroids Parathyroid (PTH) Bones, kidneys, Raises blood calcium level
intestine

Thymus Thymosins T lymphocytes Production and maturation of T lymphocytes

Adrenal cortex Glucocorticoids (cortisol) All tissues Raise blood glucose level; stimulate
breakdown of protein

Mineralocorticoids (aldosterone) Kidneys Reabsorb sodium and excrete potassium

Sex hormones Gonads, skin, Stimulate sex characteristics
muscles, bones

Adrenal medulla Epinephrine and norepinephrine Cardiac and other Emergency situations; raise blood
muscles glucose level

Pancreas Insulin Liver, muscles, Lowers blood glucose level; promotes
adipose tissue formation of glycogen

Glucagon Liver, muscles, Raises blood glucose level
adipose tissue

Gonads

Testes Androgens (testosterone) Gonads, skin, Stimulate secondary male sex characteristics
muscles, bones

Ovaries Estrogens and progesterone Gonads, skin, Stimulate female sex characteristics
muscles, bones

Table 20.1 Principal Endocrine Glands and Hormones
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Endocrine Glands
Endocrine glands can be contrasted with exocrine glands.
The latter have ducts and secrete their products into these
ducts for transport into body cavities. For example, the sali-
vary glands send saliva into the mouth by way of the sali-
vary ducts. Endocrine glands are ductless; they secrete their
hormones directly into the bloodstream for distribution
throughout the body. 

Table 20.1 lists the hormones released by the principal
endocrine glands, which are depicted in Figure 20.3. The
hypothalamus, a part of the brain, is in close proximity to
the pituitary. The hypothalamus controls the pituitary gland
and this, too, exemplifies the close association between the
nervous and endocrine systems. The pineal gland is also
located in the brain. The thyroid and parathyroids are locat-
ed in the neck, and the thymus lies just beneath the sternum,
in the thoracic cavity. The adrenal glands and pancreas are
located in the abdominal cavity. The gonads include the
ovaries, located in the pelvic cavity, and the testes, located
outside this cavity in the scrotum. 

Like the nervous system, the endocrine system is espe-
cially involved in homeostasis, that is, the dynamic equilib-
rium of the internal environment. The internal environment
is the blood and tissue fluid that surrounds the body’s cells.
Notice that several hormones directly affect the osmolarity
of the blood. Others control the calcium and glucose levels.
Several hormones are involved in the maturation and func-
tion of the reproductive organs. In fact, many people are
most familiar with the effect of hormones on sexual func-
tions. 

There are two mechanisms that control the effect of
endocrine glands. Quite often a negative feedback mecha-
nism controls the secretion of hormones. An endocrine
gland can be sensitive to either the condition it is regulating
or to the blood level of the hormone it is producing. For
example, when the blood glucose level rises, the pancreas
produces insulin, which causes the cells to take up glucose
and the liver to store glucose. The stimulus for the produc-
tion of insulin has thereby been dampened, and therefore
the pancreas stops producing insulin. On the other hand,
when the blood level of thyroid hormones rises, the anterior
pituitary stops producing thyroid-stimulating hormones.
We will discuss these examples in more detail later. 

The presence of contrary hormonal actions is a way the
effect of a hormone is controlled. The action of insulin, for
example, is offset by the production of glucagon by the pan-
creas. Notice there are other examples of contrary hormonal
actions in Table 20.1. The thyroid lowers the blood calcium
level, but the parathyroids raise the blood calcium level. We
will also have the opportunity to point out other instances in
which hormones work opposite to one another and thereby
bring about the regulation of a substance in the blood.

The secretion of a hormone is often controlled by
negative feedback, and the effect of a hormone is
often opposed by a contrary hormone. The end
result is homeostasis and the normal functioning of
body parts.
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Figure 20.3 The endocrine system. 
Anatomical location of major endocrine glands in the body.
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20.2 Hypothalamus and 
Pituitary Gland
The hypothalamus regulates the internal environment
through the autonomic system. For example, it helps control
heart beat, body temperature, and water balance. The hypo-
thalamus also controls the glandular secretions of the pitu-
itary gland. The pituitary, a small gland about 1 cm in
diameter, is connected to the hypothalamus by a stalklike
structure. The pituitary has two portions: the anterior pitu-
itary and the posterior pituitary (Fig. 20.4).

Posterior Pituitary
There are neurons in the hypothalamus called neurosecreto-
ry cells which produce the hormones antidiuretic hormone
(ADH) and oxytocin. These hormones pass through axons
into the posterior pituitary where they are stored in axon
endings. ADH promotes the reabsorption of water from the
collecting ducts attached to nephrons within the kidneys.
There are neurons in the hypothalamus that act as a sensor
because they are sensitive to the osmolarity of the blood.
When these cells determine that the blood is too concentrat-
ed, ADH is released into the bloodstream from the axon end-
ings in the posterior pituitary. Upon reaching the kidneys,
ADH causes water to be reabsorbed. As the blood becomes
dilute, ADH is no longer released. This is an example of con-
trol by negative feedback because the effect of the hormone
(to dilute blood) acts to shut down the release of the hormone.

Inability to produce ADH causes diabetes insipidus
(watery urine), in which a person produces copious amounts
of urine with a resultant loss of ions from the blood. The con-
dition can be corrected by the administration of ADH. 

Oxytocin is the other hormone that is made in the hypo-
thalamus and stored in the posterior pituitary. When labor
begins during childbirth, pressure receptors in the uterine
wall send nerve impulses to the hypothalamus, and there-
after oxytocin is released from the posterior pituitary. Oxy-
tocin then causes the uterus to contract more forcefully. This
is an example of control by positive feedback: uterine con-
tractions (the condition) brings about a result that increases
uterine contractions. Oxytocin also stimulates the release of
milk from the mammary glands when a baby is nursing.

The posterior pituitary stores two hormones, ADH
and oxytocin, both of which are produced by and
released from neurosecretory cells in the
hypothalamus.

Anterior Pituitary
A portal system, consisting of two capillary systems con-
nected by a vein, lies between the hypothalamus and the
anterior pituitary (Fig. 20.4). The hypothalamus controls the

anterior pituitary by producing hypothalamic-releasing
hormones and hypothalamic-inhibiting hormones. For
example, there is a thyroid-releasing hormone (TRH) and a
thyroid-inhibiting hormone (TIH). TRH stimulates the
anterior pituitary to release thyroid-stimulating hormone,
and TIH inhibits the pituitary from releasing thyroid-
stimulating hormone. 

Three of the six hormones produced by the anterior
pituitary (hypophysis) have an effect on other glands: (1)
thyroid-stimulating hormone (TSH) stimulates the thyroid
to produce thyroid hormones; (2) adrenocorticotropic hor-
mone (ACTH) stimulates the adrenal cortex to produce cor-
tisol; and (3) gonadotropic hormones (FSH and LH),
stimulate the gonads—the testes in males and the ovaries in
females—to produce gametes and sex hormones. In each
instance, the blood level of the last hormone in the sequence
exerts negative feedback control over the secretion of the
first two hormones:

The other three hormones produced by the anterior
pituitary do not affect other endocrine glands. Prolactin
(PRL) is produced in quantity only after childbirth. It causes
the mammary glands in the breasts to develop and produce
milk. It also plays a role in carbohydrate and fat metabolism.

Melanocyte-stimulating hormone (MSH) causes skin-
color changes in many fishes, amphibians, and reptiles that
have melanophores, special skin cells that produce color
variations. The concentration of this hormone in humans is
very low. 

Growth hormone (GH), or somatotropic hormone, pro-
motes skeletal and muscular growth. It stimulates the rate at
which amino acids enter cells and protein synthesis occurs.
It also promotes fat metabolism as opposed to glucose
metabolism.

The hypothalamus, the anterior pituitary, and other
glands controlled by the anterior pituitary are all
involved in a self-regulating negative feedback
mechanism.

Feedback inhibits
release of hormone 1

Feedback inhibits
release of hormone 2

releasing hormone
(hormone 1)

Hypothalamus

Anterior pituitary

Target gland

stimulating hormone
(hormone 2)

target gland hormone
(hormone 3)
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Figure 20.4 Hypothalamus and the pituitary.
The hypothalamus produces two hormones, ADH and oxytocin, which are stored and secreted by the posterior pituitary. The hypothalamus
controls the secretions of the anterior pituitary, and the anterior pituitary controls the secretions of the thyroid, adrenal cortex, and gonads, which
are also endocrine glands.
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Effects of Growth Hormone
GH is produced in greatest quantities
during childhood and adolescence,
when most body growth is occurring. If
too little GH is produced during child-
hood, the individual becomes a pitu-
itary dwarf, characterized by perfect
proportions but small stature. If too
much GH is secreted, a person can
become a giant (Fig. 20.5). Giants usual-
ly have poor health, primarily because
GH has a secondary effect on the blood
glucose level, promoting an illness
called diabetes mellitus. 

On occasion, there is overproduc-
tion of growth hormone in the adult,
and a condition called acromegaly
results. Long bone growth is no longer
possible in adults. Only the feet, hands,
and face (particularly the chin, nose, and
eyebrow ridges) can respond, and these
portions of the body become overly
large (Fig. 20.6).

The amount of growth
hormone during childhood and
adulthood affects the height of
an individual.
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Figure 20.5 Effect of growth hormone. 
The amount of growth hormone production during childhood affects the height of an
individual. Excessive growth hormone produces very tall basketball players and even giants.
Little growth hormone results in limited stature and even pituitary dwarfism.

Figure 20.6 Acromegaly. 
Acromegaly is caused by overproduction of GH in the adult. It is characterized by an enlargement of the bones in the face, the fingers, and the
toes of an adult.
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20.3 Thyroid and Parathyroid Glands
The thyroid gland is a large gland located in the neck, where
it is attached to the trachea just below the larynx (see Fig.
20.3). The parathyroid glands are imbedded in the posterior
surface of the thyroid gland.

Thyroid Gland
The thyroid gland is composed of a large number of follicles,
each a small spherical structure made of thyroid cells filled
with thyroxine (T4), which contains four iodine atoms and
four triiodothyronine (T3), which contains three iodine atoms.

Effects of Thyroid Hormones
To produce thyroxine and triiodothyronine, the thyroid
gland actively acquires iodine. The concentration of iodine
in the thyroid gland can increase to as much as 25 times that
of blood. If iodine is lacking in the diet, the thyroid gland is
unable to produce the thyroid hormones. In response to con-
stant stimulation by the anterior pituitary, it enlarges, result-
ing in a simple goiter (Fig. 20.7). Some years ago it was
discovered that the use of iodized salt allows the thyroid to
produce the thyroid hormones, and therefore helps prevent
simple goiter.

Thyroid hormones increase the metabolic rate. They do
not have one target organ; instead, they stimulate all organs

of the body to metabolize at a faster rate. More glucose is
broken down and more energy is utilized.

If the thyroid fails to develop properly, a condition
called cretinism results (Fig. 20.8). Individuals with this con-
dition are short and stocky and have had extreme hypothy-
roidism since infancy or childhood. Thyroid hormone
therapy can initiate growth, but unless treatment is begun
within the first two months, mental retardation results. The
occurrence of hypothyroidism in adults produces the condi-
tion known as myxedema, which is characterized by lethar-
gy, weight gain, loss of hair, slower pulse rate, lowered body
temperature, and thickness and puffiness of the skin. The
administration of adequate doses of thyroid hormones
restores normal function and appearance.

In the case of hyperthyroidism, or Graves’ disease, the
thyroid gland is enlarged and overactive, causing a goiter to
form. The eyes protrude because of edema in eye socket tis-
sues and swelling of muscles that move the eyes. This type
of goiter is called exophthalmic goiter. The patient usually
becomes hyperactive, nervous, irritable, and suffers from
insomnia. Removal or destruction of a portion of the thyroid
by means of radioactive iodine is sometimes effective in cur-
ing the condition. Hyperthyroidism can also be caused by a
thyroid tumor, which is usually detected as a lump during
physical examination. Again, the treatment is surgery in
combination with administration of radioactive iodine. The
prognosis for most patients is excellent.
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Figure 20.7 Simple goiter.
An enlarged thyroid gland often is caused by a lack of iodine in the
diet. Without iodine, the thyroid is unable to produce thyroid
hormones, and continued anterior pituitary stimulation causes the
gland to enlarge.

Figure 20.8 Cretinism.
Individuals who have hypothyroidism since infancy or childhood do
not grow and develop as others do. Unless medical treatment is
begun, the body is short and stocky; mental retardation is also 
likely.
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Calcitonin 
Calcium (Ca2�) plays a significant role in both neural con-
duction and muscle contraction. It is also necessary for
blood clotting. The blood calcium level is regulated in part
by calcitonin, a hormone secreted by the thyroid gland
when the blood calcium level rises (Fig. 20.9). The primary
effect of calcitonin is to bring about the deposit of calcium in
the bones. It does this by temporarily reducing the activity
and number of osteoclasts. When the blood calcium lowers
to normal, the release of calcitonin by the thyroid is inhibit-
ed, but the low level stimulates the release of parathyroid
hormone (PTH) by the parathyroid glands.

Parathyroid Glands 
Many years ago, the four parathyroid glands were some-
times mistakenly removed during thyroid surgery because
they are so small. Parathyroid hormone (PTH), the hormone
produced by the parathyroid glands, causes the blood phos-
phate (HPO4

2�) level to decrease and the blood calcium lev-
el to increase. 

A low blood calcium level stimulates the release of PTH,
a hormone that has a powerful effect on the body. PTH pro-
motes the activity of osteoclasts and the release of calcium
from the bones. PTH also promotes the reabsorption of cal-
cium by the kidneys where it activates vitamin D. Vitamin
D, in turn, stimulates the absorption of calcium from the

intestine. These effects bring the blood
calcium level back to the normal range
so that the parathyroid glands no longer
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Homeostasis
Blood calcium is normal at 9–10 mg/100 ml
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Figure 20.9 Regulation of blood
calcium level. 
When the blood calcium (Ca2�) level is high,
the thyroid gland secretes calcitonin. Calcitonin
promotes the uptake of Ca2� by the bones, and
therefore the blood Ca2� level returns to
normal. When the blood Ca2� level is low, the
parathyroid glands release parathyroid
hormone (PTH). PTH causes the bones to
release Ca2�, the kidneys to reabsorb Ca2�,
and the intestines to absorb Ca2�; therefore,
the blood Ca2� level returns to normal.

secrete PTH.
When an insufficient parathyroid

hormone production leads to a dramat-
ic drop in the blood calcium level,
tetany results. In tetany, the body
shakes from continuous muscle contrac-
tion. The effect is brought about by
increased excitability of the nerves,
which initiate nerve impulses sponta-
neously and without rest.

The contrary actions of
calcitonin, from the thyroid
gland, and parathyroid
hormone, from the parathyroid
glands, maintain the blood
calcium level within normal
limits.
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20.4 Adrenal Glands 
We have two adrenal glands that sit atop the kidneys (see
Fig. 20.3). Each adrenal gland consists of an inner portion
called the adrenal medulla and an outer portion called the
adrenal cortex. These portions, like the anterior pituitary
and the posterior pituitary, have no physiological connec-
tion with one another. 

The hypothalamus exerts control over the activity of
both portions of the adrenal glands. It can initiate nerve
impulses that travel by way of the brain stem, spinal cord,
and sympathetic nerve fibers to the adrenal medulla, which
then secretes its hormones. The hypothalamus, by means of
ACTH-releasing hormone, controls the anterior pituitary’s
secretion of ACTH, which, in turn, stimulates the adrenal
cortex. Stress of all types, including both emotional and
physical trauma, prompts the hypothalamus to stimulate
the adrenal glands. The adrenal hormones increase during
times of stress. 

Epinephrine (adrenaline) and norepinephrine (nor-
adrenaline) produced by the adrenal medulla rapidly bring
about all the bodily changes that occur when an individual
reacts to an emergency situation as listed in Figure 20.10. In

contrast, the hormones produced by the adrenal cortex pro-
vide a sustained response to stress. The two major types of
hormones produced by the adrenal cortex are the mineralo-
corticoids and the glucocorticoids. The mineralocorticoids
regulate salt and water balance leading to increase in blood
volume and blood pressure. The glucocorticoids regulate
carbohydrate, protein, and fat metabolism, leading to an
increase in blood glucose level. Cortisone, the medication
that is often administered for inflammation of joints, is a glu-
cocorticoid. 

The adrenal cortex also secretes a small amount of male
sex hormones and a small amount of female sex hormones
in both sexes—that is, in the male, both male and female sex
hormones are produced by the adrenal cortex, and in the
female, both male and female sex hormones are also pro-
duced by the adrenal cortex.

The adrenal medulla is under nervous control, and
the adrenal cortex is under the control of ACTH, a
hormone of the anterior pituitary. Their hormonal
secretions help us respond to stress. 
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• Protein and fat metabolism 
instead of glucose breakdown.

• Reduction of inflammation; 
immune cells are suppressed.

• Sodium ions and water are 
reabsorbed by kidney.
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Figure 20.10 Adrenal glands.
Both the adrenal medulla and the adrenal cortex are under the control of the hypothalamus when they help us respond to stress. The adrenal
medulla provides a rapid, but short-lived emergency response, while the adrenal cortex provides a sustained stress response.
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Mineralocorticoids 
Aldosterone is the most important of the mineralocorti-
coids. The primary target organ of aldosterone is the kidney,
where it promotes renal absorption of sodium (Na�) and
renal excretion of potassium (K�). 

The secretion of mineralocorticoids is not under the con-
trol of the anterior pituitary. When the blood sodium level  is
low and therefore the blood pressure is low, the kidneys
secrete renin (Fig. 20.11). Renin is an enzyme that converts the
plasma protein angiotensinogen to angiotensin I, which is
changed to angiotensin II by a converting enzyme found in
the lungs. Angiotensin II stimulates the adrenal cortex to
release aldosterone. The effect of this system, called the renin-
angiotensin-aldosterone system, is to raise blood pressure in
two ways. Angiotensin II constricts the arterioles, which
increases blood pressure, and aldosterone causes the kidneys

to reabsorb sodium. When the blood sodium level rises, water
is reabsorbed in part because the hypothalamus secretes ADH
(see page 400). Then blood pressure increases to normal.

There is a contrary hormone to aldosterone, as you
might suspect. When the atria of the heart are stretched due
to increased blood volume, cardiac cells release a hormone
called atrial natriuretic hormone (ANH), which inhibits the
secretion of aldosterone from the adrenal cortex. The effect
of this hormone is, therefore, to cause the excretion of sodi-
um, that is, natriuresis. When sodium is excreted, so is water,
and therefore blood pressure lowers to normal.

Glucocorticoids
There are several glucocorticoids, of which cortisol is most
important biologically. Cortisol promotes the hydrolysis of

muscle protein to amino acids, which
enter the bloodstream. This leads to a
higher blood glucose level when the
liver converts these amino acids to glu-
cose. Cortisol also favors metabolism of
fatty acids rather than carbohydrates.
In opposition to insulin, therefore, cor-
tisol raises the blood glucose level. Cor-
tisol also counteracts the inflammatory
response that leads to the pain and
the swelling of joints in arthritis and
bursitis. The administration of cortisol
aids these conditions because it reduces
inflammation.

Very high levels of glucocorticoids
in the blood can suppress the body’s
defense system, including the inflam-
matory response that occurs at infec-
tion sites. Cortisone and other
glucocorticoids can relieve swelling
and pain from inflammation, but by
suppressing pain and immunity they
can also make a person highly suscepti-
ble to injury and infection.
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Figure 20.11 Regulation of blood
pressure and volume.
When the blood sodium (Na�) level is high, a
high blood pressure causes the heart to secrete
atrial natriuretic hormone (ANH). ANH causes
the kidneys to secrete Na� and the blood
volume and pressure return to normal. When
the blood Na� is low, a low blood pressure
causes the kidneys to secrete renin. Renin
leads to the secretion of aldosterone from the
adrenal cortex. Aldosterone causes the
kidneys to reabsorb Na�, and therefore the
blood volume and pressure return to normal.
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Malfunction of the Adrenal Cortex 

When there is a low level of adrenal cortex hormones due to
hyposecretion, a person develops Addison disease. The
presence of ACTH, which is in excess but ineffective, causes
a bronzing of the skin because ACTH, like MSH, can lead to
a buildup of melanin (Fig. 20.12). The lack of cortisol results
in an inability to replenish the blood glucose level when a
stressful situation arises. Even a mild infection can lead to
death. The lack of aldosterone results in a loss of sodium and
water, and the development of low blood pressure and pos-
sibly severe dehydration. Left untreated, Addison disease
can be fatal. 

When there is a high level of adrenal cortex hormones
due to hypersecretion, a person develops Cushing syn-

drome (Fig. 20.13). The excess of cortisol results in a tenden-
cy toward diabetes mellitus as muscle protein is metabo-
lized and subcutaneous fat is deposited in the midsection.
The trunk is obese while the arms and legs remain a normal
size. An excess of aldosterone and reabsorption of sodium
and water by the kidneys leads to a basic blood pH and
hypertension. The face is moonshaped due to edema. Mas-
culinization may occur in women because of excess adrenal
male sex hormones. 

The adrenal cortex hormones are essential to
homeostasis. Addison disease is due to adrenal
cortex hyposecretion, and Cushing syndrome is
due to adrenal cortex hypersecretion.

20-13

Figure 20.12 Addison disease. 
Addison disease is characterized by a peculiar bronzing of the skin, particularly noticeable in these light-skinned individuals. Note the color of
(a) the face and (b) the hands compared to the hand of an individual without the disease.

Figure 20.13 Cushing syndrome. 
Cushing syndrome results from hypersecretion
due to an adrenal cortex tumor. a. First diagnosed
with Cushing syndrome. b. Four months later,
after therapy.

a. b.

a. b.

“Not Available in e-Text Version”
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20.5 Pancreas 
The pancreas is a long organ that lies transversely in the
abdomen between the kidneys and near the duodenum of
the small intestine. It is composed of two types of tissue.
Exocrine tissue produces and secretes digestive juices that
go by way of ducts to the small intestine. Endocrine tissue,
called the pancreatic islets (islets of Langerhans), produces
and secretes the hormones insulin and glucagon directly
into the blood (Figure 20.14).

Insulin is secreted when there is a high blood glucose
level, which usually occurs just after eating. Insulin stimu-
lates the uptake of glucose by cells, especially liver cells,
muscle cells, and adipose tissue cells. In liver and muscle
cells, glucose is then stored as glycogen. In muscle cells the
breakdown of glucose supplies energy for protein metabo-
lism, and in fat cells the breakdown of glucose supplies

glycerol for the formation of fat. In these various ways
insulin lowers the blood glucose level.

Glucagon is secreted from the pancreas, usually in
between eating, when there is a low blood glucose level. The
major target tissues of glucagon are the liver and adipose tis-
sue. Glucagon stimulates the liver to break down glycogen
to glucose and to use fat and protein in preference to glucose
as energy sources. Adipose tissue cells break down fat to
glycerol and fatty acids. The liver takes these up and uses
them as substrates for glucose formation. In these various
ways glucose raises the blood glucose level. 

The two contrary hormones insulin and glucagon,
both produced by the pancreas, maintain the
normal level of glucose in the blood. 
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Homeostasis
Blood glucose is normal at 75–110 mg/100 ml
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Figure 20.14 Regulation of blood
glucose level. 
When the blood glucose level is high, the
pancreas secretes insulin. Insulin promotes
the storage of glucose as glycogen and the
synthesis of proteins and fats (as opposed to
their use as energy sources). Therefore,
insulin lowers the blood glucose level to
normal. When the blood glucose level is low,
the pancreas secretes glucagon. Glucagon
acts opposite to insulin; therefore, glucagon
raises the blood glucose level to normal.
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Of the 16 million people who now have diabetes in the
United States, most have type II (noninsulin-dependent) dia-
betes. This type of diabetes mellitus usually occurs in peo-
ple of any age who are obese and inactive. The pancreas
produces insulin, but the liver and muscle cells do not
respond to it in the usual manner. They may increasingly
lack the receptor proteins necessary to detect the presence
of insulin. If type II diabetes is untreated, the results can
be as serious as type I diabetes. (Diabetics are prone to
blindness, kidney disease, and circulatory disorders. Preg-
nancy carries an increased risk of diabetic coma, and the
child of a diabetic is somewhat more likely to be stillborn
or to die shortly after birth.) It is possible to prevent or at
least control type II diabetes by adhering to a low-fat diet
and exercising regularly. If this fails, oral drugs that stim-
ulate the pancreas to secrete more insulin and enhance the
metabolism of glucose in the liver and muscle cells are
available.

Diabetes mellitus is caused by the lack of insulin or
the insensitivity of cells to insulin. Insulin lowers
blood glucose levels by causing the cells,
particularly those of the liver and muscles, to take
up glucose and convert it to glycogen.

Diabetes Mellitus
Diabetes mellitus is a fairly common hormonal disease in
which liver, and indeed all body cells, do not take up and/or
metabolize glucose. Therefore cellular famine exists in the
midst of plenty. As the blood glucose level rises, glucose, along
with water, is excreted in the urine. The loss of water in this
way causes the diabetic to be extremely thirsty. Since glucose
is not being metabolized, the body turns to the breakdown of
protein and fat for energy. The metabolism of fat leads to the
excessive presence of ketones in the blood and acidosis (acid
blood) that can eventually cause coma and death.

There are two types of diabetes mellitus. In type I
(insulin-dependent) diabetes, the pancreas is not producing
insulin. The condition is believed to be brought on by expo-
sure to an environmental agent, most likely a virus, whose
presence causes cytotoxic T cells to destroy the pancreatic
islets. As a result, the individual must have daily insulin
injections. These injections control the diabetic symptoms
but still can cause inconveniences, since either an overdose
of insulin or the absence of regular eating can bring on the
symptoms of hypoglycemia (low blood sugar) . These symp-
toms include perspiration, pale skin, shallow breathing, and
anxiety. Because the brain requires a constant supply of glu-
cose, unconsciousness can result. The cure is quite simple:
immediate ingestion of a sugar cube or fruit juice can very
quickly counteract hypoglycemia.

In 1920, physician Frederick Banting decided to try to isolate
insulin from the pancreas. Previous investigators had been
unable to do this because the enzymes in the digestive juices
made by the pancreas destroyed insulin during the isolation
procedure. Banting hit upon the idea of tying off the pancreatic
duct, which he knew from previous research would lead to the
degeneration only of the cells that produce digestive juices and
not of the pancreatic islets, where insulin is made. J. J. Macleod
made a laboratory available to him at the University of Toronto
and also assigned a graduate student, Charles Best, to assist
him. Banting and Best had limited funds and spent that summer
working, sleeping, and eating in the lab. By the end of the sum-
mer, they had obtained pancreatic extracts that did lower the
blood glucose level in diabetic dogs. Banting and Best followed
the required steps given in the chart to identify a chemical mes-
senger. Macleod then brought in biochemists, who purified the

extract. Insulin therapy for the first human patient began in
1922, and large-scale production of purified insulin from pigs
and cattle followed. Banting and Macleod received a Nobel
Prize for their work in 1923. The amino acid sequence of insulin
was determined in 1953. Insulin is presently a biotechnology
product. 

Steps Example

Identify the source of Pancreatic islets are 
the chemical source

Identify the effect to be Presence of pancreas in 
studied body lowers blood sugar

Isolate the chemical Insulin isolated from
pancreatic secretions

Show that the chemical Insulin alone lowers
alone has the effect blood sugar

Isolation of Insulin
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Dangers of Anabolic Steroids

Anabolic steroids are synthetic forms of the male sex hormone
testosterone. Trainers may have been the first to acquire anabol-
ic steroids for weight lifters, bodybuilders, and other athletes
such as professional football players. When taken in large doses
(10 to 100 times the amount prescribed by doctors for illnesses)
and accompanied by exercise, anabolic steroids promote larger
muscles. Occasionally, steroid abuse makes the news because an
Olympic winner tests positive for the drug and must relinquish
a medal. Steroid use has been outlawed by the International
Olympic Committee.

The U.S. Food and Drug Administration bans the importa-
tion of most steroids, but they are brought into the country ille-
gally and sold through the mail or in gyms and health clubs.

According to federal officials, 1 to 3 million Americans now take
anabolic steroids. Their increased use by teenagers wishing to
build bulk quickly is of special concern. Some attribute this to
society’s emphasis on physical appearance and the need of inse-
cure youngsters to feel better about how they look.

Physicians, teachers, and parents are quite alarmed about
anabolic steroid abuse. It’s even predicted that two or three
months of high-dosage use in a youngster can cause death two
or three decades later. The many harmful effects of anabolic
steroids on the body are listed in Figure 20A. In addition, these
drugs increase aggression and make a person feel invincible.
One abuser even had his friend videotape him as he drove his
car at 40 miles per hour into a tree! 

'roid mania–
delusions and hallucinations;
depression upon withdrawal

balding in men and women;
hair on face and chest
in women

deepening of voice in women

kidney disease and
retention of fluids,
called "steroid bloat"

breast enlargement
in men and breast
reduction in women

severe acne

high blood cholesterol
and atherosclerosis;
high blood pressure
and damage to heart

liver dysfunction
and cancer

in women, increased size
of ovaries; cessation of 
ovulation and menstruation

stunted growth in youngsters
by prematurely halting
lengthening of bones

reduced testicular size, low 
sperm count, and impotency

Figure 20A The effects of anabolic steroid use.
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20.6 Other Endocrine Glands
The testes and ovaries are endocrine glands. There are also
lesser known glands and some tissues that produce hormones.

Testes and Ovaries
The gonads are the testes in males and the ovaries in
females. The testes are located in the scrotum, and the
ovaries are located in the pelvic cavity. The testes produce
androgens (e.g., testosterone), which are the male sex hor-
mones, and the ovaries produce estrogens and proges-
terone, the female sex hormones. The hypothalamus and the
pituitary gland control the hormonal secretions of these
organs in the same manner that was previously described
for the thyroid gland.

The male sex hormone, testosterone, has many func-
tions. It is essential for the normal development and func-
tioning of the sex organs in males. It is also necessary for the
maturation of sperm.

Greatly increased testosterone secretion at the time of
puberty stimulates the growth of the penis and the testes.
Testosterone also brings about and maintains the secondary
sex characteristics in males that develop at the time of puber-
ty. Testosterone causes growth of a beard, axillary (under-
arm) hair, and pubic hair. It prompts the larynx and the vocal
cords to enlarge, causing the voice to change. It is partially
responsible for the muscular strength of males, and this is the
reason some athletes take supplemental amounts of anabol-
ic steroids, which are either testosterone or related chemi-
cals. The contraindications of taking anabolic steroids are
discussed in the Health reading on the previous page. Testos-
terone also stimulates oil and sweat glands in the skin; there-
fore, it is largely responsible for acne and body odor. Another
side effect of testosterone is baldness. Genes for baldness
probably are inherited by both sexes, but baldness is seen
more often in males because of the presence of testosterone.

Testosterone is believed to be largely responsible for the
sex drive. It may even contribute to the suggested aggres-
siveness of males.

The female sex hormones, estrogens and progesterone,
have many effects on the body. In particular, estrogens
secreted at the time of puberty stimulate the growth of the
uterus and the vagina. Estrogen is necessary for egg matura-
tion and is largely responsible for the secondary sex charac-
teristics in females. It is responsible for female body hair and
fat distribution. In general, females have a more rounded
appearance than males because of a greater accumulation of
fat beneath the skin. Also, the pelvic girdle is wider in
females than in males, resulting in females having a larger
pelvic cavity. Both estrogen and progesterone are required
for breast development and regulation of the uterine cycle,
which includes monthly menstruation (discharge of blood
and mucosal tissues from the uterus).

Pineal Gland 
The pineal gland, which is located in the brain (see Fig. 20.3),
produces the hormone called melatonin, primarily at night.
Melatonin is involved in daily cycles, or circadian rhythms.
Normally we grow sleepy at night when melatonin levels
increase and awaken once daylight returns and melatonin
levels are low. Shift work is usually troublesome because it
upsets this normal daily rhythm. Similarly, travel to another
time zone, as when going to Europe from the United States,
results in jet lag because the body is still producing mela-
tonin according to the old schedule. Some people even have
seasonal affective disorder (SAD); they become depressed
and have an uncontrollable desire to sleep with the onset of
winter. Receiving melatonin makes their symptoms worse,
but exposure to a bright light improves them.

Based on animal research, it appears that melatonin also
regulates sexual development. It is of interest that children
whose pineal gland has been destroyed due to a brain tumor
experience early puberty. 

Thymus Gland
The thymus is a lobular gland that lies just beneath the ster-
num (see Fig. 20.3). This organ reaches its largest size and is
most active during childhood. With aging, the organ gets
smaller and becomes fatty. Lymphocytes that originate in
the bone marrow and then pass through the thymus are
transformed into T lymphocytes. The lobules of the thymus
are lined by epithelial cells that secrete hormones called thy-
mosins. These hormones aid in the differentiation of lym-
phocytes packed inside the lobules. Although the hormones
secreted by the thymus ordinarily work in the thymus, there is
hope that these hormones could be injected into AIDS or cancer
patients where they would increase T lymphocyte function.

Nontraditional Sources
Some organs that are usually not considered endocrine
glands do indeed secrete hormones. We have already men-
tioned that the heart produces atrial natriuretic hormone.
And you will recall that the stomach and the small intestine
produce peptide hormones that regulate digestive secre-
tions. There are a number of other types of tissues that pro-
duce hormones.

Leptin
Leptin is a protein hormone produced by adipose tissue that
acts on the hypothalamus where it signals satiety—that the
individual has had enough to eat. Strange to say, the blood
of obese individuals may be rich in leptin. The possibility
exists that the leptin they produce is ineffective because of a
genetic mutation or else their hypothalamic cells lack a suit-
able number of receptors for leptin.
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Growth Factors
A number of different types of organs and cells produce
peptide growth factors, which stimulate cell division and
mitosis. They are like hormones in that they act on cell types
with specific receptors to receive them. Some, like lym-
phokines, are released into the blood; others diffuse to near-
by cells. Growth factors of particular interest are:

Granulocyte and macrophage colony-stimulating factor
(GM-CSF) is secreted by many different tissues.
GM-CSF causes a common stem cell to form either
granulocyte or macrophage cells, depending on
whether the concentration is low or high.

Platelet-derived growth factor is released from platelets
and from many other cell types. It helps in wound
healing and causes an increase in the number of
fibroblasts, smooth muscle cells, and certain cells of
the nervous system.

Epidermal growth factor and nerve growth factor stimulate
the cells indicated by their names, as well as many
others. These growth factors are also important in
wound healing.

Tumor angiogenesis factor stimulates the formation of
capillary networks and is released by tumor cells.
One treatment for cancer is to prevent the activity
of this growth factor.

Prostaglandins
Prostaglandins (PG) are chemical messengers that are pro-
duced and act locally. They are derived from fatty acids
stored in plasma membranes as phospholipids. When a cell
is stimulated by reception of a hormone or even by trauma,
a series of synthetic reactions takes place in the plasma
membrane, and PG is first released into the cytoplasm and
then secreted from the cell. There are many different types of
prostaglandins produced by many different tissues. In the
uterus, prostaglandins cause muscles to contract; therefore,
they are implicated in the pain and discomfort of menstrua-
tion in some women. Also, prostaglandins mediate the
effects of pyrogens, chemicals that are believed to reset the
temperature regulatory center in the brain. Aspirin reduces
body temperature of a person and controls pain because of
its effect on prostaglandins.

Certain prostaglandins reduce gastric secretion and
have been used to treat ulcers; others lower blood pressure,
and have been used to treat hypertension; and yet others
inhibit platelet aggregation, and have been used to prevent
thrombosis. Because the different prostaglandins can have
contrary effects, it has been very difficult to standardize
their use, and in most instances, prostaglandin therapy is
still considered experimental.
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Hormone therapy saves lives. Diabet-
ics and those with Addison disease

would soon succumb if hormone therapy
was not available for their conditions. Oth-
er hormone therapies are a matter of
choice and raise ethical questions. If you
were the parent of a child who was short
for his or her age group, on what basis
might you decide to have the child under-
go hormone therapy?  

Researchers have found that human
growth hormone doesn’t work. It causes
puberty to arrive earlier than usual, and
this does away with any gain in height
that occurred before puberty. However,
studies are being conducted with a
synthetic growth hormone called somato-
tropin that seems to work better. Re-

searchers in England conducted a survey
of about 14,000 girls, and decided to treat
seven girls who were short for their age.
They compared their progress to a group
of untreated girls. All girls started puberty
at about the same age—13.5 years. The
girls in the treated group received a daily
injection of somatotropin between the
ages of 8 and 14. They grew to 5’1” by age
16, when most girls stop growing. That
was 2.4 to 3.0 inches taller than the girls in
the untreated group. 

The researchers were interested in
whether height affected psychological out-
look. They found that girls who were 4’10”
appeared to be just as happy and well bal-
anced as those who were taller. Is psy-
chological outlook a good criterion to use

when deciding whether to use hormone
therapy to increase height? Is this criterion
more appropriately applied to boys than
to girls? When does short height become a
disability in our society? Are tall people
likely to have more successful careers than
short people?

Questions
1. Do you approve of using hormone

therapy to increase the growth of a child?
Why or why not?

2. On what basis would you decide to use
hormone therapy for your child in order
to increase height? Should it matter
whether the child is a girl or boy?

3. What assurances would you need before
you enter your child in an experimental
study? 
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Summarizing the Concepts

20.1 Environmental Signals
There are three categories of environmental signals: those that act
at a distance between individuals (pheromones); those that act at
a distance within the individual (traditional endocrine hormones
and secretions of neurosecretory cells); and local messengers
(such as prostaglandins, growth factors, and neurotransmitters).
Since there is great overlap between these categories, perhaps the
definition of a hormone should be expanded to include all of
them.

Steroid hormones enter the nucleus and combine with a recep-
tor hormone, and the complex attaches to and activates DNA. Tran-
scription and translation lead to protein synthesis. Nonsteroid
hormones are usually received by a hormone receptor located in
the plasma membrane. Most often their reception leads to activa-
tion of an enzyme that changes ATP to cyclic AMP (cAMP). cAMP
then activates an enzyme cascade. Hormones work in small quan-
tities because their effect is amplified.

20.2 Hypothalamus and Pituitary Gland
Neurosecretory cells in the hypothalamus produce antidiuretic
hormone (ADH) and oxytocin, which are stored in axon endings in
the posterior pituitary until they are released.

The hypothalamus produces hypothalamic-releasing and
hypothalamic-inhibiting hormones, which pass to the anterior
pituitary by way of a portal system. The anterior pituitary pro-
duces at least six types of hormones, and some of these stimulate
other hormonal glands to secrete hormones. 

20.3 Thyroid and Parathyroid Glands
The thyroid gland requires iodine to produce thyroxine and tri-
iodothyronine, which increase the metabolic rate. If iodine is
available in limited quantities, a simple goiter develops; if the
thyroid is overactive, an exophthalmic goiter develops. The thy-
roid gland also produces calcitonin, which helps lower the blood
calcium level. The parathyroid glands secrete parathyroid hor-
mone which raises the blood calcium and decreases the blood
phosphate level.

20.4 Adrenal Glands 
The adrenal glands respond to stress: immediately, the adrenal
medulla secretes epinephrine and norepinephrine, which bring
about responses we associate with emergency situations. On a
long-term basis, the adrenal cortex produces the glucocorticoids
(e.g., cortisol) and the mineralocorticoids (e.g., aldosterone). Corti-
sol stimulates hydrolysis of proteins to amino acids that are con-
verted to glucose; in this way, it raises the blood glucose level.
Aldosterone causes the kidneys to reabsorb sodium ions (Na�) and
excrete potassium ions (K�). Addison disease develops when the
adrenal cortex is underactive, and Cushing syndrome develops
when the adrenal cortex is overactive. 

20.5 Pancreas 
The pancreatic islets secrete insulin, which lowers the blood glu-
cose level, and glucagon, which has the opposite effect. The most

common illness due to hormonal imbalance is diabetes mellitus,
which is due to the failure of the pancreas to produce insulin or the
cells to take it up.

20.6 Other Endocrine Glands
The gonads produce the sex hormones; the pineal gland produces
melatonin, which may be involved in circadian rhythms and the
development of the reproductive organs; and the thymus secretes
thymosins, which stimulate T lymphocyte production and matura-
tion.

Tissues also produce hormones. Adipose tissue produces lep-
tin which acts on the hypothalamus, and various tissues produce
growth factors. Prostaglandins are produced and act locally. 

Studying the Concepts

1. Categorize chemical messengers into three groups based
upon the distance between site of secretion and receptor site,
and give examples of each group. 396

2. Give examples to show that there is an overlap between the
mode of operation of the nervous system and that of the
endocrine system. Explain why the traditional definition of a
hormone may need to be expanded. 396

3. Explain how steroid hormones and nonsteroid hormones
affect the metabolism of the cell. 397

4. Describe a mechanism by which the production of a hormone
is regulated and another by which the effect of a hormone is
controlled. 399

5. Explain the relationship of the hypothalamus to the posterior
pituitary gland and to the anterior pituitary gland. List the
hormones secreted by the posterior and anterior pituitary.
400

6. Give an example of the three-tier relationship among the
hypothalamus, the anterior pituitary, and other endocrine
glands. 400

7. Discuss the effect of growth hormone on the body as a result
of there being too much or too little growth hormone when a
young person is growing. What is the result if the anterior
pituitary produces growth hormone in an adult? 402

8. What types of goiters are associated with a malfunctioning
thyroid? Explain each type. 403

9. How do the thyroid and the parathyroid work together to
control the blood calcium level? 404

10. How do the adrenal glands respond to stress? What
hormones are secreted by the adrenal medulla, and what
effects do these hormones have? 405

11. Name the most significant glucocorticoid and mineralocorti-
coid, and discuss their functions. Explain the symptoms of
Addison disease and Cushing syndrome. 406–7

12. Draw a diagram to explain how insulin and glucagon main-
tain the blood glucose level. Use your diagram to explain
three major symptoms of type I diabetes mellitus. 408–9

13. Name the other endocrine glands discussed in this chapter,
and discuss the function of the hormones they secrete. 411

14. What are leptin, growth factors, and prostaglandins? How do
these substances act? 411–12
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Testing Yourself

Choose the best answer for each question.
1. One of the chief differences between pheromones and local

hormones is
a. the distance over which they act.
b. that one is a chemical messenger and the other is not.
c. that one is made by only invertebrates and the other is

made by only vertebrates.
d. All of these are correct.

2. Nonsteroid hormones
a. are received by a receptor located in the plasma mem-

brane.
b. are received by a receptor located in the cytoplasm.
c. bring about the transcription of DNA.
d. Both b and c are correct.

Match the hormone in questions 3–7 to the correct gland in the key.
Key:
a. pancreas
b. anterior pituitary
c. posterior pituitary
d. thyroid
e. adrenal medulla
f. adrenal cortex

3. cortisol
4. growth hormone (GH)
5. oxytocin storage
6. insulin
7. epinephrine
8. The blood cortisol level controls the secretion of

a. a releasing hormone from the hypothalamus.
b. adrenocorticotropic hormone (ACTH) from the anterior

pituitary.
c. cortisol from the adrenal cortex.
d. All of these are correct.

9. The anterior pituitary controls the secretion(s) of
a. both the adrenal medulla and the adrenal cortex.
b. both cortisol and aldosterone.
c. thyroxine.
d. All of these are correct.

10. Aldosterone 
a. is opposed by atrial natriuretic hormone (ANH).
b. causes the kidneys to reabsorb sodium.
c. causes the blood volume to increase.
d. All of these are correct.

11. Diabetes mellitus is associated with
a. too much insulin in the blood.
b. too high a blood glucose level.
c. blood that is too dilute.
d. All of these are correct.

12. Which of these is not a pair of opposing hormones?
a. insulin—glucagon
b. calcitonin—parathyroid hormone
c. cortisol—epinephrine
d. aldosterone—atrial natriuretic hormone (ANH)
e. thyroxine—growth hormone

13. Which hormone and condition is mismatched?
a. growth hormone—acromegaly
b. thyroxine—goiter
c. parathyroid hormone—tetany
d. cortisol—Addison disease
e. insulin—diabetes

14. Fill in this diagram to explain the three-tiered relationship
between the hypothalamus, the anterior pituitary, and the
target gland. 
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Feedback

Feedback

(hormone 1)

(hormone 2)

(hormone 3)

release of hormone 2

release of hormone 1
a.

b.

c.

d.

e.

Hypothalamus

Anterior pituitary

Target gland

Thinking Scientifically

1. Environmental signals alter the behavior of target cells (page
396).
a. How would you modify this definition to be consistent

with Figure 20.1? Why?
b. What makes a target cell sensitive to a particular environ-

mental signal?
c. Why is the term behavior a good one to use in the defini-

tion of an environmental signal? Give examples of change
in behavior of the target cell, the organ, or the organism.

d. When is the environmental signal insulin present? When is
an environment signal like a neurotransmitter substance
released?

2. Considering the function of the pancreas (page 408):
a. If the pancreas is removed from an animal, what substance

would you expect to find in the urine? Why?
b. Would your findings support the contention that the pan-

creas is the source of insulin? What do they prove?
c. How would you prove that insulin lowers blood sugar?
d. Once you have shown that insulin lowers blood sugar, do

your findings in question 2a support the belief that the
pancreas is the source of insulin? Why?

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Chapter 20 Endocrine System 41520-21

Understanding the Terms

acromegaly 402
Addison disease 407
adrenal cortex 405
adrenal gland 405
adrenal medulla 405
adrenocorticotropic

hormone (ACTH) 400
aldosterone 406
anabolic steroid 411
androgen 411
anterior pituitary 400
antidiuretic hormone

(ADH) 400
atrial natriuretic hormone

(ANH) 406
calcitonin 404
circadian rhythm 411
cortisol 406
cretinism 403
Cushing syndrome 407
cyclic AMP 397
diabetes mellitus 409
endocrine gland 399
epinephrine 405
estrogen 411
exophthalmic goiter 403
glucagon 408
glucocorticoid 405
gonadotropic hormone 400
growth factor 412
growth hormone (GH) 400
hormone 396
hypothalamic-inhibiting

hormone 400
hypothalamic-releasing

hormone 400
hypothalamus 400
insulin 408

leptin 411
melanocyte-stimulating

hormone (MSH) 400
melatonin 411
mineralocorticoid 405
myxedema 403
nonsteroid hormone 397
norepinephrine (NE) 405
ovaries 411
oxytocin 400
pancreas 408
pancreatic islets

(of Langerhans) 408
parathyroid gland 404
parathyroid hormone

(PTH) 404
pheromone 396
pineal gland 411
pituitary dwarf 402
pituitary gland 400
posterior pituitary 400
progesterone 411
prolactin (PRL) 400
prostaglandin (PG) 412
renin 406
seasonal affective disorder

(SAD) 411
simple goiter 403
steroid hormone 397
testes 411
testosterone 411
tetany 404
thymus 411
thyroid gland 403
thyroid-stimulating

hormone (TSH) 400
thyroxine 403
triiodothyronine 403

Match the terms to these definitions:
a. Organ that is in the neck and secretes several

important hormones, including thyroxine and calcitonin.
b. Condition characterized by high blood glucose

level and the appearance of glucose in the urine.
c. Hormone secreted by the anterior pituitary that

stimulates activity in the adrenal cortex.
d. Type of hormone that binds to a plasma mem-

brane receptor and results in activation of an enzyme cas-
cade.

e. Hormone released by the posterior pituitary that
causes contraction of uterus and milk letdown.

Using Technology

Your study of the endocrine system is supported by these
available technologies:

Essential Study Partner CD-ROM
Animals ££ Endocrine System

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Endocrine System ££ Clinical Concepts 

££Diabetes
££ Explorations 
££H-PT axis

HealthQuest CD-ROM
1 Stress Management and Mental Health ££ Gallery££
Stressors Affect Body

Life Science Animations 3D Video
41 Hormone Action

http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/chap20espactivities_s.html
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In the eighteenth century, Gregor

Mendel studied inheritance in

peas and proposed that each par-

ent donates hereditary factors to

the offspring. The term gene was

coined in the twentieth century

when it was reasoned that the

genes are parts of chromosomes.

After X-raying bread mold, Beadle

and Tatum gave us the one gene-

one enzyme hypothesis. In other

words, genes specify protein syn-

thesis. Finally in 1944, scientists

knew that genes are composed of

DNA, and in 1953, Watson and

Crick deduced the structure of

DNA. Now, modern genetics has

the ability to manipulate the

genes of all organisms, including

those of human beings. 

Continuance of the Species

21 Reproductive System 419
The reproductive systems of male and
female produce the gametes, which unite
to form a cell that develops into a human
being. 

23 Patterns of Gene
Inheritance 469

Genes are inherited from each parent and
they bring about our characteristics,
including any genetic  disorders. 

22 Development 443
Development is a series of controlled
events that produces a human being,
which is like, and at the same time
different from, its parents. 

24 Patterns of Chromosome
Inheritance 487

The genes are parts of chromosomes, and
chromosomal inheritance has a marked
effect on our individual characteristics.

26 Biotechnology 529
We have learned how to control DNA,
and therefore the characteristics of cells
and individuals.

25 Molecular Basis of
Inheritance 505

The genes are composed of DNA, the
molecule that stores genetic information
from generation to generation.
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Forensic geneticists use DNA fingerprinting as a way to compare
the DNA of persons with an unknown sample to see if there is a
relationship. DNA from cells obtained at a crime scene is processed
in a laboratory and made into a DNA print that can be compared
with the suspect’s DNA prints. DNA prints can also be evidence in
paternity cases and in any circumstances in which information
about ancestry is required.

Research geneticists study the DNA of organisms to understand
how genes function and develop laboratory techniques that can be
used by others. Some assist physicians in developing gene therapy
techniques that will be used to treat genetic diseases. Many work
on the ambitious Human Genome Project, designed to map the
chromosomes and sequence every gene of the human species.

Biotechnologists work in laboratories of biotechnology firms and
in chemical plants where biotechnology products are produced. 

Agricultural geneticists use genetic techniques to improve plant
and animal food sources and to create plants and animals that will
produce products desired by humans.

Pharmaceutical geneticists improve the drug-making capability of
prokaryotic and eukaryotic cells, and use biotechnology techniques
to design new and more powerful drugs. Some drugs that were pre-
viously available in limited quantity can now be mass-produced.

Genetic counselors work with clients to determine if they have a
genetic defect that can lead to a disorder in the future or can be
passed on to their children. They also give advice about or arrange
for genetic testing that detects such mutations. These tests can be
administered to white blood cells from an adult, or fetal cells taken
from the placenta or amniotic fluid.

Biotechnologists doing DNA fingerprinting.

Geneticist weighing yield of corn strains.

Genetic counselor and doctor talking to a couple.

Careers in Genetics
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Reproductive
System

Chapter Concepts

21.1 Male Reproductive System
• The male reproductive system is designed for

the continuous production of a large number of
sperm within a fluid medium. 420

21.2 Female Reproductive System
• The female reproductive system is designed for

the monthly production of an egg and
preparation of the uterus to house the
developing fetus. 424

21.3 Female Hormone Levels
• Hormones control the monthly reproductive

cycle in females and play a significant role in
maintaining pregnancy, should it occur. 427

21.4 Control of Reproduction
• Birth-control measures vary in effectiveness from

those that are very effective to those that are
minimally effective. 431

• There are alternative methods of reproduction
today, including in vitro fertilization followed by
introduction to the uterus. 434

21.5 Sexually Transmitted Diseases
• There are several serious and prevalent sexually

transmitted diseases. 435
Human reproduction requires that the sperm make their way
through the uterus to the oviduct where one of them will
fertilize an egg.
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M ark and Deidre had in vain tried to have a child for
more than two years. They had even timed their
lovemaking to follow Deidre’s monthly cycle of

producing an egg. They finally learned that while Mark’s
sperm were healthy, his testes were making very few of
them. The couple turned to an infertility clinic for help. Using
hormones, physicians stimulated Deidre’s ovaries to mature
a bunch of eggs at once. The doctors surgically removed
those eggs and injected a single sperm of Mark’s into each
one. Those eggs that were successfully fertilized were then
implanted into Deidre’s uterus. Nine months later, she gave
birth to triplets.

Mark and Deidre were reluctant to tell others how their
children were conceived. They were afraid that some would
think they should not interfere with the natural course of
events. And how would the children be affected by being
one of three instead of receiving the full attention of their
parents? How do you feel about such questions? Is it bene-
ficial or not that medical science has learned to control hu-
man reproduction?

This chapter will describe how the male and female re-
productive systems normally bring about this miracle of new
life. And it will consider alternative means of human repro-
duction as well.

21.1 Male Reproductive System
The male reproductive system includes the organs depicted
in Figure 21.1 and listed in Table 21.1. The male gonads are
paired testes (sing., testis), which are suspended within the
scrotal sacs of the scrotum.

Sperm produced by the testes mature within the epi-
didymis (pl., epididymides), which is a tightly coiled tubule
lying just outside each testis. Maturation seems to be re-
quired for the sperm to swim to the egg. Each epididymis
joins with a vas deferens (pl., vasa deferentia), which de-
scends through a canal called the inguinal canal and enters
the abdominal cavity where it curves around the bladder
and empties into the urethra. Sperm are stored in both the
epididymides and the vasa deferentia. 

At the time of ejaculation, sperm leave the penis in a
fluid called seminal fluid (semen). The pair of seminal vesi-
cles, the prostate gland, and the bulbourethral glands
(Cowper’s glands) add secretions to seminal fluid. The
seminal vesicles lie at the base of the bladder and each has
a duct that joins with a vas deferens. The prostate gland is a
single doughnut-shaped gland that surrounds the upper
portion of the urethra just below the bladder. In older men,

Figure 21.1 The male reproductive system. 
The testes produce sperm. The seminal vesicles, the prostate gland, and the bulbourethral gland provide a fluid medium. Circumcision is the
removal of the foreskin. Notice that the penis in this drawing is not circumcised because the foreskin is present.

urinary bladder

vas deferens

pubic symphysis

urethra

penis

glans penis

foreskin

scrotum

ureter

seminal vesicle

ejaculatory duct

prostate gland

bulbourethral gland

anus

vas deferens

epididymis

testis

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


the prostate can enlarge and squeeze off the urethra, mak-
ing urination painful and difficult. The condition can be
treated medically. Bulbourethral glands are pea-sized or-
gans that lie posterior to the prostate on either side of the
urethra.

Each component of seminal fluid seems to have a partic-
ular function. Sperm are more viable in a basic solution, and
seminal fluid, which is milky in appearance, has a slightly
basic pH (about 7.5). Swimming sperm require energy, and
seminal fluid contains the sugar fructose, which presumably
serves as an energy source. Seminal fluid also contains
prostaglandins, chemicals that cause the uterus to contract.
Some investigators believe that uterine contractions help
propel the sperm toward the egg. 

Orgasm in Males
The penis (Fig. 21.2) is the male organ of of sexual inter-
course. The penis has a long shaft and an enlarged tip called
the glans penis. The glans penis is normally covered by a
layer of skin called the foreskin. Circumcision is the surgical
removal of the foreskin, usually soon after birth. 

Spongy, erectile tissue containing expandable blood
spaces extends through the shaft of the penis. During sexual
arousal, nerve impulses stimulate the release of cGMP
(cyclic guanosine monophosphate), and the erectile tissue
fills with blood. The veins that take blood away from the pe-
nis are compressed and the penis becomes erect. Impotency
exists when the erectile tissue doesn’t expand enough to
compress the veins. The new drug Viagra inhibits an en-
zyme that breaks down cGMP, ensuring that a full erection
will take place. Vision problems may occur because the
same enzyme occurs in the retina. 

As sexual stimulation intensifies, sperm enter the ure-
thra from each vas deferens and the glands contribute secre-
tions to seminal fluid (semen). Once seminal fluid is in the
urethra, rhythmic muscle contractions cause it to be expelled
from the penis in spurts. During ejaculation, a sphincter
closes off the bladder so that no urine enters the urethra.
(Notice that the urethra carries either urine or semen at dif-
ferent times.)

The contractions that expel seminal fluid from the penis
are a part of male orgasm, the physiological and psycholog-
ical sensations that occur at the climax of sexual stimulation.
The psychological sensation of pleasure is centered in the
brain, but the physiological reactions involve the genital (re-
productive) organs and associated muscles, as well as the
entire body. Marked muscular tension is followed by con-
traction and relaxation.

Following ejaculation and/or loss of sexual arousal, the
penis returns to its normal flaccid state. After ejaculation, a
male typically experiences a period of time, called the re-
fractory period, during which stimulation does not bring
about an erection. The length of the refractory period in-
creases with age.

There may be in excess of 400 million sperm in the 3.5 ml
of semen expelled during ejaculation. The sperm count can
be much lower than this, however, and fertilization of the
egg by a sperm still can take place. 

Sperm are produced in the testes, mature in the
epididymis, and pass from the vas deferens to the
urethra. After glands add fluid to sperm, semen is
ejaculated from the penis at the time of male
orgasm. 

Chapter 21 Reproductive System 42121-3

skin layers

connective tissue

external urethral opening

erectile tissue

urethra

prepuce

glans penis

skin

subcutaneous
tissue

connective
tissue

a. b.

Figure 21.2 Penis anatomy.
a. Beneath the skin and the connective tissue lies the urethra, surrounded by erectile tissue. This tissue expands to form the glans penis, which in
uncircumcised males is partially covered by the foreskin. b. Two other columns of erectile tissue in the penis are located dorsally.
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The Male Gonads, the Testes 
The testes lie outside the abdominal cavity of the male
within the scrotum. The testes begin their development in-
side the abdominal cavity but descend into the scrotal sacs
during the last two months of fetal development. If, by
chance, the testes do not descend and the male is not treated
or operated on to place the testes in the scrotum, sterility—
the inability to produce offspring—usually follows. This is

because the internal temperature of the body is too high to
produce viable sperm. The scrotum helps regulate the tem-
perature of the testes by holding them closer or farther away
from the body.

A longitudinal section of a testis shows that it is com-
posed of compartments called lobules, each of which con-
tains one to three tightly coiled seminiferous tubules (Fig.
21.3a). Altogether, these tubules have a combined length of
approximately 250 meters. A microscopic cross section of a
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Figure 21.3 Testis and sperm.
a. The lobules of a testis contain seminiferous tubules. b. Light micrograph of cross section of seminiferous tubules where spermatogenesis
occurs. c. Diagrammatic representation of spermatogenesis, which occurs in the wall of the tubules. d. A sperm has a head, a middle piece, and
a tail. The nucleus is in the head, capped by the enzyme-containing acrosome.
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seminiferous tubule shows that it is packed with cells un-
dergoing spermatogenesis (Fig. 21.3b), the production of
sperm. Also present are sustentacular (Sertoli) cells, which
support, nourish, and regulate the spermatogenic cells (Fig.
21.3c).

Mature sperm, or spermatozoa, have three distinct
parts: a head, a middle piece, and a tail (Fig. 21.3d). There are
mitochondria in the middle piece that provide the energy
for the movement of the tail which has the structure of a fla-
gellum. The head contains a nucleus covered by a cap called
the acrosome, which stores enzymes needed to penetrate the
egg. The ejaculated semen of a normal human male contains
several hundred million sperm, assuring an adequate num-
ber for fertilization to take place. Only one sperm normally
enters an egg.

Hormonal Regulation in Males
The hypothalamus has ultimate control of the testes’ 
sexual function because it secretes a hormone called
gonadotropin-releasing hormone (GnRH) that stimulates
the anterior pituitary to secrete the gonadotropic hormones.
There are two gonadotropic hormones—follicle-stimulating
hormone (FSH) and luteinizing hormone (LH)—in both
males and females. In males, FSH promotes the production
of sperm in the seminiferous tubules, which also release the
hormone inhibin.

LH in males is sometimes given the name interstitial cell-
stimulating hormone (ICSH) because it controls the produc-
tion of testosterone by the interstitial cells, which are found
in the spaces between the seminiferous tubules. All these
hormones are involved in a negative feedback relationship
that maintains the fairly constant production of sperm and
testosterone (Fig. 21.4).

Testosterone, the main sex hormone in males, is es-
sential for the normal development and functioning of the
organs listed in Table 21.1. Testosterone also brings about
and maintains the male secondary sex characteristics that
develop at the time of puberty. Males are generally taller
than females and have broader shoulders and longer legs
relative to trunk length. The deeper voice of males com-

pared to females is due to a larger larynx with longer vo-
cal cords. Since the so-called Adam’s apple is a part of the
larynx, it is usually more prominent in males than in fe-
males. Testosterone causes males to develop noticeable
hair on the face, chest, and occasionally on other regions of
the body such as the back. Testosterone also leads to the
receding hairline and pattern baldness that occurs in
males.

Testosterone is responsible for the greater muscular de-
velopment in males. Knowing this, males and females some-
times take anabolic steroids, which are either testosterone or
related steroid hormones resembling testosterone. Health
problems involving the kidneys, the circulatory system, and
hormonal imbalances can arise from such use. The testes
shrink in size, and feminization in regard to other male traits
occurs. 

The gonads in males are the testes, which produce
sperm as well as testosterone, the most significant
male sex hormone.
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Organ Function

Testes Produce sperm and sex hormones

Epididymides Maturation and some storage of sperm

Vasa deferentia Conduct and store sperm

Seminal vesicles Contribute fluid to semen

Prostate gland Contributes fluid to semen

Urethra Conducts sperm

Bulbourethral glands Contribute fluid to semen

Penis Organ of copulation

Table 21.1 Male Reproductive System hypothalamus

anterior
pituitary

LH FSH

interstitial
cells
produce
testosterone

seminiferous
tubules
produce
sperm
plus inhibin

testis

GnRH

Figure 21.4 Hormonal control of testes.
GnRH (gonadotropin-releasing hormone) stimulates the anterior
pituitary to secrete the gonadotropic hormones FSH and LH. FSH
stimulates the testes to produce sperm, and LH stimulates the testes
to produce testosterone. Testosterone and inhibin exert negative
feedback control over the hypothalamus and the anterior pituitary,
and this regulates the level of testosterone in blood.
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21.2 Female Reproductive System
The female reproductive system includes the organs de-
picted in Figure 21.5 and listed in Table 21.2. The female go-
nads are paired ovaries that lie in shallow depressions, one
on each side of the upper pelvic cavity. Oogenesis is the pro-
duction of an egg, the female gamete. The ovaries alternate
in producing one egg (ovum) a month. Ovulation is the
process by which an egg bursts from an ovary and usually
enters an oviduct. 

The Genital Tract
The oviducts, also called uterine or fallopian tubes, extend
from the uterus to the ovaries; however, the oviducts are not
attached to the ovaries. Instead, they have fingerlike projec-
tions called fimbriae (sing., fimbria) that sweep over the
ovaries. When an egg bursts from an ovary during ovula-
tion, it usually is swept into an oviduct by the combined ac-
tion of the fimbriae and the beating of cilia that line the
oviducts. 

Once in the oviduct, the egg is propelled slowly by cilia
movement and tubular muscle contraction toward the

uterus. Fertilization and zygote formation occurs in an
oviduct because the egg only lives approximately 6 to 24
hours. The developing embryo normally arrives at the uterus
after several days and then embeds, or implants, itself in the
uterine lining, which has been prepared to receive it. 

The uterus is a thick-walled, muscular organ about
the size and shape of an inverted pear. Normally, it lies
above and is tipped over the urinary bladder. The
oviducts join the uterus anteriorly, while posteriorly the
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Organ Function

Ovaries Produce egg and sex hormones

Oviducts Conduct egg; location of fertilization
(fallopian tubes)

Uterus (womb) Houses developing fetus

Cervix Contains opening to uterus

Vagina Receives penis during sexual
intercourse; serves as birth canal, 
and as an exit for menstrual flow

Table 21.2 Female Reproductive System

oviduct

ovary

uterus

urinary
bladder

pubic symphysis

urethra

clitoris

labium minora

labium majora

vaginal orifice

ureter

fimbriae

cervix

rectum

vagina

anus

Figure 21.5 The female reproductive system.
The ovaries release one egg a month; fertilization occurs in the oviduct, and development occurs in the uterus. The vagina is the birth canal and
the organ of sexual intercourse.
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cervix enters the vagina nearly at a right angle. A small
opening in the cervix leads to the vaginal canal. Develop-
ment of the embryo normally takes place in the uterus.
This organ, sometimes called the womb, is approximately
5 cm wide in its usual state but is capable of stretching to
over 30 cm wide to accommodate the growing baby. The
lining of the uterus, called the endometrium, participates
in the formation of the placenta (p. 429) which supplies
nutrients needed for embryonic and fetal development.
The endometrium has two layers, a basal layer and an in-
ner functional layer. In the nonpregnant female, the func-
tional layer of the endometrium varies in thickness
according to a monthly reproductive cycle, called the uter-
ine cycle. 

Cancer of the cervix is a common form of cancer in
women. Early detection is possible by means of a Pap test,
which requires the removal of a few cells from the region of
the cervix for microscopic examination. If the cells are can-
cerous, a hysterectomy may be recommended. A hysterec-
tomy is the removal of the uterus, including the cervix.
Removal of the ovaries in addition to the uterus is termed
an ovariohysterectomy. Because the vagina remains, the
woman still can engage in sexual intercourse.

The vagina is a tube at a 45° angle with the small of the
back. The mucosal lining of the vagina lies in folds and can
extend. This is especially important when the vagina serves
as the birth canal. It also facilitates sexual intercourse, when
the vagina receives the penis, and acts as an exit for men-
strual flow.

External Genitals
The external genital organs of the female are known collec-
tively as the vulva (Fig. 21.6). The vulva includes two large,
hair-covered folds of skin called the labia majora. They ex-
tend backward from the mons pubis, a fatty prominence un-
derlying the pubic hair. The labia minora are two small folds
lying just inside the labia majora. They extend forward from
the vaginal opening to encircle and form a foreskin for the
clitoris, an organ that is homologous to the penis. Although
quite small, the clitoris has a shaft of erectile tissue and is
capped by a pea-shaped glans. The glans clitoris also has
sense receptors that allow it to function as a sexually sensi-
tive organ. 

The vestibule, a cleft between the labia minor, contains
the openings of the urethra and the vagina. The vagina may
be partially closed by a ring of tissue called the hymen. The
hymen ordinarily is ruptured by initial sexual intercourse;
however, it also can be disrupted by other types of physical
activities. If the hymen persists after sexual intercourse, it
can be surgically ruptured.

Notice that the urinary and reproductive systems in the
female are entirely separate. For example, the urethra carries
only urine, and the vagina serves only as the birth canal and
the organ for sexual intercourse. 

Orgasm in Females
Sexual response in the female may be more subtle than in
the male, but there are certain corollaries. The clitoris is be-
lieved to be an especially sensitive organ for initiating sexual
sensations. It is possible for the clitoris to become ever so
slightly erect as its erectile tissues become engorged with
blood, but vasocongestion is more obvious in the labia mi-
nora, which expand and deepen in color. Erectile tissue
within the vaginal wall also expands with blood, and the
added pressure in these blood vessels causes small droplets
of fluid to squeeze through the vessel walls and to lubricate
the vagina. Another possible source of lubrication is from
mucus-secreting glands beneath the labia minora on either
side of the vagina. 

Release from muscular tension occurs in females, espe-
cially in the region of the vulva and vagina but also through-
out the entire body. Increased uterine motility may assist the
transport of sperm toward the oviducts. Since female or-
gasm is not signaled by ejaculation, there is a wide range in
normalcy of sexual response. 

Once each month, an egg produced by an ovary
enters an oviduct. If fertilization occurs, the
developing embryo is propelled by cilia to the
uterus where it implants itself in the uterine lining.
The vagina (which is also the birth canal) and the
external genitals play an active role in the sexual
response of females. 
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Figure 21.6 External genitals of the female.
At birth, the opening of the vagina is partially blocked by a membrane
called the hymen. Physical activities and sexual intercourse disrupt
the hymen.
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Figure 21.7 Anatomy of ovary and follicle. 
As a follicle matures, the oocyte enlarges and is surrounded by layers of follicular cells and fluid. Eventually, ovulation occurs, the mature follicle
ruptures, and the secondary oocyte is released. A single follicle actually goes through all stages in one place within the ovary.
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21.3 Female Hormone Levels
Hormone levels cycle in the female on a monthly basis, and
the ovarian cycle drives the uterine cycle as discussed in this
section.

The Ovarian Cycle
A longitudinal section through an ovary shows that it is
made up of an outer cortex and an inner medulla (Fig. 21.7).
There are many follicles in the cortex and each one contains
an immature egg, called an oocyte. A female is born with as
many as 2 million follicles, but the number is reduced to
300,000–400,000 by the time of puberty. Only a small num-
ber of follicles (about 400) ever mature because a female usu-
ally produces only one egg per month during her
reproductive years. Since oocytes are present at birth, they
age as the woman ages. This may be one possible reason
why older women are more likely to produce children with
genetic defects.

As the follicle undergoes maturation, it develops from a
primary follicle to a secondary follicle to a vesicular
(Graafian) follicle. A secondary follicle contains a secondary
oocyte pushed to one side of a fluid-filled cavity. In a
Graafian follicle, the fluid-filled cavity increases to the point
that the follicle wall balloons out on the surface of the ovary
and bursts, releasing the secondary oocyte surrounded by a
clear membrane and follicular cells. As mentioned, this is re-
ferred to as ovulation. Actually, the second meiotic division is
not completed unless fertilization occurs. In the meantime,
the follicle is developing into the corpus luteum. If preg-
nancy does not occur, the corpus luteum begins to degener-
ate after about ten days.

These events, called the ovarian cycle, are under the
control of the gonadotropic hormones, follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) (Fig. 21.8). The
gonadotropic hormones are not present in constant amounts
but instead are secreted at different rates during the cycle.
For simplicity’s sake, it can be emphasized that during the
first half, or follicular phase, of the cycle, FSH promotes the
development of a follicle, which secretes estrogen. As the es-
trogen level in the blood rises, it exerts feedback control over
the anterior pituitary secretion of FSH so that the follicular
phase comes to an end.

Presumably, the high level of estrogen in the blood also
causes the hypothalamus suddenly to secrete a large
amount of GnRH. This leads to a surge of LH production by
the anterior pituitary and to ovulation at about the 14th day
of a 28-day cycle.

During the second half, or luteal phase, of the ovarian cy-
cle, LH promotes the development of the corpus luteum,
which secretes progesterone. Progesterone causes the uter-

ine lining to build up. As the blood level of progesterone
rises, it exerts feedback control over anterior pituitary se-
cretion of LH so that the corpus luteum begins to degener-
ate. As the luteal phase comes to an end, menstruation
occurs.

One ovarian follicle per month produces a
secondary oocyte. Following ovulation, the follicle
develops into the corpus luteum.
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Figure 21.8 Hormonal control of ovaries.
The hypothalamus produces GnRH (gonadotropin-releasing
hormone). GnRH stimulates the anterior pituitary to produce FSH
(follicle-stimulating hormone) and LH (luteinizing hormone). FSH
stimulates the follicle to produce estrogen, and LH stimulates the
corpus luteum to produce progesterone. Estrogen and progesterone
maintain the sex organs (e.g., uterus) and the secondary sex
characteristics, and exert feedback control over the hypothalamus
and the anterior pituitary. 
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Figure 21.9 Female hormone levels.
During the follicular phase of the ovarian cycle, FSH released by the anterior pituitary promotes the maturation of a follicle in the ovary. The
ovarian follicle produces increasing levels of estrogen, which causes the endometrium to thicken during the proliferative phase of the uterine
cycle. After ovulation and during the luteal phase of the ovarian cycle, LH promotes the development of the corpus luteum. This structure
produces increasing levels of progesterone, which causes the endometrial lining to become secretory. Menstruation begins when progesterone
production declines to a low level.
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The Uterine Cycle
The female sex hormones, estrogen and progesterone, have
numerous functions. The effects of these hormones on the
endometrium of the uterus cause the uterus to undergo a
cyclical series of events known as the uterine cycle (Table
21.3 and Fig. 21.9). Twenty-eight-day cycles are divided as
follows.

During days 1–5, a low level of female sex hormones in
the body causes the endometrium to disintegrate
and its blood vessels to rupture. On day one of the
cycle, a flow of blood and tissues, known as the
menses, passes out of the vagina during
menstruation, also called the menstrual period.

During days 6–13, increased production of estrogen by
a new ovarian follicle causes the endometrium to
thicken and to become vascular and glandular. This
is called the proliferative phase of the uterine cycle.

Ovulation usually occurs on the fourteenth day of the
twenty-eight-day cycle.

During days 15–28, increased production of
progesterone by the corpus luteum causes the
endometrium to double in thickness and the
uterine glands to mature, producing a thick
mucoid secretion. This is called the secretory phase
of the uterine cycle. The endometrium now is
prepared to receive the developing embryo. If
pregnancy does not occur, the corpus luteum
degenerates and the low level of sex hormones in
the female body causes the uterine lining to break
down. 

During the uterine cycle, the endometrium builds
up and then is broken down when menstruation
occurs.

Fertilization and Pregnancy
If fertilization does occur, an embryo begins development
even as it travels down the oviduct to the uterus. The en-
dometrium is now prepared to receive the developing em-
bryo, which becomes embedded in the lining several days
following fertilization (Fig. 21.10). The placenta originates
from both maternal and fetal tissues. It is the region of ex-
change of molecules between fetal and maternal blood, al-
though there is rarely any mixing of the two. At first, the
placenta produces human chorionic gonadotropin (HCG),
which maintains the corpus luteum until the placenta begins
its own production of progesterone and estrogen. Proges-
terone and estrogen have two effects: they shut down the an-
terior pituitary so that no new follicles mature, and they
maintain the lining of the uterus so that the corpus luteum is
not needed. There is no menstruation during pregnancy.
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Ovarian Cycle Events Uterine Cycle Events

Follicular phase—Days 1–13 FSH Menstruation—Days 1–5 Endometrium breaks down

Follicle maturation Proliferative phase—Days 6–13 Endometrium rebuilds

Estrogen

Ovulation—Day 14* LH spike

Luteal phase—Days 15–28 LH Secretory phase—Days 15–28 Endometrium thickens and
glands are secretory

Corpus luteum

Progesterone

Table 21.3 Ovarian and Uterine Cycles

*Assuming 28-day cycle.

embryo

endometrium

Figure 21.10 Implantation.
A scanning electron micrograph showing implantation on day 12
following fertilization.
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Estrogen and Progesterone 
Estrogen and progesterone affect not only the uterus but
other parts of the body as well. Estrogen is largely responsi-
ble for the secondary sex characteristics in females, includ-
ing body hair and fat distribution. In general, females have a
more rounded appearance than males because of a greater
accumulation of fat beneath the skin. Like males, females
develop axillary and pubic hair during puberty. In females
the upper border of pubic hair is horizontal, but in males it
tapers toward the navel.

The pelvic girdle widens in females, so the pelvic cavity
usually has a larger relative size compared to males. This
means that females have wider hips than males and that the
thighs converge at a greater angle toward the knees. Because
the female pelvis tilts forward, females tend to have pro-
truding buttocks, more lower back curve than men, an
abdominal bulge, and a tendency to be somewhat knock-
kneed.

Both estrogen and progesterone are also required for
breast development.

Structure and Function of Breasts
A female breast contains one or two dozen lobules, each
with its own mammary duct that opens at the nipple (Fig.
21.11). The nipple is surrounded by a pigmented area called
the areola. Hair and sweat glands are absent from the nip-
ples and areola, but glands are present that secrete a saliva-
resistant lubricant to protect the nipples, particularly during
nursing. Smooth muscle fibers in the region of the areola
may cause the nipple to become erect in response to sexual
stimulation or cold.

Each mammary duct divides into numerous other
ducts, which end in blind sacs called alveoli. In a nonlactat-
ing breast, the ducts far outnumber the alveoli because alve-
oli are made up of cells that can produce milk. Milk is not
produced during pregnancy. Prolactin is needed for lacta-
tion (milk production) to begin, and production of this hor-
mone is suppressed by the feedback inhibition estrogen and
progesterone have on the anterior pituitary during preg-
nancy. It takes a couple of days after delivery of a baby for
milk production to begin. In the meantime, the breasts pro-
duce a watery, yellowish white fluid called colostrum,
which is similar to milk but contains more protein and less
fat.

Menopause 
Menopause, the period in a woman’s life during which the
ovarian and uterine cycles cease, is likely to occur between
ages 45 and 55. The ovaries are no longer responsive to the

gonadotropic hormones produced by the anterior pituitary,
and the ovaries no longer secrete estrogen or progesterone.
At the onset of menopause, the uterine cycle becomes irreg-
ular, but as long as menstruation occurs, it is still possible for
a woman to conceive. Therefore, a woman usually is not
considered to have completed menopause until there has
been no menstruation for a year.

The hormonal changes during menopause often pro-
duce physical symptoms, such as “hot flashes” (caused by
circulatory irregularities), dizziness, headaches, insomnia,
sleepiness, and depression. Again, there is great variation
among women, and any of these symptoms may be absent
altogether. Women sometimes report an increased sex
drive following menopause. It has been suggested that
this may be due to androgen production by the adrenal
cortex.
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nipple
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Figure 21.11 Anatomy of the breast.
The female breast contains lobules consisting of ducts and alveoli.
The alveoli are lined by milk-producing cells in the lactating (milk-
producing) breast.
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21.4 Control of Reproduction
Several means are available to dampen or enhance our re-
productive potential. Contraceptives are medications and
devices that reduce the chance of pregnancy.

Birth-Control Methods
The most reliable method of birth control is abstinence, that
is, the absence of sexual intercourse. This form of birth con-
trol has the added advantage of preventing transmission of
a sexually transmitted disease. Other means of birth control
used in this country are given in Table 21.4. The table gives
the effectiveness for the various birth-control methods
listed. For example, with the least effective method given in
the table, we expect that within a year, 70 out of 100, or 70%,
of sexually active women will not get pregnant, while 30
women will get pregnant. 

Figure 21.12 features some of the most effective and
commonly used means of birth control. Oral contraception
(birth-control pills) usually involves taking a combination

of estrogen and progesterone for 21 days of a 28-day cycle.
The estrogen and progesterone in the birth-control pill effec-
tively shut down the pituitary production of both FSH and
LH so that no follicle begins to develop in the ovary; and
since ovulation does not occur, pregnancy cannot take place.
Since there are possible side effects, those taking birth-
control pills should see a physician regularly. 

An intrauterine device (IUD) is a small piece of molded
plastic that is inserted into the uterus by a physician. IUDs
are believed to alter the environment of the uterus and
oviducts so that fertilization probably does not occur—but if
fertilization should occur, implantation cannot take place.
The type of IUD featured in Figure 21.12b has copper wire
wrapped around the plastic.

The diaphragm is a soft rubber or latex cup with a flexible
rim that lodges behind the pubic bone and fits over the cervix.
Each woman must be properly fitted by a physician, and the
diaphragm can be inserted into the vagina at most two hours
before sexual relations. It must be used with spermicidal jelly
or cream and should be left in place at least six hours after sex-
ual relations. The cervical cap is a minidiaphragm. 
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Name Procedure Methodology Effectiveness Risk

Abstinence Refrain from sexual intercourse No sperm in vagina 100% None

Vasectomy Vasa deferentia are cut and tied No sperm in seminal fluid Almost 100% Irreversible sterility

Tubal ligation Oviducts are cut and tied No eggs in oviduct Almost 100% Irreversible sterility

Oral contraception Hormone medication is taken Anterior pituitary does not Almost 100% Thromboembolism,
daily release FSH and LH especially in smokers

Depo-Provera Four injections of progesterone- Anterior pituitary does not About 99% Breast cancer? Osteo-
injection like steroid are given per year release FSH and LH porosis?

Contraceptive Tubes of progestin (form of Anterior pituitary does not More than 90% Presently none known
implants progesterone) are implanted release FSH and LH

under skin

Intrauterine device Plastic coil is inserted into Prevents implantation More than 90% Infection (pelvic inflamma-
(IUD) uterus by physician tory disease, PID)

Diaphragm Latex cup is inserted into Blocks entrance of sperm With jelly, Presently none known
vagina to cover cervix before to uterus about 90%
intercourse

Cervical cap Latex cap is held by suction Delivers spermicide near Almost 85% Cancer of cervix?
over cervix cervix

Male condom Latex sheath is fitted over erect Traps sperm and prevents About 85% Presently none known
penis STDs

Female condom Polyurethane tubing is fitted Blocks entrance of sperm to About 85% Presently none known
inside vagina uterus and prevents STDs

Coitus interruptus Male withdraws penis before Prevents sperm from 75% Presently none known
ejaculation entering vagina

Jellies, creams, foams These spermicidal products are Kills a large number of sperm About 75% Presently none known
inserted before intercourse

Natural family Day of ovulation is determined Intercourse avoided on About 70% Presently none known
planning by record keeping; various certain days of the month

methods of testing

Douche Vagina is cleansed Washes out sperm Less than 70% Presently none known
after intercourse

Table 21.4 Common Birth-Control Methods
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cervix. The open end of the tube has a ring that covers the
external genitals.

Investigators have long searched for a “male pill.” Ana-
logues of gonadotropic-releasing hormone have been used
to prevent the hypothalamus from stimulating the ante-
rior pituitary. Inhibin has also been used to prevent the an-
terior pituitary from producing FSH. Testosterone and/or
related chemicals have been used to inhibit spermatogen-
esis in males, but this hormone must be administered by
injection.

Contraceptive vaccines are now being developed. For ex-
ample, a vaccine developed to immunize women against
HCG, the hormone so necessary to maintaining the implan-
tation of the embryo, was successful in a limited clinical
trial. Since HCG is not normally present in the body, no un-
toward autoimmunity reaction is expected, but the immu-
nization does wear off with time. Others believe that it
would also be possible to develop a safe antisperm vaccine
that would be used in women.
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A male condom is a thin skin (lambskin) or latex sheath
that fits over the erect penis. The ejaculate is trapped inside
the sheath and, thus, does not enter the vagina. When used
in conjunction with a spermicide, the protection is better
than with the condom alone. The condom is generally rec-
ognized as giving protection against sexually transmitted
diseases.

Contraceptive implants utilize a synthetic progesterone to
prevent ovulation by disrupting the ovarian cycle. Six
match-sized, time-release capsules are surgically inserted
under the skin of a woman’s upper arm. The effectiveness of
this system may last five years. Depo-Provera injections uti-
lize a synthetic progesterone that must be administered
every three months.

There has been a revival of interest in barrier methods of
birth control, including the male condom, because these
methods offer some protection against sexually transmitted
diseases. A female condom, now available, consists of a
large polyurethane tube with a flexible ring that fits onto the

Figure 21.12 Various birth-control devices.
a. Oral contraception (birth-control pills). b. Intrauterine device. c. Spermicidal jelly and diaphragm. d. Male condom. e. Contraceptive implants.
f. Depo-Provera injection.

 a. b. c.

d. e. f.
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Morning-after Pills
The expression “morning-after pill” refers to a medication
that will prevent pregnancy after unprotected intercourse.
The expression is a misnomer in that medication can begin
one to several days after unprotected intercourse. 

A kit, now called Preven, is made up of four synthetic
progesterone pills; two are taken up to 72 hours after unpro-
tected intercourse, and two more are taken 12 hours later.
The medication upsets the normal uterine cycle, making it
difficult for the embryo to implant itself in the en-
dometrium. In a recent study, it was estimated that the med-
ication was 85% effective in preventing unintended
pregnancies.

Mifepristone, better known as RU-486, is a pill that is
presently  used to cause the loss of an implanted embryo by
blocking the progesterone receptors of endometrial cells.
Without functioning receptors for progesterone, the en-
dometrium sloughs off, carrying the embryo with it. When
taken in conjunction with a prostaglandin to induce uterine
contractions, RU-486 is 95% effective. It is possible that some
day this medication will also be a “morning-after pill,”
taken when menstruation is late without evidence that preg-
nancy has occurred. 

There are numerous well-known birth-control
methods and devices available to those who wish
to prevent pregnancy. Their effectiveness varies. In
addition, new methods are expected to be
developed.

Infertility
Sometimes couples do not need to prevent pregnancy; con-
ception or fertilization does not occur despite frequent inter-
course. The American Medical Association estimates that
15% of all couples in this country are unable to have any
children and therefore are properly termed sterile; another
10% have fewer children than they wish and therefore are
termed infertile. The latter assumes that the couple has been
unsuccessfully trying to become pregnant for at least one
year.

Causes of Infertility
The two major causes of infertility in females are blocked
oviducts, possibly due to pelvic inflammatory disease (PID),
discussed later in this chapter, and endometriosis. En-
dometriosis, the presence of uterine tissue outside the
uterus, particularly in the oviducts and on the abdominal or-
gans, can also contribute to infertility. Endometriosis occurs
when the menstrual discharge flows up into the oviducts
and out into the abdominal cavity. This backward flow al-
lows living uterine cells to establish themselves in the ab-
dominal cavity where they go through the usual uterine
cycle, causing pain and structural abnormalities that make it

more difficult for a woman to conceive.
Sometimes the causes of infertility can be corrected by

medical intervention so that couples can have children (Fig.
21.13). If no obstruction is apparent and body weight is nor-
mal, it is possible to give females HCG, extracted from the
urine of pregnant women, along with gonadotropins ex-
tracted from the urine of postmenopausal women. This
treatment causes multiple ovulations and sometimes multi-
ple pregnancies.

The most frequent cause of infertility in males is low
sperm count and/or a large proportion of abnormal sperm.
Disease, radiation, chemical mutagens, high testes tempera-
ture, and the use of psychoactive drugs can contribute to this
condition.

When reproduction does not occur in the usual manner,
many couples adopt a child. Others sometimes first try one
of the alternative reproductive methods discussed in the fol-
lowing paragraphs. If all the alternative methods discussed
are considered, it is possible for a baby to have five parents:
(1) sperm donor, (2) egg donor, (3) surrogate mother, and (4)
and (5) adoptive mother and father.
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Figure 21.13 Mother and child.
Sometimes couples rely on medical intervention in order to
experience parenthood.
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Although biologists knew that males do have estrogen in their
systems—for example, the adrenal cortex produces estrogens—
they have been surprised to learn that estrogens are essential to
male fertility. Apparently when deprived of estrogen, the epi-
didymis and other portions of the genital tract do not function
normally and the result is a very dilute ejaculate with an abnor-
mally low sperm count. 

This newfound knowledge may be pertinent to a noted rise
in human infertility. For example, Danish endocrinologists com-
bined the results of 61 separate studies of sperm count in men
around the world and found that the average sperm count has
fallen to about 1⁄2 of what it was in 1930. A New York City Fertil-
ity Research Foundation says that in 1960 only 8% of men who
came in for consultation had a fertility problem. Now the num-
ber is up to 40%. 

What could be causing a decline in male fertility that could
conceivably affect most males within a century? In 1975 there
was a spill of the pesticide Mirex and the men who helped clean

it up developed a lowered sperm count. It’s possible that expo-
sure to many types of chemicals such as DDT, TCDD (the most
toxic dioxin), PCBs (polychlorinated biphenyls), and BPA
(bisphenol-A) a compound used to coat food cans) could have
the same sort of effect once they enter the body. It appears that
these chemicals bind to receptors that recognize natural estro-
gen in a male’s body. Therefore, these chemicals are called eco-
estrogens. Once ecoestrogens bind to receptors, they prevent
natural estrogens from binding and fertility problems result. 

There are thousands of studies showing that chemicals in
heavily contaminated areas cause endocrine problems in
wildlife. Only thirty to fifty panthers remain in the Florida Ever-
glades. At one time, nearly all biologists of the U.S. Fish and
Wildlife Service believed that the male panther’s low sperm
count was due to inbreeding. Now, however, they are consider-
ing the possibility that the problem stems from their diet. Be-
cause they feed on fish-eating raccoons, there is an abnormally
high level of pesticides in their bodies.
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Alternative Methods of Reproduction
Artificial Insemination by Donor (AID). During artificial in-
semination, sperm are placed in the vagina by a physician.
Sometimes a woman is artificially inseminated by her hus-
band’s sperm. This is especially helpful if the husband has a
low sperm count—the sperm can be collected over a period
of time and concentrated so that the sperm count is suffi-
cient to result in fertilization. Often, however, a woman is in-
seminated by sperm acquired from a donor who is a
complete stranger to her. At times, a combination of hus-
band and donor sperm is used.

A variation of AID is intrauterine insemination (IUI). IUI
involves hormonal stimulation of the ovaries, followed by
placement of the donor’s sperm in the uterus rather than in
the vagina.

In Vitro Fertilization (IVF). During IVF, conception oc-
curs in laboratory glassware. The newer ultrasound ma-
chines can spot follicles that hold immature eggs; therefore,
the latest method is to forgo the administration of fertility
drugs and retrieve immature eggs by using a needle. The
immature eggs are then brought to maturity in glassware be-
fore concentrated sperm from the male are added, After
about 2 to 4 days, the embryos are inserted into the uterus of
the woman, who is now in the secretory phase of her uterine
cycle. If implantation is successful, development is normal
and continues to term.

Gamete Intrafallopian Transfer (GIFT). Gamete in-
trafallopian transfer (GIFT) was devised as a means to
overcome the low success rate (15–20%) of in vitro fertil-
ization. The method is exactly the same as in vitro fertil-
ization, except the eggs and the sperm are placed in the
oviducts immediately after they have been brought to-
gether. This procedure is helpful to couples whose eggs
and sperm never make it to the oviducts; sometimes the
egg gets lost between the ovary and the oviducts, and
sometimes the sperm never reach the oviducts. GIFT has
an advantage in that it is a one-step procedure for the
woman—the eggs are removed and are reintroduced all in
the same time period. For this reason, it is less expensive—
approximately $1,500 compared to $3,000 and up for in
vitro fertilization.

Surrogate Mothers. In some instances, women are paid
to have babies. These women are called surrogate mothers.
Other individuals contribute sperm (or eggs) to the fertiliza-
tion process in such cases.

Some couples are infertile due to various physical
abnormalities. When corrective medical pro-
cedures fail, today it is possible to consider an
alternative method of reproduction in order to be a
parent.
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21.5 Sexually Transmitted Diseases
There are many diseases that are transmitted by sexual con-
tact and are therefore called sexually transmitted diseases
(STDs). Our discussion centers on those that are most preva-
lent. AIDS, genital herpes, and genital warts are viral dis-
eases; therefore, they are difficult to treat because viral
infections do not respond to traditional antibiotics. Other
types of drugs have been developed to treat these, however.
And although gonorrhea and chlamydia are treatable with
appropriate antibiotic therapy, they are not always promptly
diagnosed. Unfortunately, the human body does not become
immune to STDs, and as yet there are no vaccines available
for any of them.
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Figure 21.14 Structure and reproduction of HIV.
HIV is a retrovirus with an outer envelope containing proteins, some of which are spikes that attach to receptors in the host cell plasma
membrane. The core of the virus contains two strands of RNA and the enzymes protease and reverse transcriptase. Reverse transcriptase makes
cDNA (a DNA copy of viral RNA). During the reproductive cycle, double-stranded cDNA becomes integrated into host DNA and later is
transcribed back to viral RNA when protein synthesis occurs. 

4. Multiple copies of viral RNA are
    produced and direct protein synthesis.
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2. Contents of virus enter the cell and
    reverse transcription takes place. 
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    RNA before new viruses bud from the cell.

3. Double-stranded cDNA (yellow) of viral RNA
integrates into host chromosome.
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AIDS
Acquired immunodeficiency syndrome (AIDS) is caused
by a group of related retroviruses known as HIV (human
immunodeficiency viruses) that infect specific blood cells
(Fig. 21.14). Infection spreads when infected cells in body se-
cretions, such as semen, and in blood are passed to another
individual. To date, as many as 40 million people worldwide
may have contracted HIV and almost 12 million have died.
A new infection is believed to occur every 15 seconds, the
majority in heterosexuals. HIV infections are not distributed
equally throughout the world. Most infected people live in
Africa (66%) where the infection first began, but new infec-
tions are now occurring at the fastest rate in Southeast Asia
and the Indian subcontinent.

HIV is transmitted by sexual contact with an infected
person, including vaginal or rectal intercourse and
oral/genital contact. Also, needle-sharing among intra-
venous drug users is high-risk behavior. Babies born to HIV-
infected women may become infected before or during
birth, or through breast-feeding after birth.
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HIV first spread through the homosexual community,
and male-to-male sexual contact still accounts for the largest
percentage of new AIDS cases in the United States. But the
largest increases of HIV infections are occurring through
heterosexual contact or by intravenous drug use. Now,
women account for 20% of all newly diagnosed cases of
AIDS. The rise in the incidence of AIDS among women of re-
productive age is paralleled by a rise in the incidence of
AIDS in children younger than 13. 

Life Cycle of HIV 
Much has been learned about the structure of HIV and its
reproductive cycle (see Fig. 21.14). In order to enter a host
cell, HIV attaches to a protein in the plasma membrane
called a CD4 receptor. HIV is a retrovirus, meaning that its
genetic material consists of RNA instead of DNA. Once in-
side the host cell, HIV uses a special enzyme called reverse
transcriptase to make a DNA copy of its genetic material.
Now the DNA copy integrates into a host chromosome,
where it directs the production of more viral RNA. Each
strand of viral RNA brings about synthesis of an outer pro-
tein coat called a capsid. The viral enzyme protease is nec-
essary to the formation of capsids, which assemble with
RNA strands prior to the viruses budding from the host
cell.

The immune system, which consists of white blood
cells and certain lymphoid organs, usually protects us from
disease. Two ways in which the immune system does this is
to produce antibodies, proteins that attack foreign proteins
called antigens, and to attack infected cells outright. The
primary host for HIV is helper T lymphocytes, the type of
white blood cell that stimulates B lymphocytes to produce
antibodies and cytotoxic T lymphocytes to attack and kill
virus infected cells. Macrophages, which present antigens
to helper T lymphocytes and thereby stimulate them, are
also under attack. 

Phases of AIDS
The Centers for Disease Control and Prevention recognize
three stages of an HIV-1 infection called Category A, B,
and C. During a Category A stage, the helper T lym-
phocyte count is 500 per mm3 or greater. For a period of
time after the initial infection with HIV, people don’t usu-
ally have any symptoms at all. A few (1–2%) do have
mononucleosis-like symptoms that may include fever,
chills, aches, swollen lymph nodes, and an itchy rash.
These symptoms disappear, however, and there are no
other symptoms for quite some time. Although there are
no symptoms, the person is highly infectious. Although
there is a large number of viruses in the plasma, the HIV
blood test is not yet positive because it tests for the pres-
ence of antibodies and not for the presence of HIV itself.
This means that HIV can still be transmitted before the
HIV blood test is positive. 

Several months to several years after a nontreated infec-
tion, the individual will probably progress to category B in

which the helper T lymphocyte count is 200 to 499 per mm3.
During this stage there will be swollen lymph nodes in the
neck, armpits, or groin that persist for three months or more.
Other symptoms that indicate category B are severe fatigue
not related to exercise or drug use; unexplained persistent or
recurrent fevers, often with night sweats; persistent cough
not associated with smoking, a cold, or the flu; and persis-
tent diarrhea.

When the individual develops non-life-threatening but
recurrent infections, it is a signal that the disease is pro-
gressing. One possible infection is thrush, a fungal infection
that is identified by the presence of white spots and ulcers
on the tongue and inside the mouth. The fungus may also
spread to the vagina, resulting in a chronic infection there.
Another frequent infection is herpes simplex, with painful
and persistent sores on the skin surrounding the anus, the
genital area, and/or the mouth.

Previously, the majority of infected persons proceeded
to category C, in which the helper T lymphocyte count is
200 per mm3 and the lymph nodes degenerate. The patient,
who is now suffering from “slim disease” (as AIDS is called
in Africa)—characterized by severe weight loss and weak-
ness due to persistent diarrhea and coughing—will most
likely contract an opportunistic infection. An opportunistic
infection is one that only has the opportunity to occur be-
cause the immune system is severely weakened. Persons
with AIDS die from one or more opportunistic diseases and
not from the HIV infection itself. Some of the opportunistic
infections are the following:

Pneumocystis carinii pneumonia. The lungs become
useless as they fill with fluid and debris due to an
infection with this organism. There is not a single
documented case of P. carinii pneumonia in a
person with normal immunity.

Mycobacterium tuberculosis. This bacterial infection,
usually of the lungs, is seen more often as an
infection of lymph nodes and other organs in
patients with AIDS. Of special concern,
tuberculosis is spreading into the general populace
and is multidrug resistant.

Toxoplasmic encephalitis is caused by a one-cell
parasite that lives in cats and other animals as well
as humans. Many persons harbor a latent infection
in the brain or muscle, but in AIDS patients the
infection leads to loss of brain cells, seizures,
weakness, or decreased sensation on one side of
the body.

Kaposi’s sarcoma is an unusual cancer of blood vessels,
which gives rise to reddish purple, coin-size spots
and lesions on the skin.

Invasive cervical cancer. This cancer of the cervix
spreads to nearby tissues. This condition has been
added to the list because the incidence of AIDS has
now increased in women.
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Treatment for AIDS
There is no cure for AIDS, but a treatment called highly ac-
tive antiretroviral therapy (HAART) is usually able to stop
HIV replication to the extent the virus becomes undetectable
in the blood. Therapy usually consists of two drugs that in-
hibit reverse transcriptase and one that inhibits protease, an
enzyme needed for formation of a viral capsid. This mul-
tidrug therapy, when taken according to the manner pre-
scribed, seems to usually prevent mutation of the virus to a
resistant strain. Unfortunately, an HIV strain resistant to all
known drugs has been reported—persons who become in-
fected with this strain have no drug therapy available to
them. 

The sooner drug therapy begins after infection, the bet-
ter the chances that the immune system will not be de-
stroyed by HIV. And medication must be continued
indefinitely. Investigators have found that when HAART is
discontinued, the virus rebounds.

Many investigators are working on a vaccine for AIDS.
Some are trying to develop a vaccine in the traditional way.
Others are working on subunit vaccines that utilize just a
single HIV protein as the vaccine. For example, the protein
which forms the spike shown in Figure 21.14 can be pro-
duced by genetic engineering of bacteria. This protein is un-
dergoing clinical trial as a vaccine in Thailand. Also,
investigators have found that viral cDNA for this spike can
act as a vaccine because it causes cells to produce and dis-
play the spike at the plasma membrane. 

Transmission of AIDS
HIV is spread by passing virus-infected T lymphocytes
found in body secretions or in blood from one person to an-
other. The largest proportion of people with AIDS in the
United States are homosexual men, but the proportions at-
tributed to intravenous drug users and heterosexuals is ris-
ing. The fastest rate of increase is now seen in minority
females. An infected woman can pass HIV to her unborn
children by way of the placenta or to a newborn through
breast milk. Transmission at birth can be prevented if the
mother takes AZT, and delivers by planned cesarean section.

Hepatitis Infections
There are several types of hepatitis. Hepatitis A, caused by
HAV (hepatitis A virus), is usually acquired from sewage-
contaminated drinking water. However, hepatitis A can also
be sexually transmitted through oral/anal contact. Hepatitis
B, caused by HBV (hepatitis B virus) is usually transmitted
by sexual contact. Hepatitis C, caused by HCV (hepatitis C
virus), is called the post-transfusion form of hepatitis. Infec-
tion can lead to chronic hepatitis, liver cancer, and death.
Still other types of hepatitis are now under investigation,
and how many will be found is not yet known. 

Hepatitis B
HBV is more likely to be spread by sexual contact than the
HIV virus. Like HIV, it can also be spread by blood transfu-
sions or contaminated needles. Because the mode of trans-
mission is similar, it is common for an AIDS patient to also
have an HBV infection. Also, like HIV, HBV can be passed
from mother to child by way of the placenta. 

Only about 50% of persons infected with HBV have flu-
like symptoms, including fatigue, fever, headache, nausea,
vomiting, muscle aches, and dull pain in the upper right of
the abdomen. Jaundice, a yellowish cast to the skin, can also
be present. Some persons have an acute infection that lasts
only three to four weeks. Others have a chronic form of the
disease that leads to liver failure and a need for a liver trans-
plant. 

To prevent an infection, the same directions given be-
low to stop the spread of AIDS can be followed. However,
inoculation with the HBV vaccine is the best protection. The
vaccine, which is safe and does not have any major side ef-
fects, is now on the list of recommended immunizations for
children. 

Hepatitis B is an infection that can lead to liver
failure. Because it is spread in the same way as
AIDS, persons can be infected with both viruses at
the same time. 
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To stop the spread of AIDS:
• Abstain from sexual intercourse, or develop a long-term

monogamous (always the same partner) sexual relationship
with a partner who is free of HIV and is not an intravenous
drug user. 

• Practice safe sex. If you do not know for certain that your
partner has been free of HIV for the past five years, always
use a latex condom during sexual intercourse. Be sure to
follow the directions supplied by the manufacturer. Use of a
spermicide containing nonoxynol-9 in addition to the condom
can offer further protection because nonoxynol-9 immobilizes
the virus and virus-infected lymphocytes.

• Avoid fellatio (kissing and insertion of the penis into a
partner’s mouth) and cunnilingus (kissing and insertion of
the tongue into the vagina) because they may be a means of
transmission. The mouth and gums often have cuts and sores
that facilitate the entrance of infected T lymphocytes. 

• Stop, if necessary, or do not start the habit of injecting drugs
into veins. If you are a drug user and cannot stop your
behavior, then always use a new sterile needle for injection or
one that has been cleaned in bleach.

• Aside from intravenous drug use, do not use alcohol or any
drugs in a way that may prevent you from being able to
control your behavior.
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Genital Herpes 
Genital herpes is caused by the herpes simplex virus of
which there are two types: type 1, which usually causes cold
sores and fever blisters, and type 2, which more often causes
genital herpes. Cross-over infections do occur, however.
That is, type 1 has been known to cause a genital infection,
while type 2 has been known to cause cold sores and fever
blisters.

Genital herpes is one of the more prevalent sexually
transmitted diseases today (Fig. 21.15). At any one time, mil-
lions of persons could be having recurring symptoms. Im-
mediately after infection, there are no symptoms, but the
individual may experience a tingling or itching sensation
before blisters appear at the infected site, usually within
2–20 days. Once the blisters rupture, they leave painful ul-
cers, which may take as long as three weeks or as little as five
days to heal. These symptoms may be accompanied by
fever, pain upon urination, and swollen lymph nodes.

After the ulcers heal, the disease is only dormant. Blis-
ters can recur repeatedly at variable intervals. Sunlight, sex-
ual intercourse, menstruation, and stress seem to cause the
symptoms of genital herpes to recur. While the virus is dor-
mant, it primarily resides in the ganglia of sensory nerves
associated with the affected skin. Although type 2 was once
thought to cause a form of cervical cancer, this is no longer
believed to be the case.

Infection of the newborn can occur if the child comes in
contact with a lesion in the birth canal. In 1–3 weeks, the in-
fant is gravely ill and can become blind, have neurological
disorders including brain damage, or die. Birth by cesarean
section prevents these adverse developments.

Genital Warts 
Genital warts are caused by the human papillomaviruses
(HPVs), which are sexually transmitted. Over a million per-
sons become infected each year with a form of HPV, but only
a portion seek medical help (Fig. 21.16). Sometimes carriers
do not have any sign of warts, although flat lesions may be
present. When present, the warts are commonly seen on the
penis and the foreskin of males and the vaginal orifice in fe-
males.

HPVs, rather than genital herpes, are now associated
with cancer of the cervix as well as tumors of the vulva, the
vagina, the anus, and the penis. Some researchers believe
that the viruses are involved in 90–95% of all cases of cancer
of the cervix. Teenagers who have or have had multiple sex
partners seem to be particularly susceptible to HPV infec-
tions. More and more cases of cancer of the cervix are being
seen in this age group.

Presently, there is no cure for an HPV infection, but
warts can be effectively treated by surgery, freezing, applica-
tion of an acid, or laser burning. A suitable medication to
treat genital warts before cancer occurs is being sought. Ef-
forts are also underway to develop a vaccine.

Gonorrhea
Gonorrhea is caused by the bacterium Neisseria gonorrhoeae.
This bacterium is a diplococcus, meaning that two cells gen-
erally stay together.

The diagnosis of gonorrhea in the male is not difficult
as long as he displays typical symptoms (as many as 20% of
males may be asymptomatic). The patient complains of pain
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Figure 21.15 Genital herpes.
A graph depicting the incidence of new cases of genital herpes in the
United States from 1969 to 1996 is superimposed on a photo-
micrograph of cells infected with the herpes virus.

Figure 21.16 Genital warts.
A graph depicting the incidence of new cases of genital warts in the
United States from 1969 to 1996 is superimposed on a photo-
micrograph of human papillomaviruses. 
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on urination and has a thick, greenish yellow urethral dis-
charge 3–5 days after contact with an infected partner. In
the female, the bacteria may first settle within the urethra
or near the cervix, from which they may spread to the
oviducts, causing pelvic inflammatory disease (PID). As
the inflamed tubes heal, they may become partially or com-
pletely blocked by scar tissue. As a result, the female is
sterile, or at best, subject to ectopic pregnancy. Similarly,
there may be inflammation in untreated males followed by
scarring of each vas deferens. Unfortunately, 60–80% of fe-
males are asymptomatic until they develop severe PID-
induced pains in the abdominal region. The incidence of
gonorrhea has been declining since an all-time high in 1978
(Fig. 21.17).

Homosexual males develop gonorrhea proctitis, or in-
fection of the anus, with symptoms including pain in the
anus and blood or pus in the feces. Oral sex can cause infec-
tion of the throat and the tonsils. Gonorrhea can also spread
to other parts of the body, causing heart damage or arthritis.
If, by chance, the person touches infected genitals and then
his or her eyes, a severe eye infection can result.

Eye infection leading to blindness can occur as a baby
passes through the birth canal. Because of this, all newborn
infants receive eyedrops containing antibacterial agents
such as silver nitrate, tetracycline, or penicillin as a protec-
tive measure.

Chlamydia 
Chlamydia is named for the tiny bacterium that causes it,
Chlamydia trachomatis. New chlamydial infections are more

numerous than any other sexually transmitted disease (Fig.
21.18). About 8–21 days after infection, men experience a
mild burning sensation on urination and a mucous dis-
charge. Women may have a vaginal discharge, along with
the symptoms of a urinary tract infection. If not properly
treated, the infection can eventually cause PID, sterility, or
ectopic pregnancy.

If a newborn is exposed to chlamydia during delivery,
inflammation of the eyes or pneumonia can result. Some be-
lieve that chlamydial infections increase the possibility of
premature births and stillbirths.

Detection and Treatment of Chlamydia
Expense sometimes prevents public clinics from testing for
chlamydia. It’s been suggested that these criteria could help
physicians decide which women should be tested: no more
than 24 years old; a new sex partner within the preceding
two months; cervical discharge; bleeding during parts of the
vaginal exam; and use of a nonbarrier method of contracep-
tion. Some doctors, however, are routinely prescribing addi-
tional antibiotics appropriate to treating chlamydia for
anyone who has gonorrhea, because 40% of females and
20% of males with gonorrhea also have chlamydia.

As with AIDS, condoms protect against both gonorrheal
and chlamydial infections. The concomitant use of a spermi-
cide containing nonoxynol-9 enhances protection.

PID and sterility are common effects of a
chlamydial infection in the female. This condition
often accompanies a gonorrheal infection.
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Figure 21.17 Gonorrhea.
A graph depicting the incidence of new cases of gonorrhea in the
United States from 1942 to 1996 is superimposed on a photo-
micrograph of a urethral discharge from an infected male. Gonorrheal
bacteria (Neisseria gonorrhoeae) occur in pairs; for this reason, they
are called diplococci. 

Figure 21.18 Chlamydial infection.
A graph depicting the incidence of new cases of chlamydia in the
United States from 1984 to 1996 is superimposed on a photo-
micrograph of a cell containing different stages of the organism.
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Syphilis 
Syphilis is caused by a type of bacterium called Treponema
pallidum. As with many other bacterial diseases, penicillin
has been used as an effective antibiotic. Syphilis has three
stages, which can be separated by latent stages during
which the bacteria are resting before multiplying again.
During the primary stage, a hard chancre (ulcerated sore
with hard edges) indicates the site of infection. The chancre
can go unnoticed, especially since it usually heals sponta-
neously, leaving little scarring. During the secondary stage,
proof that bacteria have invaded and spread throughout
the body is evident when the victim breaks out in a rash.
Curiously, the rash does not itch and is seen even on the
palms of the hands and the soles of the feet. There can be
hair loss and infectious gray patches on the mucous mem-
branes, including the mouth. These symptoms disappear
of their own accord.

During the tertiary stage, which lasts until the patient
dies, syphilis may affect the cardiovascular system: weak-
ened arterial walls (aneurysms) are seen, particularly in the
aorta. In other instances, the disease may affect the nervous
system: an infected person may show psychological distur-
bances, for example. Gummas, large destructive ulcers, may
develop on the skin or within the internal organs in another
variety of the tertiary stage.

Congenital (present at birth) syphilis is caused by
syphilitic bacteria crossing the placenta. The child is born
blind and/or with numerous anatomical malformations.

The best preventive measure against these
diseases is abstinence or monogamy with a
partner who is free of them.

Two Other Infections
Females very often have vaginitis, or infection of the vagina,
which is caused by the flagellated protozoan Trichomonas
vaginalis or the yeast Candida albicans. The protozoan infec-
tion causes a frothy white or yellow foul-smelling discharge
accompanied by itching, and the yeast infection causes a
thick, white, curdy discharge, also accompanied by itching.
Trichomoniasis is most often acquired through sexual inter-
course, and the asymptomatic male is usually the reservoir
of infection. Candida albicans, however, is a normal organism
found in the vagina; its growth simply increases beyond
normal under certain circumstances. For example, women
taking birth-control pills are sometimes prone to yeast infec-
tions. Also, the indiscriminate use of antibiotics can alter the
normal balance of organisms in the vagina so that a yeast in-
fection flares up.
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The dizzying array of reproductive
techniques has progressed from sim-

ple in vitro fertilization to the ability to
freeze eggs or sperm or even embryos for
future use. Older women who never had
the opportunity to freeze their eggs can
still have children if they use donated
eggs—perhaps today harvested from a fe-
tus.

Legal complications abound about
which mother has first claim to the child—
the surrogate mother, the woman who do-
nated the egg, or the primary care
giver—to which partner has first claim to
frozen embryos following a divorce. Legal
decisions about who has the right to use
what techniques have rarely been dis-
cussed, much less decided upon. Some
clinics will help anyone, male or female,
no questions asked, as long as they have
the ability to pay. And most clinics are

heading toward doing any type of proce-
dure, including guaranteeing the sex of
the child, and making sure the child will
be free from some particular genetic disor-
der. It would not be surprising if, in the fu-
ture, zygotes could be engineered to have
any particular trait desired by the parents.

Even today eugenic (good gene) goals
are evidenced by the fact that reproductive
clinics advertise for egg and sperm
donors, primarily in elite college newspa-
pers. The question becomes “Is it too late
for us as a society to make ethical deci-
sions about reproductive issues? Should
we come to a consensus about what tech-
niques should be allowed and who should
be able to use them?” We all want to avoid,
if possible, what happened to Jonathan
Alan Austin. Jonathan, who was born to a
surrogate mother, later died from injuries
inflicted by his father. Perhaps if back-

ground checks were legally required, sur-
rogate mothers would only make them-
selves available to individuals or couples
who are known to have certain psycholog-
ical characteristics.

Questions
1. As a society we have never been in favor

of regulating reproduction. Should we
regulate reproduction by an alternative
method if we do not regulate unassisted
reproduction? Why or why not?

2. Should the state be the guardian of frozen
embryos and make sure they all get a
chance to life? Why or why not?

3. Is it appropriate for physicians and
parents to select which embryos will be
implanted in the uterus? On the basis of
sex? On the basis of genetic inheritance?
Why or why not?
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Summarizing the Concepts
21.1 Male Reproductive System
In males, spermatogenesis occurring in seminiferous tubules of the
testes produces sperm that mature in the epididymides and may be
stored in the vasa deferentia before entering the urethra, along with se-
cretions produced by seminal vesicles, the prostate gland, and bul-
bourethral glands. Semen is ejaculated during male orgasm, when the
penis is erect.

Hormonal regulation, involving secretions from the hypothala-
mus, the anterior pituitary, and the testes, maintains testosterone pro-
duced by the interstitial cells of the testes at a fairly constant level.

21.2 Female Reproductive System
In females, an egg produced by an ovary enters an oviduct, which
leads to the uterus. The uterus opens into the vagina. The external gen-
ital area includes the vaginal opening, the clitoris, the labia minora, and
the labia majora.

21.3 Female Hormone Levels
In the nonpregnant female, the ovarian and uterine cycles are under
hormonal control of the hypothalamus, anterior pituitary, and the fe-
male sex hormones estrogen and progesterone.

If fertilization occurs, the corpus luteum is maintained because of
HCG production. Progesterone production does not cease, and the em-
bryo implants itself in the thick uterine lining. Estrogen and proges-
terone maintain the secondary sex characteristics of females, including
less body hair than males, a wider pelvic girdle, a more rounded ap-
pearance, and development of breasts.

21.4 Control of Reproduction
Infertile couples are increasingly resorting to alternative methods of re-
production. Numerous birth-control methods and devices are avail-
able for those who wish to prevent pregnancy.

21.5 Sexually Transmitted Diseases
Sexually transmitted diseases include AIDS; herpes, which repeatedly
flares up; genital warts, which lead to cancer of the cervix; gonorrhea and
chlamydia, which cause pelvic inflammatory disease (PID); and syphilis,
which has cardiovascular and neurological complications if untreated.

Studying the Concepts

1. Outline the path of sperm. What glands contribute fluids to
semen? 420–21

2. Discuss the anatomy and physiology of the testes. Describe
the structure of sperm. 422–23

3. Name the endocrine glands involved in maintaining the sex
characteristics of males and the hormones produced by 
each. 423

4. Describe the organs of the female genital tract. Where do
fertilization and implantation occur? Name two functions of
the vagina. 424–25

5. Describe the external genitals in females. 425
6. Discuss the anatomy and the physiology of the ovaries.

426–27 Describe the ovarian cycle. 427–29
7. Describe the uterine cycle and relate it to the ovarian cycle. 

In what way is menstruation prevented if pregnancy 
occurs? 429

8. Name three functions of the female sex hormones. 430
9. Describe the anatomy and the physiology of the breast. 430

10. Discuss the various means of birth control and their relative
effectiveness. 431–33

11. Describe the most common types of sexually transmitted
diseases. 435–40

Testing Yourself

Choose the best answer for each question.
1. Label this diagram of the male reproductive system, and trace

the path of sperm.
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a.

b.
c.
d.
e.

f.

g.
h.

i.

j.

l.

k.

m.

n.

o.

2. Which of these is mismatched?
a. interstitial cells—testosterone
b. seminiferous tubules—sperm production
c. vasa deferentia—seminal fluid production
d. urethra—conducts sperm

3. Follicle-stimulating hormone (FSH)
a. is secreted by females but not males.
b. stimulates the seminiferous tubules to produce sperm.
c. secretion is controlled by gonadotropic-releasing hormone

(GnRH).
d. Both b and c are correct.

4. In tracing the path of sperm, you would mention vasa defer-
entia before
a. testes. c. urethra.
b. epididymides. d. uterus.

5. An oocyte is fertilized in the
a. vagina. c. oviduct.
b. uterus. d. ovary.

Match the method of protection in questions 6–8, with these
means of birth control.

a. vasectomy d. diaphragm
b. oral contraception e. male condom
c. intrauterine  device (IUD) f. coitus interruptus

6. Blocks entrance of sperm to uterus.
7. Traps sperm and also prevents STDs.
8. Prevents implantation of an embryo.
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Match the terms to these definitions:
a. Organ that leads from the uterus to the vestibule

and serves as the birth canal and organ of sexual intercourse
in females.

b. Lining of the uterus, which becomes thickened
and vascular during the uterine cycle.

c. Gland located around the male urethra below the
urinary bladder; adds secretions to semen.

d. Hormone secreted by the anterior pituitary gland
that stimulates the development of an ovarian follicle in a
female or the production of sperm in a male.

e. External genitals of the female that surround the
opening of the vagina.

Understanding the Terms

acquired immunodeficiency
syndrome (AIDS) 435

acrosome 423
birth-control pill 431
bulbourethral gland 421
cervix 425
chlamydia 439
colostrum 430
condom 432
contraceptive 431
corpus luteum 427
diaphragm 431

egg 424
endometriosis 433
endometrium 425
epididymis 420
estrogen 429
fimbria 424
follicle 427
follicle-stimulating

hormone (FSH) 423
genital herpes 438
genital warts 438
gonad 420

9. During pregnancy
a. the ovarian and uterine cycles occur more quickly than before.
b. GnRH is produced at a higher level than before.
c. the ovarian and uterine cycles do not occur.
d. the female secondary sexual characteristics are not main-

tained.
Match the description in questions 10–12 with these sexually trans-
mitted diseases.

a. AIDS e. gonorrhea
b. hepatitis B f. chlamydia
c. genital herpes g. syphilis
d. genital warts

10. blisters, ulcers, pain on urination, swollen lymph
nodes

11. flu-like symptoms, jaundice, eventual liver failure
possible

12. males have a thick, greenish, yellow discharge; no
symptoms in female can lead to PID.

Thinking Scientifically

1. Considering anabolic steroids (page 410):
a. Using Figure 21.4, formulate a hypothesis to explain why

anabolic steroids would shrink the size of the testes. 
b. How might you test your hypothesis, for example in labo-

ratory mice?
c. Would you predict that anabolic steroids raise or lower

LDL blood levels (page 256), leading to increased risk of
heart disease?

d. How might you test your hypothesis, for example in labo-
ratory mice?

2. Considering birth-control measures (page 431):
a. Using Figure 21.8 as a guide, formulate a hypothesis to

explain why a pill that contains estrogen and progesterone
could be used as a birth-control pill.

b. How might you test your hypothesis, for example in labo-
ratory mice?

c. In postmenopausal women, there are usually increased
levels of FSH and LH, but because the ovaries are unable to
respond, there are decreased levels of estrogen and proges-
terone. How would you expect these levels to change in
postmenopausal women who took birth-control pills?

d. How might you test your prediction, for example in post-
menopausal women?

gonadotropin-releasing
hormone (GnRH) 423

gonorrhea 438
human chorionic

gonadotropin (HCG) 429
implantation 432
interstitial cell 423
intrauterine device (IUD) 431
luteinizing hormone

(LH) 423
menopause 430
menstruation 429
oogenesis 424
opportunistic infection 436
ovarian cycle 427
ovary 424
oviduct 424
ovulation 424
Pap test 425
pelvic inflammatory disease

(PID) 439
penis 421

placenta 429
progesterone 429
prostate gland 420
scrotum 420
semen 420
seminal vesicle 420
seminiferous tubule 422
sperm 423
spermatogenesis 423
sustentacular (Sertoli)

cell 423
syphilis 440
testis 420
testosterone 423
trichomoniasis 440
urethra 420
uterine cycle 429
uterus 424
vagina 425
vas deferens 420
vulva 425
zygote 424

Using Technology

Your study of the reproductive system is supported by these
available technologies:

Essential Study Partner CD-ROM
Genetics ££ Reproduction

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Dynamic Human 2.0 CD-ROM
Reproductive System
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Development

Chapter Concepts

22.1 Early Developmental Stages
• Development begins when a sperm fertilizes an

egg. 444
• The first stages of embryonic development in

animals lead to the establishment of the
embryonic germ layers. 445

• The presence of yolk affects the manner in which
animal embryos go through the early
developmental stages. 446

• In vertebrates, the nervous system develops
above the notochord after formation of a neural
tube. 447

22.2 Differentiation and Morphogenesis
• Cellular differentiation and morphogenesis are

two processes that occur when specialized
organs develop. 448

• Induction explains development of the nervous
system and why development in general is an
orderly process. 449

• Homeotic genes and those controlling apoptosis
are involved in shaping the outward appearance
of the developed animal. 450

22.3 Human Embryonic and Fetal Development
• Humans, like chicks, are dependent upon

extraembryonic membranes that perform various
services and contribute to development. 451

• During the embryonic period of human
development, all systems appear. 452

• The placenta is a unique organ where exchange
between fetal blood and mother’s blood takes
place. 455

• During fetal development, the fetus grows large
enough to live on its own. 458

• Birth is a multistage process that includes
delivery of the child and the extraembryonic
membranes. 460

22.4 Human Development after Birth
• Investigation into aging shows hope of

identifying underlying causes of degeneration
and prolonging the health span of 
individuals. 463

Development has a cellular basis. Union of the sperm and egg be-
gins cell division, growth, and differentiation of cells that result in
a human embryo such as the one shown here.

443
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The newborn baby nestled safely in its mother’s arms,
seeking the nipple in order to suckle. Just nine
months before, a sperm had met and entered an egg

and development had begun. At first there was only a ball of
cells, but then tissues arose and organs formed. In only two
months the embryo took on a human appearance and be-
came a fetus still floating within a fluid medium inside its
mother’s womb. While there, the fetus was completely de-
pendent upon a special structure called the placenta,
through which nourishment and oxygen are supplied and
wastes are removed. Upon birth, the fetus becomes an in-
dependently functioning human being.

The study of development concerns the events and the
processes that occur as a single cell becomes a complex or-
ganism. These same processes are also seen as a newly
born organism matures, as a lost part regenerates, as a
wound heals, and even during aging. Therefore, today it is
customary to stress that the study of development encom-
passes not only embryology (development of the embryo),
but these other events as well.

22.1 Early Developmental Stages
Fertilization, which results in a zygote, requires that the
sperm and egg interact. Figure 22.1 shows the manner in
which an egg is fertilized by a sperm in sea stars. The sperm

receptors

egg nucleus

fusion of
sperm and egg nuclei

fertilization envelope

acrosome

head

middle
piece

release of
acrosomal
enzymes

attachment
of filament
to receptor

fusion of
sperm and
egg plasma
membrane

entry of
sperm
nucleus

tail

sperm
nucleus

plasma
membrane

jelly coat

vitelline envelope

plasma membrane

Figure 22.1 Fertilization of a sea
star egg. 
A head of a sperm has a membrane-
bounded acrosome filled with enzymes.
When released, these enzymes digest
away the jelly coat around the egg, and
the acrosome extrudes a filament that
attaches to a receptor on the vitelline
envelope. Now the sperm nucleus enters
and fuses with the egg nucleus, and the
resulting zygote begins to divide. The
vitelline envelope becomes the fertilization
envelope, which prohibits any more sperm
from entering the egg. 

has three distinct parts: a head, a middle piece, and a tail.
The tail is a flagellum, which allows the sperm to swim to-
ward the egg, and the middle piece contains ATP-producing
mitochondria. The head contains a haploid nucleus capped
by a membrane-bounded acrosome containing enzymes
that allow the sperm to penetrate the egg.

Several mechanisms have evolved to assure that fertil-
ization takes place and in a species-specific manner (Fig.
22.1). A male releases so many sperm that the egg is literally
covered by them. The sea star egg has a plasma membrane,
a glycoprotein layer called the vitelline envelope, and a
jelly coat. The acrosome enzymes digest away the jelly
layer as the acrosome extrudes a filament that attaches to
receptors located in the vitelline envelope. This is a lock-
and-key reaction that is species-specific. Then, the egg
plasma membrane and sperm plasma membrane fuse, al-
lowing the sperm nucleus to enter. A zygote is present
when the sperm nucleus fuses with the egg nucleus. Fol-
lowing fusion, the egg plasma membrane and the vitelline
envelope undergo changes that prevent the entrance of any
other sperm. The vitelline envelope is now called the fertil-
ization envelope.

Most animals go through the same early developmental
stages of zygote, morula, blastula, early gastrula, and late
gastrula. As an example, we will consider the lancelet, a fish-
like animal whose egg has little yolk. Yolk is dense nutrient
material.
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Following fertilization, the zygote undergoes cleavage
and becomes an embryo. Cleavage is cell division without
growth (Fig. 22.2). DNA replication and mitotic cell division
occur repeatedly, and the cells get smaller with each divi-
sion. Because the lancelet has little yolk, the cell divisions are
equal, and the cells are of uniform size in the resulting
morula. Then a cavity called the blastocoel develops and a
hollow ball of cells known as the blastula forms.

The gastrula stage is evident in a lancelet when certain
cells begin to push, or invaginate, into the blastocoel, creat-
ing a double layer of cells. The outer layer is called the ecto-
derm, and the inner layer is called the endoderm. The space
created by invagination will become the gut, but at this
point it is termed either the primitive gut or the archen-
teron. The pore, or hole, created by invagination is the
blastopore, and in a lancelet the blastopore eventually be-
comes the anus. 

Gastrulation is not complete until three layers of cells
are present. The third, or middle, layer of cells is called the
mesoderm. In a lancelet, this layer begins as outpocketings
from the primitive gut. These outpocketings grow in size
until they meet and fuse. In effect then, two layers of meso-
derm are formed, and the space between them is the
coelom. The coelom is a body cavity that contains internal
organs.

Ectoderm, mesoderm, and endoderm are called the em-
bryonic germ layers. No matter how gastrulation takes
place, the end result is the same: three germ layers are
formed. It is possible to relate the development of future or-
gans to these germ layers: 

The three embryonic germ layers arise during
gastrulation, when cells invaginate into the
blastocoel. The development of organs can be
related to the three germ layers: ectoderm,
mesoderm, and endoderm.

Embryonic
Germ Layer Vertebrate Adult Structures

Ectoderm
(outer layer)

Mesoderm
(middle layer)

Epidermis of skin; epithelial lining of oral cavity 
and rectum; nervous system 

Skeleton; muscular system; dermis of skin; 
cardiovascular system; excretory system; 
reproductive system—including most epithelial 
linings; outer layers of respiratory and digestive 
systems

Endoderm
(inner layer)

Epithelial lining of digestive tract and respiratory 
tract; associated glands of these systems; 
epithelial lining of urinary bladder
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Zygote

Morula

Blastula

Early Gastrula

vegetal
pole

blastocoel

blastocoel

archenteron

ectoderm

endoderm

animal
pole

Late Gastrula

ectoderm

endoderm

mesoderm

Gastrulation
is occurring

Cleavage
is occurring

Figure 22.2 Lancelet early development.
A lancelet has little yolk as an embryo, and it can be used to
exemplify the early stages of development in such animals. Cleavage
produces a number of cells that form a cavity. Invagination during
gastrulation produces the germ layers ectoderm and endoderm.
Mesoderm arises from pouches that pinch off from the endoderm.
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The Effect of Yolk
Table 22.1 indicates the amount of yolk in four
types of embryos and relates the amount of yolk to
the environment in which the animal develops.
The lancelet and frog develop in water. They have
less yolk than the chick because their development
proceeds quickly to a swimming larval stage that
can feed itself. The chick is representative of verte-
brate animals that can develop on land because
they lay a hard-shelled egg that contains plentiful
yolk. Development continues in the shell until
there is an offspring capable of land existence.

Early stages of human development resemble
those of the chick embryo, yet this resemblance
cannot be related to the amount of yolk because
the human egg contains little yolk. The evolution-
ary history of these two animals can provide an
answer for this similarity. Both birds and mam-
mals are related to reptiles. This explains why all
three groups develop similarly, despite a differ-
ence in the amount of yolk in the eggs.

Figure 22.3 compares the appearance of early
developmental stages in the lancelet, the frog, and
the chick. In the frog embryo, cells at the animal
pole have little yolk while those at the vegetal pole
contain more yolk. The presence of yolk causes
cells to cleave more slowly; you can see that the
cells of the animal pole are smaller than those of
the vegetal pole. In the chick, cleavage is incom-
plete—only those cells lying on top of the yolk
cleave. This means that although cleavage in the
lancelet and the frog results in a morula, no such
ball of cells is seen in the chick. Instead, during the
morula stage the cells spread out on a portion of
the yolk.

In the frog, the blastocoel is formed at the ani-
mal pole only. The heavily laden yolk cells of the
vegetal pole do not participate in this step. In a
chick, the blastocoel is created when the cells lift
up from the yolk and leave a space between the
cells and the yolk.

In the frog, the cells containing yolk do not
participate in gastrulation and therefore they do
not invaginate. Instead, a slitlike blastopore is formed when
the animal pole cells begin to invaginate from above. Fol-
lowing this, other animal pole cells move down over the
yolk, and the blastopore becomes rounded when these cells
also invaginate from below. At this stage, there are some
yolk cells temporarily left in the region of the pore; these are
called the yolk plug. In the chick, there is so much yolk that
endoderm formation does not occur by invagination. In-
stead, an upper layer of cells becomes ectoderm, and a lower
layer becomes endoderm.
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Figure 22.3 Comparative animal development.

Lancelet morula Frog morula Chick morula

animal
pole

yolk

vegetal
pole c.s.*l.s.* l.s.

Lancelet late gastrula Frog late gastrula Chick late gastrula

ectoderm

ectoderm

endoderm

endoderm

archenteron

archenteron

mesoderm mesoderm
primitive streak

*l.s. = longitudinal section; c.s. = cross section

c.s.c.s. l.s.

Lancelet early gastrula Frog early gastrula Chick early gastrula

ectoderm
ectoderm

endoderm
endoderm

archenteron

archenteron

yolk plug
blastopore

blastopore
c.s.l.s. l.s.

Lancelet blastula Frog blastula Chick blastula

blastocoelblastocoel

c.s.l.s.l.s.

Animal Yolk Location of Development

Lancelet Little External in water

Frog Some External in water

Chick Much Within hard shell

Human Little Inside mother

Table 22.1 Amount of Yolk in Eggs Versus
Location of Development
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In the frog, cells from the dorsal lip of the blastopore mi-
grate between the ectoderm and endoderm, forming the
mesoderm. Later, a splitting of the mesoderm creates the
coelom. In the chick, the mesoderm layer arises by an in-
vagination of cells along the edges of a longitudinal furrow
in the midline of the embryo. Because of its appearance, this
furrow is called the primitive streak (Fig. 22.3d). Later, the
newly formed mesoderm will split to produce a coelomic
cavity.

The amount of yolk typically affects the manner in
which animals complete the first three stages of
development.

Neurulation and the Nervous System
The mesoderm cells that lie along the main longitudinal axis
of the animal coalesce to form a dorsal supporting rod called
the notochord. The notochord persists in lancelets, but in
frogs, chicks, and humans it is later replaced by the vertebral
column. Therefore, they are called vertebrates.

The nervous system develops from midline ectoderm
located just above the notochord. At first, a thickening of
cells called the neural plate is seen along the dorsal surface
of the embryo. Then, neural folds develop on either side of
a neural groove, which becomes the neural tube when these
folds fuse. Figure 22.4 shows cross sections of frog develop-
ment to illustrate the formation of the neural tube. At this
point, the embryo is called a neurula. Later, the anterior end
of the neural tube develops into the brain.

Midline mesoderm cells that did not contribute to the
formation of the notochord now become two longitudinal
masses of tissue. These two masses become blocked off into
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the somites, which give rise to the body’s muscles. The
somites also produce the vertebral bones.

The embryo in Figure 22.5 shows the location of various
parts. This figure and the chart on page 445 will help you re-
late the formation of vertebrate structures and organs to the
three embryonic layers of cells: the ectoderm, the meso-
derm, and the endoderm.

During neurulation, the neural tube develops just
above the notochord. At the neurula stage of
development, a cross section of all vertebrate
embryos is similar in appearance.

presumptive
notochord

neural plate neural groove

ectoderm
mesoderm

notochord

yolk

archenteron
a. b. c. d.

gut

coelom

neural tube

endoderm

Figure 22.4 Development of neural tube and coelom in a frog embryo.
a. Ectoderm cells that lie above the future notochord (called presumptive notochord) thicken to form a neural plate. b. The neural groove and
folds are noticeable as the neural tube begins to form. c. A splitting of the mesoderm produces a coelom, which is completely lined by
mesoderm. d. A neural tube and a coelom have now developed.

neural tube

somite
notochord

gut

coelom

= ectoderm
= mesoderm
= endoderm

Key:

Figure 22.5 Chordate embryo, cross section.
At the neurula stage, each of the germ layers, indicated by color (see
key), can be associated with the later development of particular
parts. The somites give rise to the muscles of each segment and to
the vertebrae, which replace the notochord.
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22.2 Differentiation and
Morphogenesis
Development requires growth, cellular differentiation, and
morphogenesis. Cellular differentiation occurs when cells
become specialized in structure and function; a muscle cell
looks different and acts differently than a nerve cell. Mor-
phogenesis is a change in shape and form of a body part.
There is a great deal of difference between your arm and leg,
even though they contain the same types of tissues.

Differentiation
The process of differentiation most likely starts long before
we can recognize different types of cells. Ectodermal, endo-
dermal, and mesodermal cells in the gastrula look quite sim-
ilar, but yet they must be different because they develop into
different organs. What causes differentiation to occur, and
when does it begin?

We know that differentiation cannot be due to a parceling
out of genes into embryonic cells, because each cell in the body
contains a full complement of chromosomes and, therefore,
genes. However, we can note that the cytoplasm of a frog’s egg
is not uniform. It is polar and has both an anterior/posterior
axis and a dorsal/ventral axis, which can be correlated with
the gray crescent, a gray area that appears after the sperm fer-
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tilizes the egg (Fig. 22.6a). Normally, the first cleavage gives
each daughter cell half of the gray crescent. In this case, each
experimentally separated daughter cell develops into a com-
plete embryo (Fig. 22.6b). However, if the egg divides so that
only one daughter cell receives the gray crescent, only that cell
becomes a complete embryo (Fig. 22.6c). We can therefore
speculate that particular chemical signals within the gray cres-
cent turn on the genes that control development in the frog. 

It is hypothesized that genes are turned on/off due to
ooplasmic segregation, which is the distribution of mater-
nal cytoplasmic contents to the various cells of the morula:

Cytoplasmic substances, parceled out during
cleavage, initially influence which genes are
activated and how cells differentiate.

Ooplasmic Segregation

gene-regulating
substances

animal
pole

Dorsal

gray
crescent

gray
crescentPosterior

vegetal
pole

Dorsal

Anterior

Anterior

Ventral

Ventral

Posterior

a. Frog's egg is polar and has axes.

plane of
first
division

site of
sperm
fusion

b. Each egg receives a part of the 
gray crescent.

c. Only the cell on the left 
receives the gray crescent.

Figure 22.6 Cytoplasmic influence on development.
a. A frog’s egg has anterior/posterior and dorsal/ventral axes that correlate with the position of the gray crescent. b. The first cleavage normally
divides the gray crescent in half, and each daughter cell is capable of developing into a complete tadpole. c. But if only one daughter cell
receives the gray crescent, then only that cell can become a complete embryo. This shows that chemical messengers are not uniformly
distributed in the cytoplasm of frogs’ eggs.
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Morphogenesis
As development proceeds, a cell’s differentiation is influ-
enced not only by its cytoplasmic content, but also by sig-
nals given off by neighboring cells. Migration of cells occurs
during gastrulation, and there is evidence that one set of
cells can influence the migratory path taken by another set
of cells. Some cells produce an extracellular matrix that con-
tains fibrils. In the laboratory, it can be shown that the orien-
tation of these fibrils influences migratory cells: the
cytoskeletons of the migrating cells are oriented in the same
direction as the fibrils. Although this may not be an exact
mechanism at work during gastrulation, it suggests that for-
mation of the germ layers is probably influenced by envi-
ronmental factors.

More specific information is known about neurulation,
the process by which the nervous system develops. Neuru-
lation involves induction, the process by which one tissue
influences the development of another tissue. Experiments
have shown that the presumptive (potential) notochord in-
duces formation of neural plates, the first sign of the ner-
vous system (Fig. 22.7). If the presumptive nervous system,
located just above the notochord, is cut out and transplanted
to the belly region of the embryo, it will not form a neural
plate. On the other hand, if presumptive notochord tissue is
cut out and transplanted beneath what would be ectoderm,
this ectoderm differentiates into a neural plate.

A well-known series of inductions accounts for the de-
velopment of the vertebrate eye. An optic vesicle, which is a
lateral outgrowth of the embryonic brain, induces the overly-
ing ectoderm to thicken and become the lens of an eye. The
lens induces an optic cup, where the retina develops. The op-
tic cup in turn induces formation of other eye parts. Today,
investigators believe that similar to this example, the process
of induction goes on continuously—neighboring cells are al-
ways influencing one another. Either direct contact or the
production of a chemical acts as a signal that activates certain
genes in neighboring cells and brings about development of
particular structures. The following diagram suggests that
signals activate genes in cells, causing these cells to send out
signals that activate genes in still other cells, and so forth.

Morphogenesis is dependent upon induction.
Signals (either contact or chemical) from cells
cause differentiated cells located nearby to
develop into particular structures. 

signals new signalsactivate
new genes
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a. Presumptive nervous tissue is removed 
from a donor embryo.

Host embryo 
has undergone 
gastrulation

Host embryo 
has undergone 
gastrulation

Host embryo 
undergoes 
neurulation

Host embryo 
undergoes 
neurulation

After removal of host tissue, donor 
presumptive nervous tissue is transplanted 
to belly region of host embryo.

normal host
neural plate

tissue transplant

Due to normal induction process, a host neural 
plate develops. But donated tissue is not induced 
to develop into a neural plate.

b. Presumptive notochord tissue is removed 
from a donor embryo.

Donor presumptive notochord tissue is 
transplanted to a host embryo. Host belly tissue 
(which was removed) is returned to the host.

Host develops two neural plates – one induced by 
host notochord tissue, the second induced by 
transplanted notochord tissue.

normal host
neural plate

induced
neural plate

Figure 22.7 Control of nervous system development.
a. In this experiment, the presumptive nervous system does not develop into the neural plate if moved from its normal location. b. In this
experiment, the presumptive notochord can cause even belly ectoderm to develop into the neural plate. This shows that the notochord induces
ectoderm to become a neural plate, most likely by sending out chemical signals.
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Pattern Formation
Investigators studying morphogenesis in Drosophila (fruit
fly) have discovered that there are some genes that deter-
mine the animal’s anterior/posterior and dorsal/ventral
axes, others that determine the number and polarity of its
segments, and still others, called homeotic genes, that deter-
mine how these segments develop. Homeotic genes have
now been found in many other organisms and, surprisingly,
they all contain the same particular sequence of nucleotides,
called a homeobox.

Since homeoboxes have been found in almost all eukaryotic
organisms, it is believed that homeoboxes are derived from
an original nucleotide sequence that has been largely con-
served (maintained from generation to generation) because
of its importance in the regulation of animal development.

In Drosophila, a homeotic mutation causes body parts to
be misplaced—a homeotic mutant fly can have two pairs of
wings or extra legs where antennae should be (Fig. 22.8).
Similarly, in the frog Xenopus, if the expression levels of the
homeotic genes are altered, headless and tailless embryos
are produced.

Homeotic genes are clearly involved in pattern forma-
tion—that is, the shaping of an embryo so that the adult has
a normal appearance. Homeotic genes are arranged in a def-
inite order on a chromosome; those first in line determine the
development of anterior segments of the animal, while those
later in the sequence determine the development of posterior
segments of the embryo. A homeotic gene codes for a home-
odomain protein. Each of these proteins has a homeodomain,
a sequence of 60 amino acids that is found in all other home-
odomain proteins. Homeodomain proteins stay in the nu-
cleus and regulate transcription of other genes during
development. Researchers envision that a homeodomain
protein produced by one homeotic gene binds to and turns
on the next homeotic gene, and this orderly process deter-
mines the overall pattern of the embryo. It appears that
homeotic genes also establish homeodomain protein gradi-
ents that affect the pattern development of specific parts,
such as the limbs. One well-known gradient that determines
wing formation in the chick involves retinoic acid, a chemical

homeotic gene homeobox

variable DNA sequence

homeodomain protein homeodomain

variable amino acid sequence

O
C

HO

H
N

H

related to retinal, which is present in rods and cones of the eye.
Many laboratories are engaged in discovering much more

about homeotic genes and homeodomain proteins. We need
to know, for example, how homeotic genes are turned on and
how protein gradients are maintained in tissues. The roles of
the cytoskeleton and extracellular matrix are being explored.

Apoptosis. Investigators studying morphogenesis in the
nematode Caenorhabifitis elegans have found that apoptosis
(programmed cell death) plays an important role in develop-
ment. At specific times in development, certain cells die be-
cause suicide genes coding for toxic proteins have been
turned on. Shrinkage of the cytoplasm and nucleus turns cells
into apoptotic bodies that are phagocytized by neighboring
cells. If too few cells undergo apoptosis, abnormalities result-
ing from too many cells result. In humans, hands and feet first
have the appearance of paddles, and only after apoptosis do
fingers and toes result. Apoptosis is also necessary to normal
development of the nervous system and the immune sytem.

Morphogenesis is dependent upon signals (either
contact or chemical) from neighboring cells. These
signals are believed to activate particular genes.
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b.

a.

Figure 22.8 Homeotic mutations in Drosophila.
Homeotic genes control pattern formation, an aspect of
morphogenesis. If homeotic genes are activated at inappropriate
times, abnormalities such as (a) a fly with four wings and (b) a fly with
legs on its head can occur.
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22.3 Human Embryonic and Fetal
Development
In humans, the length of the time from conception (fertiliza-
tion followed by implantation) to birth (parturition) is ap-
proximately nine months. It is customary to calculate the
time of birth by adding 280 days to the start of the last men-
struation, because this date is usually known, whereas the
day of fertilization is usually unknown. Because the time of
birth is influenced by so many variables, only about 5% of
babies actually arrive on the forecasted date.

Human development is often divided into embryonic
development (months 1 and 2) and fetal development
(months 3–9). The embryonic period consists of early for-
mation of the major organs, and fetal development is the re-
finement of these structures.

Before we consider human development chronologi-
cally, we must understand the placement of extraembryonic
membranes. Extraembryonic membranes are best under-
stood by considering their function in reptiles and birds. In
reptiles, these membranes made development on land first
possible. If an embryo develops in the water, the water sup-
plies oxygen for the embryo and takes away waste products.
The surrounding water prevents desiccation, or drying out,
and provides a protective cushion. For an embryo that de-
velops on land, all these functions are performed by the ex-
traembryonic membranes.

In the chick, the extraembryonic membranes develop
from extensions of the germ layers, which spread out over

the yolk. Figure 22.9 shows the chick surrounded by the
membranes. The chorion lies next to the shell and carries on
gas exchange. The amnion contains the protective amniotic
fluid, which bathes the developing embryo. The allantois
collects nitrogenous wastes, and the yolk sac surrounds the
remaining yolk, which provides nourishment.

Humans (and other mammals) also have these extraem-
bryonic membranes. The chorion develops into the fetal half
of the placenta; the yolk sac, which lacks yolk, is the first site
of blood cell formation; the allantoic blood vessels become
the umbilical blood vessels; and the amnion contains fluid to
cushion and protect the embryo, which develops into a fe-
tus. Therefore, the function of the membranes in humans
has been modified to suit internal development, but their
very presence indicates our relationship to birds and to rep-
tiles. It is interesting to note that all animals develop in wa-
ter, either in bodies of water or within amniotic fluid.

The presence of extraembryonic membranes in
reptiles made development on land possible.
Humans also have these membranes, but their
function has been modified for internal
development.

Embryonic Development
Embryonic development includes the first two months of
development.
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Figure 22.9 Extraembryonic membranes.
The membranes, which are not part of the embryo, are found during the development of chicks and humans, where each has a specific function.
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The First Week
Fertilization occurs in the upper third of an oviduct (Fig.
22.10), and cleavage begins even as the embryo passes down
this tube to the uterus. By the time the embryo reaches the
uterus on the third day, it is a morula. The morula is not
much larger than the zygote because, even though multiple
cell divisions have occurred, there has been no growth of
these newly formed cells. By about the fifth day, the morula
is transformed into the blastocyst. The blastocyst has a
fluid-filled cavity, a single layer of outer cells called the
trophoblast and an inner cell mass. Later, the trophoblast,
reinforced by a layer of mesoderm, gives rise to the chorion,
one of the extraembryonic membranes (see Fig. 22.9). The
inner cell mass eventually becomes the embryo, which devel-
ops into a fetus.

The Second Week
At the end of the first week, the embryo begins the process
of implanting in the wall of the uterus. The trophoblast se-
cretes enzymes to digest away some of the tissue and blood
vessels of the uterine wall (Fig. 22.10). The embryo is now
about the size of the period at the end of this sentence. The
trophoblast begins to secrete human chorionic gonadotropin
(HCG), the hormone that is the basis for the pregnancy test
and that serves to maintain the corpus luteum past the time
it normally disintegrates. Because of this, the endometrium
is maintained and menstruation does not occur.

As the week progresses, the inner cell mass detaches it-
self from the trophoblast, and two more extraembryonic
membranes form (Fig. 22.11a). The yolk sac, which forms be-
low the embryonic disk, has no nutritive function as in
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Figure 22.10 Human development before implantation.
Structures and events proceed counterclockwise. At ovulation (1), the secondary oocyte leaves the ovary. A single sperm penetrates the zona
pellucida, and fertilization (2) occurs in the oviduct. As the zygote moves along the oviduct, it undergoes cleavage (3) to produce a morula (4). The
blastocyst forms (5) and implants itself in the uterine lining (6).
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chicks, but it is the first site of blood cell formation. How-
ever, the amnion and its cavity are where the embryo (later
called the fetus) develops. In humans, amniotic fluid acts as
an insulator against cold and heat and also absorbs shock,
such as that caused by the mother exercising.

Gastrulation occurs during the second week. The inner
cell mass now has flattened into the embryonic disk, com-
posed of two layers of cells: ectoderm above and endoderm
below. Once the embryonic disk elongates to form the prim-
itive streak, similar to that found in birds, the third germ
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layer, mesoderm, forms by invagination of cells along the
streak. The trophoblast is reinforced by mesoderm and be-
comes the chorion.

It is possible to relate the development of future organs
to these germ layers (see page 445).

The Third Week
Two important organ systems make their appearance dur-
ing the third week. The nervous system is the first organ
system to be visually evident. At first, a thickening appears
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Figure 22.11 Human embryonic development.
a. At first, no organs are present in the embryo, only tissues. The amniotic cavity is above the embryo, and the yolk sac is below. b. The chorion is
developing villi, so important to exchange between mother and child. c. The allantois and yolk sac are two more extraembryonic membranes.
d. These extraembryonic membranes are positioned inside the body stalk as it becomes the umbilical cord. e. At 28 days, the embryo has a head
region and a tail region. The umbilical cord takes blood vessels between the embryo and the chorion (placenta).
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along the entire dorsal length of the embryo, and then in-
vagination occurs as neural folds appear. When the neural
folds meet at the midline, the neural tube, which later devel-
ops into the brain and the nerve cord, is formed (see Fig.
22.4). After the notochord is replaced by the vertebral col-
umn, the nerve cord is called the spinal cord.

Development of the heart begins in the third week and
continues into the fourth week. At first, there are right and
left heart tubes; when these fuse, the heart begins pumping
blood, even though the chambers of the heart are not fully
formed. The veins enter posteriorly and the arteries exit
anteriorly from this largely tubular heart, but later the
heart twists so that all major blood vessels are located
anteriorly.

The Fourth and Fifth Weeks
At four weeks, the embryo is barely larger than the height of
this print. A bridge of mesoderm called the body stalk con-
nects the caudal (tail) end of the embryo with the chorion,
which has projections called chorionic villi (Fig. 22.11b). The
fourth extraembryonic membrane, the allantois, is contained
within this stalk, and its blood vessels become the umbilical
blood vessels. The head and the tail then lift up, and the

body stalk moves anteriorly by constriction (Fig. 22.11d).
Once this process is complete, the umbilical cord, which
connects the developing embryo to the placenta, is fully
formed (Fig. 22.11e).

Little flippers called limb buds appear (Fig. 22.12); later,
the arms and the legs develop from the limb buds, and even
the hands and the feet become apparent. At the same time—
during the fifth week—the head enlarges and the sense or-
gans become more prominent. It is possible to make out the
developing eyes, ears, and even nose.

The Sixth Through Eighth Weeks
There is a remarkable change in external appearance dur-
ing the sixth through eighth weeks of development—a
form that is difficult to recognize as a human becomes eas-
ily recognized as human. Concurrent with brain develop-
ment, the head achieves its normal relationship with the
body as a neck region develops. The nervous system is de-
veloped well enough to permit reflex actions, such as a
startle response to touch. At the end of this period, the em-
bryo is about 38 mm (1.5 inches) long and weighs no more
than an aspirin tablet, even though all organ systems are
established.
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Figure 22.12 Human embryo at beginning of fifth week.
a. Scanning electron micrograph. b. The embryo is curled so that the head touches the heart, the two organs whose development is further along
than the rest of the body. The organs of the gastrointestinal tract are forming, and the arms and the legs develop from the bulges that are called
limb buds. The tail is an evolutionary remnant; its bones regress and become those of the coccyx (tailbone). The pharyngeal arches become
functioning gills only in fishes and amphibian larvae; in humans, the first pair of pharyngeal pouches becomes the auditory tubes. The second
pair becomes the tonsils, while the third and fourth become the thymus gland and the parathyroids.
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The Structure and Function of the Placenta
The placenta begins formation once the embryo is fully im-
planted. Treelike extensions of the chorion called chorionic
villi project into the maternal tissues. Later, these disappear
in all areas except where the placenta develops. By the tenth
week, the placenta (Fig. 22.13) is fully formed and has al-
ready begun to produce progesterone and estrogen. These
hormones have two effects: due to their negative feedback
control of the hypothalamus and the anterior pituitary, they
prevent any new follicles from maturing, and they maintain
the lining of the uterus—now the corpus luteum is not
needed. There is no menstruation during pregnancy.

The placenta has a fetal side contributed by the
chorion and a maternal side consisting of uterine tissues.
Notice in Figure 22.13 how the chorionic villi are sur-
rounded by maternal blood sinuses; yet maternal and fetal
blood never mix, since exchange always takes place across
plasma membranes. Carbon dioxide and other wastes
move from the fetal side to the maternal side, and nutri-

ents and oxygen move from the maternal side to the fetal
side of the placenta. The umbilical cord stretches between
the placenta and the fetus. Although it may seem that the
umbilical cord travels from the placenta to the intestine,
actually the umbilical cord is simply taking fetal blood to
and from the placenta. The umbilical cord is the lifeline of
the fetus because it contains the umbilical arteries and
vein, which transport waste molecules (carbon dioxide
and urea) to the placenta for disposal and take oxygen and
nutrient molecules from the placenta to the rest of the fetal
circulatory system.

Harmful chemicals can also cross the placenta. This is of
particular concern during the embryonic period, when vari-
ous structures are first forming. Each organ or part seems to
have a sensitive period during which a substance can alter
its normal development. For example, if a woman takes the
drug thalidomide, a tranquilizer, between days 27 and 40 of
her pregnancy, the infant is likely to be born with deformed
limbs. After day 40, however, the infant is born with normal
limbs.

Figure 22.13 Anatomy of the placenta in a fetus at six to seven months.
The placenta is composed of both fetal and maternal tissues. Chorionic villi penetrate the uterine lining and are surrounded by maternal blood.
Exchange of molecules between fetal and maternal blood takes place across the walls of the chorionic villi.
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It is believed that at least 1 in 16 newborns has a birth defect, ei-
ther minor or serious, and the actual percentage may be even
higher. Most likely, only 20% of all birth defects are due to
heredity. Those that are hereditary can sometimes be detected
before birth. Amniocentesis allows the fetus to be tested for ab-
normalities of development; chorionic villi sampling allows the
embryo to be tested; and a new method has been developed for
screening eggs to be used for in vitro fertilization (Fig. 22A).

It is recommended that all females take everyday precau-
tions to protect any future and/or presently developing em-
bryos and fetuses from defects. Proper nutrition is a must
(deficiency in folic acid causes neural tube defects). X-ray diag-
nostic therapy should be avoided during pregnancy because
X rays cause mutations in the developing embryo or fetus. Chil-
dren born to women who received X-ray treatment are apt to
have birth defects and/or to develop leukemia later. Toxic
chemicals such as pesticides and many organic industrial chem-
icals, which are also mutagenic, can cross the placenta. Cigarette
smoke not only contains carbon monoxide but also other feto-
toxic chemicals. Babies born to smokers are often underweight
and subject to convulsions.

Pregnant Rh� women should receive an Rh immunoglobulin
injection to prevent the production of Rh antibodies. These anti-
bodies can cause nervous system and heart defects.

Sometimes, birth defects are caused by microbes. Females
can be immunized before the childbearing years for rubella
(German measles), which in particular causes birth defects such
as deafness. Unfortunately, immunization for sexually transmit-
ted diseases is not possible. The AIDS virus can cross the pla-
centa, and over 1,500 babies who contracted AIDS while in their
mother’s womb are now mentally retarded. When a mother has
herpes, gonorrhea, or chlamydia, newborns can become in-
fected as they pass through the birth canal. Blindness and other
physical and mental defects may develop. Birth by cesarean sec-
tion could prevent these occurrences.

Pregnant women should not take any type of drug without a
doctor’s permission. Certainly illegal drugs, such as marijuana,
cocaine, and heroin, should be completely avoided. “Cocaine
babies” now make up 60% of drug-affected babies. Severe fluc-
tuations in blood pressure which are produced by the use of co-
caine temporarily deprive the developing brain of oxygen.
Cocaine babies have visual problems, lack coordination, and are
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Preventing Birth Defects

Figure 22A Three methods for genetic defect testing before birth.
a. Amniocentesis is usually performed from the 15th to the 17th week of pregnancy. A long needle is passed through the abdominal wall to
withdraw a small amount of amniotic fluid, along with fetal cells. Since there are only a few cells in the amniotic fluid, testing may be
delayed as long as four weeks until cell culture produces enough cells for testing purposes. About 40 tests are available for different
defects. b. Chorionic villi sampling is usually performed from the 8th to the 12th week of pregnancy. The doctor inserts a long, thin tube
through the vagina into the uterus. With the help of ultrasound, which gives a picture of the uterine contents, the tube is placed between
the lining of the uterus and the chorion. Then a sampling of the chorionic villi cells is obtained by suction. Chromosome analysis and
biochemical tests for genetic defects can be done immediately on these cells. c. Screening eggs for genetic defects is a new technique.
Preovulatory eggs are removed by aspiration after a laparoscope (optical telescope) is inserted into the abdominal cavity through a small
incision in the region of the navel. The first polar body is tested. If the woman is heterozygous (Aa) and the defective gene (a) is found in the
polar body, then the egg must have received the normal gene (A). Normal eggs then undergo in vitro fertilization and are placed in the
prepared uterus.
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mentally retarded. The drugs aspirin, caffeine (present in coffee,
tea, and cola), and alcohol should be severely limited. It is not
unusual for babies of drug addicts and alcoholics to display
withdrawal symptoms and to have various abnormalities. Ba-
bies born to women who have about 45 drinks a month and as
many as 5 drinks on one occasion are apt to have fetal alcohol
syndrome (FAS). These babies have decreased weight, height,
and head size, with malformation of the head and face. Mental
retardation is common in FAS infants.

Medications can also cause problems. When the synthetic
hormone DES was given to pregnant women to prevent miscar-
riage, their daughters showed various abnormalities of the re-

productive organs and an increased tendency toward cervical
cancer. Other sex hormones, including birth-control pills, can
possibly cause abnormal fetal development, including abnor-
malities of the sex organs. The tranquilizer thalidomide is well
known for having caused deformities of the arms and legs in
children born to women who took the drug. Therefore, a
woman has to be very careful about taking medications while
pregnant.

Now that physicians and laypeople are aware of the various
ways in which birth defects can be prevented, it is hoped that
the incidence of birth defects will decrease in the future.
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Fetal Development and Birth
Fetal development includes the third
through ninth months of development. At
this time, the fetus looks human (Fig. 22.14).

The Third and Fourth Months
At the beginning of the third month, the fetal
head is still very large, the nose is flat, the
eyes are far apart, and the ears are distinc-
tively present. Head growth now begins to
slow down as the rest of the body increases
in length. Epidermal refinements, such as
eyelashes, eyebrows, hair on head, finger-
nails, and nipples, appear.

Cartilage begins to be replaced by bone
as ossification centers appear in most of the
bones. Cartilage remains at the ends of the
long bones, and ossification is not complete
until age 18 or 20 years. The skull has six
large membranous areas called fontanels,
which permit a certain amount of flexibility
as the head passes through the birth canal
and allow rapid growth of the brain during
infancy. Progressive fusion of the skull bones causes the
fontanels to usually close by 2 years of age.

Sometime during the third month, it is possible to dis-
tinguish males from females. Researchers have discovered a
series of genes on the X and Y chromosomes that cause the
differentiation of gonads into testes and ovaries. Once these
have differentiated, they produce the sex hormones that in-
fluence the differentiation of the genital tract.

At this time, either testes or ovaries are located within
the abdominal cavity, but later, in the last trimester of fetal
development, the testes descend into the scrotal sacs (scro-
tum). Sometimes the testes fail to descend, and in that case,
an operation may be done later to place them in their proper
location.

During the fourth month, the fetal heartbeat is loud
enough to be heard when a physician applies a stethoscope
to the mother’s abdomen. By the end of this month, the fetus
is about 152 mm (6 inches) in length and weighs about 171
grams (6 oz).

During the third and fourth months, it is obvious
that the skeleton is becoming ossified. The sex of
the individual can now be distinguished.

The Fifth Through Seventh Months
During the fifth through seventh months, the mother begins
to feel movement. At first, there is only a fluttering sensa-
tion, but as the fetal legs grow and develop, kicks and jabs
are felt. The fetus, though, is in the fetal position, with the
head bent down and in contact with the flexed knees.

The wrinkled, translucent, pink-colored skin is covered
by a fine down called lanugo. This in turn is coated with a
white, greasy, cheeselike substance called vernix caseosa,
which probably protects the delicate skin from the amniotic
fluid. The eyelids are now fully open, however.

At the end of this period, the length has increased to
about 300 mm (12 inches), and the weight is now about 1,380
grams (3 lb). It is possible that if born now, the baby will
survive.

Fetal Circulation
The fetus has circulatory features that are not present in the
adult circulation (Fig. 22.15). All of these features can be re-
lated to the fact that the fetus does not use its lungs for gas
exchange. For example, much of the blood entering the right
atrium is shunted into the left atrium through the oval open-
ing (foramen ovale) between the two atria. Also, any blood
that does enter the right ventricle and is pumped into the
pulmonary trunk is shunted into the aorta by way of the ar-
terial duct (ductus arteriosus).

Blood within the aorta travels to the various branches,
including the iliac arteries, which connect to the umbilical
arteries leading to the placenta. Exchange between maternal
blood and fetal blood takes place at the placenta. The um-
bilical vein carries blood rich in nutrients and oxygen to the
fetus. The umbilical vein enters the liver and then joins the
venous duct, which merges with the inferior vena cava, a
vessel that returns blood to the heart. It is interesting to note
that the umbilical arteries and vein run alongside one an-
other in the umbilical cord, which is cut at birth, leaving
only the umbilicus (navel).
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Figure 22.14 The three- to four-month-old fetus looks human.
Face, hands, and fingers are well defined.
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The most common of all cardiac defects in the newborn
is the persistence of the oval opening. With the tying of the
cord and the expansion of the lungs, blood enters the lungs
in quantity. Return of this blood to the left side of the heart
usually causes a flap to cover the opening. Incomplete clo-
sure occurs in nearly one out of four individuals, but even
so, passage of the blood from the right atrium to the left
atrium rarely occurs because either the opening is small or
it closes when the atria contract. In a small number of
cases, the passage of impure blood from the right side to
the left side of the heart is sufficient to cause a “blue baby.”
Such a condition now can be corrected by open heart
surgery.

The arterial duct closes because endothelial cells divide
and block off the duct. Remains of the arterial duct and parts
of the umbilical arteries and vein later are transformed into
connective tissue.

Fetal circulation shunts blood away from the lungs,
toward and away from the placenta within the
umbilical blood vessels located within the umbilical
cord. Exchange of substances between fetal blood
and maternal blood takes place at the placenta,
which forms from the chorion, an extraembryonic
membrane, and uterine tissue.
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Figure 22.15 Fetal circulation and the placenta.
The lungs are not functional in the fetus, and the blood passes directly from the right atrium to the left atrium or from the right ventricle to the
aorta. The umbilical arteries take fetal blood to the placenta where exchange of molecules between fetal and maternal blood takes place across
the walls of the chorionic villi. Oxygen and nutrient molecules diffuse into the fetal blood, and carbon dioxide and urea diffuse from fetal blood.
The umbilical vein returns blood from the placenta to the fetus. 
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Birth Has Three Stages
At the end of nine months, the fetus is about 525 mm
(20 1⁄2 inches) long and weighs about 3,380 grams (7 1⁄2 lb).
Weight gain is largely due to the accumulation of fat beneath
the skin.

As the time of birth approaches, the fetus rotates so that
the head is pointed toward the cervix. If the fetus does not
turn, then the likelihood of a breech birth (rump first) may
call for a cesarean section. It is very difficult for the cervix to
expand enough to accommodate this form of birth, and as-
phyxiation of the baby is more likely.

The uterus characteristically contracts throughout
pregnancy. During the early months of pregnancy, light
contractions that last about 20–30 seconds and occur every
15–20 minutes are often indiscernible. Near the end of preg-
nancy, contractions become stronger and more frequent, so
that the woman may falsely think that she is in labor. The
onset of true labor is marked by uterine contractions that
occur regularly every 15–20 minutes and last for 40 seconds
or more. Parturition, which includes labor and expulsion of
the fetus, usually is considered to have three stages. During
the first stage of parturition, the cervix dilates; during the
second, the infant is born; and during the third, the after-
birth is expelled.

The events that cause parturition still are not known en-
tirely, but there is now evidence suggesting the involvement of

prostaglandins. It may be, too, that the prostaglandins cause
the release of oxytocin from the mother’s posterior pituitary.
Both prostaglandins and oxytocin cause the uterus to contract,
and either hormone can be given to induce parturition.

First Stage: Cervix Dilates. Prior to, or at the same time as,
the first stage of parturition, there may be a “bloody show”
caused by the expulsion of a mucus plug from the cervical
canal. This plug prevents bacteria and sperm from entering
the uterus during pregnancy.

During the first stage of labor, the cervical canal slowly
disappears (Fig. 22.16) as the head pushes on the lower part
of the uterus. This process is called effacement, or taking up
the cervix. With further contractions, the head acts as a
wedge to assist cervical dilation. The head usually has a di-
ameter of about 10 cm; therefore, the cervix has to dilate to
this diameter in order to allow the head to pass through. If it
has not occurred already, the amniotic membrane is apt to
rupture now, releasing the amniotic fluid, which escapes out
the vagina. The first stage of labor ends once the cervix is
completely dilated.

Second Stage: Infant Emerges. During the second stage
of parturition, the uterine contractions occur every 1–2
minutes and last about one minute each. They are accom-
panied by a desire to push, or bear down. As the head
gradually descends into the vagina, the desire to push be-
comes greater. The head turns so that the back of the head
is uppermost when it appears (Fig. 22.17a–c). Since the
vagina may not expand enough to allow passage of the
head without tearing, an episiotomy is often performed.
This incision, which enlarges the vaginal opening, is
stitched later and heals more perfectly than a tear. As soon
as the head is delivered, the shoulders rotate so that the
face is either to the right or the left. The physician at this
time may hold the head and guide it downward, while one
shoulder and then the other emerges. The rest of the body
follows easily.

Once the infant is breathing normally, the umbilical cord
is cut and tied, severing the child from the placenta. The
stump of the cord shrivels and leaves a scar, which is the
navel.

Third Stage: Expelling Afterbirth. The placenta, or after-
birth, is delivered during the third stage of labor (Fig.
22.17d). About 15 minutes after delivery of the infant, uter-
ine muscle contractions shrink the uterus and dislodge the
placenta. This also helps to “close off” the mother’s blood
vessels that service the placenta, to prevent severe hemor-
rhaging. The placenta is then expelled into the vagina. As
soon as the placenta and its membranes are delivered, the
third stage of labor is complete.

During the first stage of birth, the cervix dilates;
during the second, the infant is delivered; and
during the third, the afterbirth is expelled.
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Figure 22.16 Dilation of cervix.
During the first stage of birth, the cervical canal slowly disappears as
the head pushes on the lower part of the uterus. a. Cervix nondilated.
b. Cervix dilated and “water breaks.”
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Lactation
Usually, there is no lactation during pregnancy because the
hormone prolactin, which is needed for milk production, is
not being produced. The negative feedback exerted by high
levels of estrogen and progesterone during pregnancy sup-
press anterior pituitary production not only of these hor-
mones but also prolactin as well. Once birth occurs,
however, the pituitary begins secreting prolactin. It takes a
couple of days for milk production to begin; in the mean-
time the breasts produce colostrum, which is a thin yellow-
ish fluid rich in protein and antibodies.

The suckling reflex is required for milk letdown to oc-
cur (Fig. 22.18). As discussed previously, the female breast
contains lobules consisting of ducts and alveoli. The alveoli
are lined by milk-producing cells in the lactating breast.
When a breast is suckled, the nerve endings in the nipple
and areola, which is a circular area of pigmented skin about
the nipple, are stimulated. Nerve impulses travel along
neural pathways from the breast to the hypothalamus,
which then directs the posterior pituitary to release the hor-
mone oxytocin. This hormone causes mammary lobules
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Figure 22.18 Suckling reflex.
Suckling sets in motion the sequence of events that leads to milk
letdown, the flow of milk within the mammary ducts of the breast.

Figure 22.17 Delivery of infant and afterbirth.
a.–c. During the second stage of birth, the back of the head appears
first, and then the shoulders rotate so that the body turns. d. During
the third stage of birth, the placenta and amniotic sac are expelled
from the vagina. These drawings show the woman sitting because a
prone position for childbirth is not recommended by many.
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Breast-feeding has come back in vogue in a big way. Not 20
years ago, only one mother in five breast-fed her baby. Today, an
estimated two out of every three newborns are being given
breast milk. The shift has many advantages, not just for the in-
fant but for the mother as well. One is that when the baby is
ready to eat, the milk is ready for the drinking. There are no bot-
tles to sterilize or formulas to measure. Breast milk is also less ex-
pensive than formula, even after you account for the cost of the
extra food a mother needs to ensure that she will produce
enough milk and that it will contain enough calories. In addition,
hormones released during breast-feeding cause contractions in
the uterus that assist it in shrinking closer to its prepregnancy
size. And the calories a mother’s body spends producing breast
milk may help her to lose the 7 to 8 pounds—or more—of fat she
puts on during pregnancy but does not “deliver” along with the
baby, placenta, and amniotic and other fluids.

As for the baby, “human milk is unquestionably the best
source of nutrition . . . during the first months of life,” says the
American Academy of Pediatrics. That’s especially true if con-
ditions in the home are unsanitary (breast milk, unlike formula,
does not need to be kept “clean,” because it goes directly from
mother to child), or money is too scarce to ensure that formula
will always be affordable, or the educational level of the parents
is too low (or the emotional level of the household too
“chaotic”) for the family to read, fully understand, and consis-
tently apply the rules of proper formula preparation and stor-
age. But even fullterm infants born to reasonably well-educated,
financially secure parents who live in clean environments may
benefit.

It isn’t that today’s formulas are not reliable. Healthy babies
can grow well on breast or bottle. But breast milk is an amaz-
ingly sophisticated substance (it contains more zinc in the first
few weeks than later on to meet the newborn’s higher zinc
needs). And although scientists have been able to imitate it
safely enough in store-bought formula, “there may still be some
subtle, not-yet-discovered ways in which breast milk is prefer-
able to bottle milk,” says Ronald Kleinman, M.D., head of the
Committee on Nutrition at the American Academy of Pedi-
atrics. “There remain differences between the two,” he adds,

“whose significance isn’t understood.”
These differences may be behind such findings as one re-

ported in the British Medical Journal that breast-fed infants ap-
pear better protected against wheezing during the first few
months of life. The journal has also published a report suggest-
ing that breast-fed newborns are less prone to develop stomach
and intestinal illness during the first 13 weeks of life, and thus,
suffer less than bottle-fed babies from vomiting and diarrhea.

Can the Bottle Ever Be A Better Choice?
Despite the many advantages of breast-feeding, it may not al-
ways be the appropriate way for a mother to nourish her child.
Some women simply do not want to breast-feed because they
will return to work soon after giving birth and would find
“pumping” breast milk to be given to the infant while they are
away from home too tiring. Others may not wish to breast-feed
because they are uncomfortable with the sexuality of the
process or with some other emotionally related aspect. All these
reasons are considered valid. In other words, mothers who do
not want to breast-feed should not be pressured or made to feel
guilty about it. As family therapist and dietitian Ellyn Satter
says in her book Child of Mine: Feeding with Love and Good Sense
(Bull Publishing: Palo Alto, California), “You will have plenty of
opportunities to feel guilty as a parent without feeling guilty
about that, too.” Besides, if a mother breast-feeds but hates do-
ing it, her baby is going to sense that, and it will do greater harm
than the breast milk will do good.

Indeed, more important than whether a mother breast-feeds,
especially in countries like the United States, where the stan-
dard of living for the average family is such that breast-feeding
is not a life-or-death matter as it is in some developing nations,
is that she develops a relaxed, loving relationship with her
child. “Even the sophisticated components of breast milk can’t
make up for that,” Ms. Satter says. The closeness, warmth, and
stimulation provided by an infant’s caretakers are as important
to his normal growth and development as the source of his food.
Source: Tufts University Diet and Nutrition Letter (ISSN 0747-4105) is pub-
lished monthly by Tufts University Diet and Nutrition Letter, 53 Park Place,
New York, NY 10007. This article extracted from a Special Report in the
December 1990 issue. Reprinted by permission.
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within a breast to contract and milk to flow (let down) into
mammary ducts where it may be drawn out at the nipple by
a suckling infant. The suckling reflex is required for lactation
to continue; if suckling does not occur, milk production
ceases. Also, the more suckling, the more oxytocin released,
and the more milk there is for the child. 

In addition to initiating milk letdown, oxytocin also
causes the uterus to contract and this helps return the
uterus to its nonpregnant state more quickly. Some

women choose to breast-feed and some do not. The read-
ing on this page discusses the benefits of both feeding
methods. 

Under the influence of the hormone prolactin,
lactation begins after a child is born. The hormone
oxytocin is involved in the suckling reflex which
brings about milk letdown. 
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22.4 Human Development after Birth
Development does not cease once birth has occurred but
continues throughout the stages of life: infancy, childhood,
adolescence, and adulthood. Aging encompasses these pro-
gressive changes that contribute to an increased risk of infir-
mity, disease, and death (Fig. 22.19).

Today, there is great interest in gerontology, the study of
aging, because there are now more older individuals in our
society than ever before, and the number is expected to rise
dramatically. In the next half-century, those over age 75 will
rise from the present 13 million to 34–45 million, and those
over age 80 will rise from 3 million to 6 million individuals.
The human life span is judged to be a maximum of 110–115
years. The present goal of gerontology is not necessarily to
increase the life span, but to increase the health span, the
number of years that an individual enjoys the full functions
of all body parts and processes.

Theories of Aging
There are many theories about what causes aging. Three of
these are considered here.

Genetic in Origin
Several lines of evidence indicate that aging has a genetic
basis. (1) The number of times a cell divides is species-
specific. The maximum number of times human cells di-
vide is around 50. Perhaps as we grow older, more and
more cells are unable to divide, and instead, they undergo
degenerative changes and die. (2) Some cell lines may be-
come nonfunctional long before the maximum number 
of divisions has occurred. Whenever DNA replicates,
mutations can occur, and this can lead to the production of
nonfunctional proteins. Eventually, the number of inade-
quately functioning cells can build up, which contributes
to the aging process. (3) The children of long-lived parents
tend to live longer than those of short-lived parents. Recent
work suggests that when an animal produces fewer free
radicals, it lives longer. Free radicals are unstable mole-
cules that carry an extra electron. In order to stabilize them-
selves, free radicals donate an electron to another molecule
like DNA or proteins (e.g., enzymes) or lipids found in
plasma membranes. Eventually these molecules are unable
to function and the cell is destroyed. There are genes that
code for antioxidant enzymes that detoxify free radicals.
This research suggests that animals with particular forms
of these genes—and therefore more efficient antioxidant
enzymes—live longer.

Whole-Body Process
A decline in the hormonal system can affect many differ-
ent organs of the body. For example, type II diabetes is
common in older individuals. The pancreas makes in-
sulin, but the cells lack the receptors that enable them to
respond. Menopause in women occurs for a similar

reason. There is plenty of FSH in the bloodstream, but the
ovaries do not respond. Perhaps aging results from the
loss of hormonal activities and a decline in the functions
they control.

The immune system, too, no longer performs as it once
did, and this can affect the body as a whole. The thymus
gland gradually decreases in size, and eventually most of it
is replaced by fat and connective tissue. The incidence of
cancer increases among the elderly, which may signify that
the immune system is no longer functioning as it should.
This idea is substantiated, too, by the increased incidence of
autoimmune diseases in older individuals.

It is possible, though, that aging is not due to the failure
of a particular system that can affect the body as a whole,
but to a specific type of tissue change that affects all organs
and even the genes. It has been noticed for some time that
proteins—such as collagen, which makes up the white fibers
and is present in many support tissues—become increas-
ingly cross-linked as people age. Undoubtedly, this cross-
linking contributes to the stiffening and the loss of elasticity
characteristic of aging tendons and ligaments. It may also
account for the inability of such organs as the blood vessels,
the heart, and the lungs to function as they once did. Some
researchers have now found that glucose has the tendency
to attach to any type of protein, which is the first step in a
cross-linking process. They are presently experimenting
with drugs that can prevent cross-linking.
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Figure 22.19 Aging.
Aging is a slow process during which the body undergoes changes
that eventually bring about death, even if no marked disease or
disorder is present.
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Extrinsic Factors
The current data about the effects of aging are often based
on comparisons of the characteristics of the elderly to
younger age groups; but perhaps today’s elderly were not as
aware when they were younger of the importance of, for ex-
ample, diet and exercise to general health. It is possible,
then, that much of what we attribute to aging is instead due
to years of poor health habits.

Consider, for example, osteoporosis. This condition is
associated with a progressive decline in bone density in
both males and females so that fractures are more likely to
occur after only minimal trauma. Osteoporosis is common
in the elderly—by age 65, one-third of women will have
vertebral fractures, and by age 81, one-third of women and
one-sixth of men will have suffered a hip fracture. While
there is no denying that a decline in bone mass occurs as a
result of aging, certain extrinsic factors are also important.
The occurrence of osteoporosis itself is associated with cig-
arette smoking, heavy alcohol intake, and perhaps inade-
quate calcium intake. Not only is it possible to eliminate
these negative factors by personal choice, it is also possible
to add a positive factor. A moderate exercise program has
been found to slow down the progressive loss of bone
mass.

Even more important, a proper diet that includes at least
five servings of fruits and vegetables a day and a sensible ex-
ercise program will most likely help eliminate cardiovascu-
lar disease, the leading cause of death today. Experts no
longer believe that the cardiovascular system necessarily
suffers a large decrease in functioning ability with age. Per-
sons 65 years of age and older can have well-functioning
hearts and open coronary arteries if their health habits are
good and they continue to exercise regularly.

Effect of Age on Body Systems
Data about how aging affects body systems should be ac-
cepted with reservations.

Skin
As aging occurs, skin becomes thinner and less elastic be-
cause the number of elastic fibers decreases and the collagen
fibers undergo cross-linking, as discussed previously. Also,
there is less adipose tissue in the subcutaneous layer; there-
fore, older people are more likely to feel cold. The loss of
thickness accounts for the sagging and wrinkling of the skin.

Homeostatic adjustment to heat is also limited because
there are fewer sweat glands for sweating to occur. There are
fewer hair follicles, so the hair on the scalp and the extremi-
ties thins out. The number of oil (sebaceous) glands is
reduced, and the skin tends to crack. Older people also expe-
rience a decrease in the number of melanocytes, making hair

gray and skin pale. In contrast, some of the remaining pig-
ment cells are larger, and pigmented blotches appear in skin.

Processing and Transporting
Cardiovascular disorders are the leading cause of death
among the elderly. The heart shrinks because there is a re-
duction in cardiac muscle cell size. This leads to loss of car-
diac muscle strength and reduced cardiac output. Still, it is
observed that the heart, in the absence of disease, is able to
meet the demands of increased activity. It can increase its
rate to double or triple the amount of blood pumped each
minute even though the maximum possible output declines.

Because the middle layer of arteries contains elastic
fibers, which most likely are subject to cross-linking, the ar-
teries become more rigid with time, and their size is further
reduced by plaque, a buildup of fatty material. Therefore,
blood pressure readings gradually rise. Such changes are
common in individuals living in Western industrialized
countries but not in agricultural societies. A low cholesterol
and saturated fatty acid diet has been suggested as a way to
control degenerative changes in the cardiovascular system.

There is reduced blood flow to the liver, and this organ
does not metabolize drugs as efficiently as before. This
means that as a person gets older, less medication is needed
to maintain the same level in the bloodstream.

Cardiovascular problems often are accompanied by
respiratory disorders, and vice versa. Growing inelasticity
of lung tissue means that ventilation is reduced. Because we
rarely use the entire vital capacity, these effects are not no-
ticed unless there is increased demand for oxygen.

There is also reduced blood supply to the kidneys. The
kidneys become smaller and less efficient at filtering wastes.
Salt and water balance are difficult to maintain, and the el-
derly dehydrate faster than young people. Difficulties in-
volving urination include incontinence (lack of bladder
control) and the inability to urinate. In men, the prostate
gland may enlarge and reduce the diameter of the urethra,
making urination so difficult that surgery is often needed.

The loss of teeth, which is frequently seen in elderly
people, is more apt to be the result of long-term neglect than
aging. The digestive tract loses tone, and secretion of saliva
and gastric juice is reduced, but there is no indication of re-
duced absorption. Therefore, an adequate diet, rather than
vitamin and mineral supplements, is recommended. There
are common complaints of constipation, increased amount
of gas, and heartburn, and gastritis, ulcers, and cancer can
also occur.

Integration and Coordination
It is often mentioned that while most tissues of the body reg-
ularly replace their cells, some at a faster rate than others,
the brain and the muscles do not. No new nerve or skeletal
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muscle cells are formed in the adult. However, contrary to
previous opinion, recent studies show that few neural cells
of the cerebral cortex are lost during the normal aging
process. This means that cognitive skills remain unchanged
even though there is characteristically a loss in short-term
memory. Although the elderly learn more slowly than the
young, they can acquire and remember new material as
well. It is noted that when more time is given for the subject
to respond, age differences in learning decrease.

Neurons are extremely sensitive to oxygen deficiency,
and if neuron death does occur, it may be due not to aging it-
self but to reduced blood flow in narrowed blood vessels.
Specific disorders, such as depression, Parkinson disease,
and Alzheimer disease, are sometimes seen, but they are not
common. Reaction time, however, does slow, and more stim-
ulation is needed for hearing, taste, and smell receptors to
function as before. After age 50, there is a gradual reduction
in the ability to hear tones at higher frequencies, and this can
make it difficult to identify individual voices and to under-
stand conversation in a group. The lens of the eye does not
accommodate as well and also may develop a cataract.
Glaucoma is more likely to develop because of a reduction
in the size of the anterior cavity of the eye.

Loss of skeletal muscle mass is not uncommon, but it
can be controlled by a regular exercise program. There is a
reduced capacity to do heavy labor, but routine physical
work should be no problem. A decrease in the strength of the
respiratory muscles and inflexibility of the rib cage con-
tribute to the inability of the lungs to expand as before, and
reduced muscularity of the urinary bladder contributes to
difficulties with urination.

As noted before, aging is accompanied by a decline in
bone density. Osteoporosis, characterized by a loss of cal-
cium and mineral from bone, is not uncommon, but there is
evidence that proper health habits can prevent its occur-
rence. Arthritis, which causes pain upon movement of the
joint, is also seen.

Weight gain occurs because the basal metabolism de-
creases and inactivity increases. Muscle mass is replaced by
stored fat and retained water.

The Reproductive System
Females undergo menopause, and thereafter the level of fe-
male sex hormones in blood falls markedly. The uterus and
the cervix are reduced in size, and there is a thinning of the
walls of the oviducts and the vagina. The external genitals
become less pronounced. In males, the level of androgens
falls gradually over the age span of 50–90, but sperm pro-
duction continues until death.

It is of interest that as a group, females live longer than
males. Although their health habits may be better, it is also
possible that the female sex hormone estrogen offers women

some protection against cardiovascular disorders when they
are younger. Males suffer a marked increase in heart disease
in their forties, but an increase is not noted in females until
after menopause, after which women lead men in the inci-
dence of stroke. Men are still more likely than women to
have a heart attack, however.

Conclusion
We have listed many adverse effects due to aging, but it is
important to emphasize that while such effects are seen,
they are not a necessary occurrence (Fig. 22.20). We must
discover any extrinsic factors that precipitate these adverse
effects and guard against them. Just as it is wise to make the
proper preparations to remain financially independent
when older, it is also wise to realize that biologically suc-
cessful old age begins with the health habits developed
when we are younger.
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Figure 22.20 Increasing the health span.
The aim of gerontology is to allow the elderly to enjoy living. This
requires studying the debilities that can occur with aging and then
making recommendations as to how best to forestall or prevent their
occurrence.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Summarizing the Concepts

22.1 Early Developmental Stages
During fertilization, the acrosome of a sperm releases enzymes that di-
gest a hole in the jelly coat around the egg and then extrudes a filament
that attaches to a receptor on the vitelline membrane. The sperm nu-
cleus enters the egg and fuses with the egg nucleus.

During the early developmental stages, cleavage leads to a morula,
which becomes the blastula when an internal cavity (the blastocoel) ap-
pears. Then, at the gastrula stage, invagination of cells into the blasto-
coel results in formation of the germ layers: ectoderm, mesoderm, and
endoderm. During neurulation, the nervous system develops from
midline ectoderm, just above the notochord. At this point, it is possible
to draw a typical cross section of a vertebrate embryo (see Fig. 22.5).

22.2 Differentiation and Morphogenesis
Differentiation begins with cleavage, when the egg’s cytoplasm is par-
titioned among the numerous cells. In a frog embryo, only a daughter
cell that receives a portion of the gray crescent is able to develop into a
complete embryo. Morphogenesis involves the process of induction, as
when the notochord induces the formation of the neural tube in frog
embryos. Today we envision that cells are constantly giving off signals
that influence the genetic activity of neighboring cells.

22.3 Human Embryonic and Fetal Development
Human development can be divided into embryonic development
(months 1 and 2) and fetal development (months 3–9). The extraem-
bryonic membranes, including the chorion, amnion, yolk sac, and al-
lantois, appear early in human development. In humans, fertilization
occurs in an oviduct, and cleavage occurs as the embryo moves toward
the uterus. The morula becomes the blastocyst before implanting in the
uterine lining.

Organ development begins with neural tube and heart formation.
There follows a steady progression of organ formation during embry-
onic development. During fetal development, refinement of features
occurs, and the fetus adds weight. Birth occurs about 280 days after the
start of the mother’s last menstruation.

22.4 Human Development after Birth
Development after birth consists of infancy, childhood, adolescence,
and adulthood. Young adults are at their prime, and then the aging
process begins. Aging may be due to cellular repair changes, which are
genetic in origin. Other factors that may affect aging are changes in
body processes and certain extrinsic factors.
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The fetus is subject to harm by maternal
use of medicines and drugs of abuse,

including nicotine and alcohol. Also, vari-
ous sexually transmitted diseases, notably
an HIV infection, can be passed on to the
fetus by way of the placenta. Women need
to be aware of the need to protect their un-
born child from harm. Indeed, their be-
havior should be protective if they are
sexually active, even if they are using a
recognized form of birth control. Harm
can occur before a woman realizes she is
pregnant!

Because we are now aware of the
need for maternal responsibility before a
child is born, there has been a growing ac-
ceptance of prosecuting women when a
newborn has a condition such as fetal alco-
hol syndrome, a condition that can only
be caused by the drinking habits of the
mother. Employers have also become
aware that they might be subject to prose-
cution. To protect themselves, Johnson

Controls, a U.S. battery manufacturer, de-
veloped a fetal protection policy. No
woman who could bear a child was of-
fered a job that might expose her to toxins
that could negatively affect the develop-
ment of her baby. To get such a job, a
woman had to show that she had been
sterilized or was otherwise incapable of
having children. In 1991, the U.S. Supreme
Court declared this policy unconstitu-
tional on the basis of sexual discrimina-
tion. The decision was hailed as a victory
for women, but was it? The decision was
written in such a way that women alone,
and not an employer, are responsible for
any harm done to the fetus by workplace
toxins.

Some have noted that prosecuting
women for causing prenatal harm can it-
self have a detrimental effect. The women
may tend to avoid prenatal treatment,
thereby increasing the risk to their chil-
dren. Or they may opt for an abortion in

order to avoid the possibility of prosecu-
tion. The women feel they are in a no-win
situation. If they have a child that has been
harmed due to their behavior, they feel
they are bad mothers or if they abort, they
feel they are also bad mothers. 

Questions
1. Do you believe women should be

prosecuted if their child is born with a
preventable condition? Why or why not?

2. Is the woman or physician responsible
when a women of child-bearing age takes
a prescribed medication that does harm to
the unborn? Is the employer or the
woman responsible when a workplace
toxin does harm to an unborn?

3. Should sexually active women who can
bear a child be expected to avoid
substances or situations that could
possibly harm an unborn even if they are
using birth control? Why or why not? 
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Studying the Concepts

1. Name the germ layers, and state organs derived from each. 445
2. Compare the process of cleavage and the formation of the

blastula and gastrula in lancelets, frogs, and chicks. 446–47
3. Draw a cross section of a typical vertebrate embryo at the

neurula stage, and label your drawing. 447
4. Give reasons for suggesting that differentiation begins with

the embryonic stage of cleavage. 448
5. Describe an experiment that helped investigators conclude

that the notochord induces formation of the neural plate.
What is the significance of induction in general? 449

6. What are homeotic genes, and what do they do? 450
7. List the human extraembryonic membranes, give a 

function for each, and compare their functions to those in 
the chick. 451

8. Tell where fertilization, cleavage, the morula stage, and the
blastocyst stage occur in humans. What does the blastocyst
do when it arrives in the uterus? 452–53

9. Describe the structure and the function of the placenta in
humans. 455

10. Describe fetal development in humans. 458
11. Trace the path of blood in the fetus from the right atrium to

the aorta, using two different routes. 458–59
12. Describe the three stages of birth. What is the suckling reflex?

460–62
13. Discuss three theories of aging. What are the major changes

in the body systems that have been observed as adults age?
463–64

Testing Yourself

Choose the best answer for each question.
1. Which of these stages is the first one out of sequence?

a. cleavage d. gastrula
b. blastula e. neurula
c. morula

2. Which of these stages is mismatched?
a. cleavage—cell division
b. blastula—gut formation
c. morula—ball of cells
d. gastrula—three germ layers
e. neurula—nervous system

3. Which of these germ layers is best associated with develop-
ment of the heart?
a. ectoderm d. epidermis
b. mesoderm e. All of these are correct.
c. endoderm

4. Differentiation begins at what stage?
a. cleavage d. gastrula
b. blastula e. neurula
c. morula

5. Morphogenesis is best associated with
a. overall growth.
b. induction of one tissue by another.
c. genetic mutations.
d. apoptosis.
e. Both b and d are correct.

6. In humans, the placenta develops from the chorion. This
indicates that human development
a. resembles that of the chick.
b. is associated with extraembryonic membranes.
c. cannot be compared to lower animals.
d. is like that of nonplacental animals.
e. begins only upon implantation.

7. In humans, the fetus
a. is surrounded by four extraembryonic membranes.
b. has developed organs and is recognizably human.
c. is dependent upon the placenta for excretion of wastes and

acquisition of nutrients.
d. is no larger than the morula.
e. Both b and c are correct.

8. Developmental changes
a. require growth, differentiation, and morphogenesis.
b. stop occurring when one is grown.
c. are dependent upon a parceling out of genes into daughter

cells.
d. have no set sequence.
e. Both a and c are correct.

9. Which of these is mismatched?
a. brain—ectoderm
b. gut—endoderm
c. bone—mesoderm
d. blood—mesoderm
e. lens—endoderm

10. Fetal circulation
a. bypasses the lungs by the presence of the oval opening

between the atria.
b. bypasses the placenta because the umbilical vein is con-

nected to the umbilical artery.
c. bypasses the heart by the presence of the venous duct.
d. circulates maternal blood from the placenta to the heart as

a way to provide the fetus with oxygen.
e. All of these are correct.

11. Label this diagram illustrating the placement of the extraem-
bryonic membranes, and give a function for each membrane
in humans:
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Understanding the Terms

aging 463
allantois 451
amnion 451
archenteron 445
arterial duct 458
blastocoel 445
blastocyst 452
blastopore 445
blastula 445
cellular differentiation 448
chorion 451
chorionic villi 455
cleavage 445
colostrum 461
ectoderm 445
embryo 445
embryonic disk 453
embryonic period 451
endoderm 445
episiotomy 460
extraembryonic 

membrane 451
fertilization 444
fontanel 458
gastrula 445
gastrulation 445
germ layer 445
gerontology 463
gray crescent 448
homeobox 450
human chorionic

gonadotropin (HCG) 452

implantation 451
induction 449
lactation 461
lanugo 458
mesoderm 445
milk letdown 461
morphogenesis 448
morula 445
neural fold 447
neural plate 447
neural tube 447
neurula 447
notochord 447
ooplasmic segregation 448
oval opening 458
parturition 460
pattern formation 450
placenta 455
primitive streak 447
suckling reflex 461
trophoblast 452
umbilical artery 458
umbilical cord 454
umbilical vein 458
venous duct 458
vernix caseosa 458
vertebrate 447
yolk 444
yolk sac 451

Match the terms to these definitions:
a. Process by which a chemical or a tissue influences

the development of another tissue. 
b. Primary tissue layer of a vertebrate embryo;

namely ectoderm, mesoderm, or endoderm.
c. Movement of early embryonic cells to establish

body outline and form.
d. Structure formed during the development of

placental mammals from the chorion and the uterine wall
that allows the embryo, and then the fetus, to acquire nutri-
ents and rid itself of wastes.

e. Cell division without cytoplasmic addition or
enlargement; occurs during first stage of development.

Thinking Scientifically

1. With the help of these questions, develop a scenario to
explain why a particular type of cell gives off particular sig-
nals (page 448):
a. What might be the effect on genes when a cell inherits a

certain cytoplasmic composition?
b. What do activated genes do?
c. How might some of these proteins act?

2. With the help of these questions, develop a scenario to
explain why embryonic development is so orderly.
a. Tissue A has just become differentiated. What does it give

off to affect tissue B?
b. Having received a certain signal, what does tissue B do to

affect tissue C?
c. Having received a certain signal, what does tissue C do?

Using Technology

Your study of development is supported by these available
technologies:

Essential Study Partner CD-ROM
Genetics ££Development

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

HealthQuest CD-ROM
5 Cardiovascular Health ££ Gallery ££ Leading Causes
of Death

http://www.mhhe.com/biosci/genbio/mader
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Patterns of Gene
Inheritance

Chapter Concepts

23.1 Mendel’s Laws
• Today it is known that alleles (alternate forms of

a gene), located on chromosomes, control the
traits of individuals. 470

• Mendel discovered certain laws of heredity after
doing experiments with garden peas during the
mid-1800s. 470

• The law of segregation states that each organism
contains two factors for each trait, and the factors
segregate during formation of gametes. 470

• A testcross can be used to determine the
genotype of an individual with the dominant
phenotype. 474

• The law of independent assortment states that
every possible combination of factors is present
in the gametes. 475

23.2 Genetic Disorders
• Many genetic disorders are inherited according

to Mendel's laws. 478
• The pattern of inheritance indicates whether 

the disorder is a dominant or a recessive
disorder. 478 

• Dominant genetic disorders appear if a single
dominant allele is inherited; recessive genetic
disorders require the inheritance of two recessive
alleles. 479

23.3 Beyond Mendel’s Laws
• Polygenic traits include skin color, behavior, and

various syndromes. 481
• Blood type is controlled by multiple alleles. 482
• Some traits, like sickle-cell disease, are

incompletely dominant. 483

The genes we inherit from our parents determine our
characteristics, including our physical traits and even our
behavior.

469
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23.1 Mendel’s Laws
Gregor Mendel was an Austrian monk who in 1860 developed
certain laws of heredity after doing crosses between garden
pea plants. His studies form the basis for a particulate model
of heredity, which assumes that genes are sections of chromo-
somes. In Figure 23.2, the letters on the homologous chromo-
somes stand for genes that control a trait, such as color of hair,
type of fingers, or length of nose. The genes are in definite
sequence and remain in their spots, or loci, on the chromo-
somes. Alternative forms of a gene having the same position
on a pair of homologous chromosomes and affecting the same
trait are called alleles. In Figure 23.2, G is an allele of g, and
vice versa; also, R is an allele of r, and vice versa. G could never
be an allele for R because G and R are at different loci.

Mendel’s work is described in the reading on the next
page. He said that pea plants have two factors for every trait,
such as stem length. He observed that one of the factors con-
trolling the same trait can be dominant over the other, which
is recessive. For example, he found that a pea plant can be
tall even if one factor was for shortness. In Mendel’s experi-
ments, a tall pea plant was sometimes the parent of a short
plant. Therefore, he reasoned that while the individual plant
has two factors for each trait, the gametes (i.e., sperm and
egg) contain only one factor for each trait. This is now
known as Mendel’s law of segregation.

The law of segregation states the following:

• Each individual has two factors for each trait;
• The factors segregate (separate) during the

formation of the gametes;
• Each gamete contains only one factor from

each pair of factors;
• Fertilization gives each new individual two

factors for each trait.
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The newborn wiggled and squirmed about, but they
managed to collect a blood sample to test for PKU,
an inborn error of metabolism. Mary and Jim, the in-

fant’s parents, were normal, but Mary was still anxious be-
cause her aunt had been mentally retarded due to PKU, the
inability to metabolize an amino acid called phenylalanine.
When abnormal breakdown products accumulate, the brain
cannot go on to develop normally after birth. Later that day,
the pediatrician reported that although the infant had tested
positive for PKU, it was only necessary to keep him on a
special diet for several years. The diet consists of a special
formula and cereal during infancy, and foods very low in pro-
tein during childhood.

The study of inheritance most likely began as soon as
people noticed the resemblance between parents and off-
spring. But Gregor Mendel was the first to systematically
study inheritance (Fig. 23.1).

Figure 23.1 Mendel working in his garden.
Mendel grew and tended the pea plants he used for his experiments.
For each experiment, he observed as many offspring as possible. For
a cross that required him to count the number of round seeds to
wrinkled seeds, he observed and counted a total of 7,324 peas!

homologous
chromosomes

s

z Zz Z

s

r

g

s

r
r

g

z

G

R

S
S

R

GG

R

S

S

R

G

z Z

Unreplicated Replicated
homologous chromosomes

replication

alleles of a 
gene at a
gene locus

a. b.

Z

S s

R

G g

sister chromatids

Figure 23.2 Gene locus.
a. Each allelic pair, such as Gg or Zz, is located on homologous
chromosomes at a particular gene locus. b. Following replication,
each sister chromatid carries the same alleles in the same order.
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Mendel’s use of pea plants as his experimental material was a
good choice, because pea plants are easy to cultivate, have a
short generation time, and can be self-pollinated or cross-
pollinated at will. Mendel selected certain traits for study and,
before beginning his experiments, made sure his parental (P
generation) plants bred true—he observed that when these
plants self-pollinated, the offspring were like one another and
like the parent plant. For example, a parent with yellow seeds
always had offspring with yellow seeds; a plant with green
seeds always had offspring with green seeds. Then, Mendel
cross-pollinated the plants by dusting the pollen of plants with
yellow seeds on the stigma of plants with green seeds whose
own anthers had been removed, and vice versa (Fig. 23A). Ei-
ther way, the offspring (called F1, or first filial generation) re-
sembled the parents with yellow seeds. Mendel then allowed
the F1 plants to self-pollinate. Once he had obtained an F2 gen-
eration, he observed the color of the peas produced. He
counted over 8,000 plants and found an approximate 3:1 ratio
(about three plants with yellow seeds for every plant with
green seeds) in the F2 generation. Mendel realized that these re-
sults were explainable, assuming (a) there are two factors for
every trait; (b) one of the factors can be dominant over the
other, which is recessive; and (c) the factors separate when the
gametes are formed.

He believed that the F2 plants with yellow seeds carried a
dominant factor because his results could be related to the bi-
nomial expression a2 � 2ab � b2. He said if a = Y and b = y, then
the four F2 plants were YY � 2Yy � yy. And three plants with
yellow seeds are expected for every plant with green seeds.

As a test to determine if the F1 generation was indeed Yy,
Mendel backcrossed it with the recessive parent, yy. His results
of 1:1 indicated that he had reasoned correctly. Today, when a
one-trait testcross is done, a suspected heterozygote is crossed
with the recessive phenotype because this cross gives the best
chance of producing a recessive phenotype.

Mendel performed a second series of experiments in which
he crossed true-breeding plants that differed in two traits. For ex-
ample, he crossed plants with yellow, round peas with plants
with green, wrinkled peas. The F1 generation always had both
dominant characteristics; therefore, he allowed the F1 plants to
self-pollinate. Among the F2 generation, he achieved an almost
perfect ratio of 9:3:3:1. For example, for every plant that had
green, wrinkled peas, he had approximately nine that had yel-
low, round peas, and so forth. Mendel saw that these results were
explainable if pairs of factors separate independently from one
another when the gametes form, allowing all possible combina-
tions of factors to occur in the gametes. This would mean that the
probability of achieving any two factors together in the F2 off-
spring is the product of their chance of occurring separately.
Therefore, since the chance of yellow peas was 3⁄4 (in a one-trait

cross) and the chance of round peas was 3⁄4 (in a one-trait cross),
the chance of their occurring together was 9⁄16, and so forth.

Mendel achieved his success in genetics by studying large
numbers of offspring, keeping careful records, and treating his
data quantitatively. He showed that the application of mathematics
to biology is extremely helpful in producing testable hypotheses.

471

Gregor Mendel

Brushing on pollen
from another plant,
after anthers
were removed

Flower structure

Experiment

stigma
style

ovules in 
ovary

pistil
anther
filamentstamen

a.

b.

Figure 23A Garden pea anatomy and traits.
a. In the garden pea, pollen grains produced in the anther contain
sperm, and ovules in the ovary contain eggs. b. When Mendel did
crosses he brushed pollen from one plant on the stigma of
another plant. After sperm fertilized eggs, the ovules developed
into seeds (peas). The open pod shows all the results of a cross
between plants with round, yellow seeds and plants with wrinkled,
green seeds. Each plant produces just one of these seed types.
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The Inheritance of a Single Trait
Mendel suggested the use of letters to indicate factors, now
called alleles. A capital letter indicates a dominant allele
and a lowercase letter indicates a recessive allele. The word
dominant is not meant to imply that the dominant allele is
better or stronger than the recessive allele. Dominant means
that a certain trait will result if the organism has only one
dominant allele. For the recessive trait to result, both alleles
must be recessive. Mendel’s procedures and laws are appli-
cable not only to peas but to all diploid individuals. There-
fore, we now take as our example not peas, but human
beings.

Figure 23.3 illustrates the difference between a widow’s
peak and a straight hairline. In doing a problem concerning
hairline, this key is suggested:

W = Widow’s peak (dominant allele)
w = Straight hairline (recessive allele)

The key tells us which letter of the alphabet to use for the
gene in a particular problem. It also tells which allele is dom-
inant, a capital letter signifying dominance.

The Genotype and Phenotype
When we indicate the genes of a particular individual, two
letters must be used for each trait mentioned. This is called
the genotype of the individual. The genotype can be ex-
pressed not only using letters but also with a short descrip-
tive phrase, as Table 23.1 shows. Therefore, the word
homozygous means that the two members of the allelic pair
in the zygote (zygo) are the same (homo); genotype WW is
called homozygous dominant and ww is called homozygous re-
cessive. The word heterozygous means that the members of
the allelic pair are different (hetero); only Ww is heterozy-
gous.

As Table 23.1 also indicates, the word phenotype refers
to the physical characteristics of the individual—what the
individual actually looks like. Also included in the pheno-
type are the microscopic and metabolic characteristics of the
individual. Notice that both homozygous dominant (WW)
and heterozygous (Ww) show the dominant phenotype.

Gamete Formation
Whereas the genotype has two alleles for each trait, the ga-
metes (i.e., sperm and egg) have only one allele for each trait
in accordance with Mendel’s law of segregation. This, of
course, is related to the process of meiosis. The alleles are
present on homologous chromosomes, and these chromo-
somes separate during meiosis. Therefore, the members of
each allelic pair separate during meiosis, and there is only
one allele for each trait in each gamete. When doing genetic
problems, keep in mind that no two letters in a gamete
should be the same. For this reason Ww represents a possible
genotype, and the gametes for this individual could contain
either a W or a w. For easy recognition, we will circle the
gametes.

Figure 23.3 Widow’s peak.
In humans, widow’s peak (a) is dominant over straight hairline (b).

Practice Problems 1*

1. For each of the following genotypes, give all possible
gametes.
a. WW
b. WWSs
c. Tt
d. Ttgg
e. AaBb

2. For each of the following, state whether a genotype or a
gamete is represented.
a. D
b. Ll
c. Pw
d. LlGg

*Answers to Practice Problems appear in Appendix A.

a.

b.
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One-Trait Crosses 
It is now possible for us to consider a particular cross. If a
homozygous woman with a widow’s peak (Fig. 23.3a) re-
produces with a man with a straight hairline (Fig. 23.3b),
what kind of hairline will their children have?

In solving the problem, we use the key already estab-
lished (p. 472) to indicate the genotype of each parent; we
determine what the possible gametes are from each par-
ent; we combine all possible gametes; and finally, we de-
termine the genotypes and the phenotypes of all the
offspring. In the format that follows, P stands for the
parental generation, and the letters in the P row are the
genotypes of the parents. The second row shows that each
parent has only one type of gamete in regard to hairline,
and therefore all the children (F � filial generation) have
similar genotypes and phenotypes. The children are het-
erozygous (Ww) and show the dominant characteristic, a
widow’s peak.

The children are monohybrids; that is, they are het-
erozygous for only one pair of alleles. If they reproduce
with someone else of the same genotype, what type of
hairline will their children have? In this problem (Ww �
Ww), each parent has two possible types of gametes (W or
w), and we must ensure that all types of sperm have equal
chance to fertilize all possible types of eggs. One way to do
this is to use a Punnett square (Fig. 23.4), in which all pos-
sible types of sperm are lined up vertically and all possible
types of eggs are lined up horizontally (or vice versa), and
every possible combination of gametes occurs within the
squares.

After we determine the genotypes and the phenotypes
of the offspring, we see that three are expected to have a
widow’s peak and one is expected to have a straight hair-
line. This 3:1 ratio is always expected for a monohybrid
cross. The exact ratio is more likely to be observed if a large

widow’s peak straight hairline

WW ww

P

W w

Ww

widow’s peak

Gametes

Meiosis

F

×

number of matings take place and if a large number of off-
spring result. Only then do all possible sperm have an
equal chance to fertilize all possible eggs. Naturally, we do
not routinely observe hundreds of offspring from a single
type of cross in humans. The best interpretation of Figure
23.4 in humans is to say that each child has three chances
out of four to have a widow’s peak, or one chance out of
four to have a straight hairline. It is important to realize
that chance has no memory; for example, if two heterozygous
parents already have three children with a widow’s peak
and are expecting a fourth child, this child still has a 75%
chance of a widow’s peak and a 25% chance of a straight
hairline.

When solving a genetics problem, it is assumed
that all possible types of sperm fertilize all possible
types of eggs. The results can be expressed as a
probable phenotypic ratio; it is also possible to
state the chances of an offspring showing a
particular phenotype.
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Genotype Genotype Phenotype

WW Homozygous dominant Widow’s peak

Ww Heterozygous Widow’s peak

ww Homozygous recessive Straight hairline

Ww Ww

WW

Ww

W

w

Ww

ww

eggs

sperm
W w

Phenotypic
Ratio

Parents

3 :1

Key:
W = Widow's peak
w = Straight  hairline

= Widow's peak

= Straight hairline

of
fs

pr
in

g

Figure 23.4 Monohybrid cross.
Use of a Punnett square to determine the results of a cross. When
the parents are heterozygous, each child has a 75% chance of
having the dominant phenotype and a 25% chance of having the
recessive phenotype.

Table 23.1 Genotype Related to Phenotype
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One-Trait Crosses and Probability
Another method of calculating the expected ratios uses the
laws of probability. First, we must know that the probability
(or chance) of two or more independent events occurring to-
gether is the product (multiplication) of their chance of oc-
curring separately.

In the cross just considered (Ww � Ww), what is the
chance of obtaining either a W or a w from a parent?

The chance of W � 1⁄2
The chance of w � 1⁄2

Therefore, the probability of receiving these genotypes
is as follows:

1. The chance of WW � 1⁄2 � 1⁄2 = 1⁄4
2. The chance of Ww � 1⁄2 � 1⁄2 = 1⁄4
3. The chance of wW � 1⁄2 � 1⁄2 = 1⁄4
4. The chance of ww � 1⁄2 � 1⁄2 = 1⁄4

Now we have to realize that the chance of an event that
can occur in two or more independent ways is the sum (ad-
dition) of the individual chances. Therefore, the chance of
offspring with a widow’s peak (add chances of WW, Ww, or

wW from the preceding) is 3⁄4, or 75%. The chance of off-
spring with straight hairline (only ww from the preceding) is
1⁄4, or 25%.

The One-Trait Testcross 
A testcross occurs when an individual with the dominant
phenotype is crossed with an individual having the reces-
sive phenotype. It is not possible to tell by inspection if an
individual expressing the dominant allele is homozygous
dominant or heterozygous. However, the results of a test-
cross will most likely indicate which genotype it is.

Consider, for example, Figure 23.5. It shows two possi-
ble results when a man with a widow’s peak reproduces
with a woman who has a straight hairline. If the man is ho-
mozygous dominant, all his children will have a widow’s
peak. If the man is heterozygous, each child has a 50%
chance of a straight hairline. The birth of just one child with
a straight hairline indicates that the man is heterozygous.

A testcross utilizes the homozygous recessive rather
than the heterozygote. The cross Aa � aa has a better chance
of producing the recessive phenotype than the cross Aa � Aa
(50% chance compared to 25% chance).

WW ww

Ww

Ww

Ww

Ww

eggs

sperm

Phenotypic
Ratio

Parents

All

Key:
W = Widow's peak
w = Straight hairline

= Widow's peak

= Straight hairline

of
fs

pr
in

g

Ww ww

Ww

ww

W

W

W

w

Ww

ww

eggs

sperm

Phenotypic
Ratio

Parents

1 :1

of
fs

pr
in

g

w w w w

a. b.

Figure 23.5 One-trait testcross.
A testcross determines if an individual with the dominant phenotype is homozygous or heterozygous. a. Because all offspring show the dominant
characteristic, the individual is most likely homozygous as shown. b. Because the offspring show a 1:1 phenotypic ratio, the individual is
heterozygous as shown.
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The Inheritance of Many Traits
Although it is possible to consider the inheritance of just one
trait, each individual actually passes on to his or her off-
spring an allele for each of many traits. In order to arrive at

a general understanding of multitrait inheritance, the inher-
itance of two traits is considered. These genes are on differ-
ent homologous chromosomes; therefore, the alleles are not
linked. All the alleles on the same chromosome are said to
form a linkage group.

Independent Assortment
When Mendel performed two-trait crosses, he noticed that
his results were attainable only if sperm with every possible
combination of factors fertilized eggs with every possible
combination of factors. This caused him to formulate his sec-
ond law, the law of independent assortment.

The law of independent assortment states the
following: 

• Each pair of factors segregates (assorts)
independently of the other pairs; 

• All possible combinations of factors can occur
in the gametes.

Figure 23.6 illustrates that the law of segregation and the
law of independent assortment hold because of the manner in
which meiosis occurs. The law of segregation is dependent on
the separation of members of homologous pairs. The law of
independent assortment is dependent on the random
arrangement of homologous pairs at the metaphase plate of
the spindle. Because it matters not which member of a homo-
logous pair faces which spindle pole, each pair of alleles segre-
gates independently of all others during gamete formation.
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Figure 23.6 Segregation and independent assortment.
Segregation occurs because the homologous chromosomes separate during meiosis I. Also, independent assortment occurs. The homologous
chromosomes line up randomly at the metaphase plate; therefore, the homologous chromosomes, and the alleles they carry, segregate
independently during gamete formation. All possible combinations of chromosomes and alleles occur in the gametes.

Practice Problems 2*

1. Both a man and a woman are heterozygous for freckles.
Freckles are dominant over no freckles. What are the
chances that their child will have freckles?

2. Both you and your sister or brother have attached
earlobes, yet your parents have unattached earlobes.
Unattached earlobes are dominant over attached
earlobes. What are the genotypes of your parents?

3. A father has dimples, the mother does not have dimples,
and all the children have dimples. Dimples (D) are
dominant over no dimples (d). Give the probable
genotypes of all persons concerned.

*Answers to Practice Problems appear in Appendix A.
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Figure 23.7 Dihybrid cross.
Since each F1 parent can form four possible
types of gametes, four different phenotypes
occur among the offspring in the proportions
shown.
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Two-Trait Crosses 
When doing a two-trait cross, the geno-
types of the parents require four letters
because there is an allelic pair for each
trait. Also, the gametes of the parents
contain one letter of each kind in every
possible combination, in accordance
with Mendel’s law of independent as-
sortment. Finally, in order to produce the
probable ratio of phenotypes among the
offspring, all possible matings are pre-
sumed to occur.

To give an example (Fig. 23.7), let us
cross a person homozygous for widow’s
peak and short fingers (WWSS) with a
person who has a straight hairline and
long fingers (wwss). Because each parent
has only one type of gamete, the F1 off-
spring will all have the genotype WwSs
and the same phenotype (widow’s peak
with short fingers). This genotype is
called a dihybrid because the individual
is heterozygous in two regards: hairline
and fingers.

When a dihybrid reproduces with a
dihybrid, each F1 parent has four possi-
ble types of gametes because the alleles
segregate independently during gamete
formation.

An inspection of Figure 23.7 shows
that the expected phenotypic ratio is:

9 widow’s peak and short fingers: 
3 widow’s peak and long fingers: 
3 straight hairline and short fingers: 
1 straight hairline and long fingers. 

This 9:3:3:1 phenotypic ratio is always
expected for a dihybrid cross when sim-
ple dominance is present. We can use
this expected ratio to predict the chances
of each child receiving a certain pheno-
type. For example, the chance of getting
the two dominant phenotypes together
is 9 out of 16, and the chance of getting
the two recessive phenotypes together is
1 out of 16.

WwSs

WWSS WWSs WwSS WwSs

WWSs WWss WwSs Wwss

WwSS WwSs wwSS

wwSs

wwSs

WwSs Wwss wwss

eggs
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F1 Gametes
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F2
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Ratio:

Key:

9 :3 :3 :1

= Widow's peak
= Straight hairline
= Short fingers
= Long fingers

Widow's peak, short fingers

Widow's peak, long fingers
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Two-Trait Crosses and Probability
Instead of using a Punnett square to arrive at the chances of
the different types of phenotypes in the cross under discus-
sion, it is possible to use the laws of probability we dis-
cussed before. For example, we already know the results for
two separate monohybrid crosses are as follows:

1. Probability of widow’s peak � 3⁄4
Probability of short fingers � 3⁄4

2. Probability of straight hairline � 1⁄4
Probability of long fingers � 1⁄4

The probabilities for the dihybrid cross are, therefore, as follows:

Probability of widow’s peak and short fingers �
3⁄4 � 3⁄4 � 9⁄16

Probability of widow’s peak and long fingers �
3⁄4 � 1⁄4 � 3⁄16

Probability of straight hairline and short fingers �
1⁄4 � 3⁄4 � 3⁄16

Probability of straight hairline and long fingers �
1⁄4 � 1⁄4 � 1⁄16

The phenotypic ratio is 9:3:3:1.

The Two-Trait Testcross 
A two-trait testcross occurs when an individual with the
dominant phenotype for two traits is crossed with a homozy-
gous recessive for both traits. It is impossible to tell by inspec-
tion whether an individual expressing the dominant allele for
two traits is homozygous dominant or heterozygous in re-
gard to these traits. A cross with the homozygous recessive for
both traits gives the best possible chance of producing an off-
spring with the recessive phenotype for both traits.

For example, if a man is homozygous dominant for
widow’s peak and short fingers, then all his children will
have the dominant phenotypes, even if his partner is ho-
mozygous recessive for both traits. However, if a man is het-
erozygous for both traits, then each child has a 25% chance
of showing one or both recessive traits. A Punnett square
(Fig. 23.8) shows that the expected ratio is 1 widow’s peak
with short fingers: 1 widow’s peak with long fingers: 1
straight hairline with short fingers: 1 straight hairline with
long fingers, or 1:1:1:1.
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Figure 23.8 Two-trait testcross.
A testcross determines if the individual with a dominant phenotype is
homozygous or heterozygous. If the individual is heterozygous as
shown, there is a 25% chance for each possible phenotype.

Practice Problems 3*

1. What is the genotype of the offspring if a man
homozygous recessive for type of earlobes and
homozygous dominant for type of hairline reproduces
with a woman who is homozygous dominant for
earlobes and homozygous recessive for hairline?

2. If the offspring of this cross reproduces with someone of
the same genotype, then what are the chances that this

couple will have a child with a straight hairline and
attached earlobes?

3. A person who has dimples and freckles reproduces with
someone who does not. This couple has a child who does
not have dimples or freckles. What is the genotype of all
persons concerned?

*Answers to Practice Problems appear in Appendix A.
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23.2 Genetic Disorders
It is now apparent that many human disorders are genetic in
origin. Genetic disorders are medical conditions caused by
alleles inherited from the parents. Some of these conditions
are controlled by autosomal dominant or recessive alleles.
An autosome is any chromosome other than a sex (X or Y)
chromosome.

Patterns of Inheritance
When a genetic disorder is autosomal dominant, an individ-
ual with the alleles AA or Aa will have the disorder. When
a genetic disorder is recessive, only individuals with the al-
leles aa will have the disorder. Genetic counselors often con-
struct pedigree charts to determine whether a condition is
dominant or recessive. A pedigree chart shows the pattern of

inheritance for a particular condition. Consider these two
possible patterns of inheritance:

In both patterns, males are designated by squares and
females by circles. Shaded circles and squares are affected
individuals. A line between a square and a circle represents
a union. A vertical line going downward leads, in these
patterns, to a single child. (If there are more children, they
are placed off a horizontal line.) Which pattern of inheri-
tance do you suppose represents an autosomal dominant
characteristic, and which represents an autosomal reces-
sive characteristic?

In pattern I, the child is affected, as is one of the parents.
When a disorder is dominant, an affected child usually has
at least one affected parent. Of the two patterns, this one
shows a dominant pattern of inheritance. Figure 23.9 illus-
trates other ways to recognize an autosomal dominant pat-
tern of inheritance.

In pattern II, the child is affected but neither parent is;
this can happen if the condition is recessive and the parents
are Aa. Notice that the parents are carriers because they ap-
pear to be normal but are capable of having a child with a
genetic disorder. See Figure 23.10 for other ways to recog-
nize an autosomal recessive pattern of inheritance.

Dominant and recessive alleles have different
patterns of inheritance.

pattern I pattern II
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Key:
AA
Aa
aa

=
=
=

affected
affected
normal

Aa

aa aa aa

aaaaaaaaAa

aa

Aa

Aa A?

Aa

Autosomal dominant disorders

Affected children usually have an
affected parent.
Heterozygotes (Aa) are affected.
Two affected parents can produce an unaffected child.
Two unaffected parents will not have affected children.
Both males and females are affected with equal frequency.

•

•

•

•

•

aa aa

Aa Aa

A?

A? A?

Aa Aa

aa A?

A?A?

Key:
aa = af fected
Aa = carrier
     (appears normal)
AA = normal

A? = appears normal
Autosomal recessive disorders

Most affected children have
normal parents.

Heterozygotes (Aa) have a normal phenotype.

Two affected parents will always have affected children.

Affected individuals with homozygous normal mates will have
normal children.

Close relatives who reproduce are more likely to have
affected children.

Both males and females are affected with equal frequency.

•

•

•

•

•

•

one allele unknown

Figure 23.9 Autosomal dominant pedigree chart.
The list gives ways to recognize if an autosomal disorder is dominant.

Figure 23.10 Autosomal recessive pedigree chart.
The list gives ways to recognize if an autosomal disorder is recessive.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Chapter 23 Patterns of Gene Inheritance 47923-11

Autosomal Dominant Disorders
Of the many autosomal (non-sex linked) dominant disor-
ders, we will discuss only two.

Neurofibromatosis
Neurofibromatosis, sometimes called von Recklinghausen dis-
ease, is one of the most common genetic disorders. It affects
roughly one in 3,000 people, including an estimated 100,000
in the United States. It is seen equally in every racial and eth-
nic group throughout the world.

At birth or later, the affected individual may have six or
more large, tan spots on the skin. Such spots may increase in
size and number and may get darker. Small, benign tumors
(lumps) called neurofibromas may occur under the skin or
in various organs. Neurofibromas are made up of nerve cells
and other cell types.

This genetic disorder shows variable expressivity. In most
cases, symptoms are mild and patients live a normal life. In
some cases, however, the effects are severe. Skeletal defor-
mities, including a large head, are seen, and eye and ear tu-
mors can lead to blindness and hearing loss. Many children
with neurofibromatosis have learning disabilities and are
hyperactive.

In 1990, researchers isolated the gene for neurofibro-
matosis, which was known to be on chromosome 17. By an-
alyzing the DNA (deoxyribonucleic acid), they determined
that the gene was huge and actually included three smaller
genes. This was only the second time that nested genes have
been found in humans. The gene for neurofibromatosis is a
tumor-suppressor gene active in controlling cell division.
When it mutates, benign tumors develop.

Huntington Disease
One in 20,000 persons in the United States has Huntington dis-
ease, a neurological disorder that leads to progressive degener-
ation of brain cells, which in turn causes severe muscle spasms
and personality disorders (Fig. 23.11). Most people appear
normal until they are of middle age and have already had chil-
dren who might also be stricken. Occasionally, the first signs of
the disease are seen in these children when they are teenagers
or even younger. There is no effective treatment, and death
comes ten to fifteen years after the onset of symptoms.

Several years ago, researchers found that the gene for
Huntington disease was located on chromosome 4. A test was
developed for the presence of the gene, but few want to
know if they have inherited the gene because as yet there is
no treatment for Huntington disease. After the gene was iso-
lated in 1993, an analysis revealed that it contains many re-
peats of the base triplet CAG (cytosine, adenine, and
guanine). Normal persons have 11 to 34 copies of the triplet,
but affected persons tend to have 42 to more than 120 copies.
The more repeats present, the earlier the onset of Hunting-

ton disease and the more severe the symptoms. It also ap-
pears that persons most at risk have inherited the disorder
from their fathers. The latter observation is consistent with a
new hypothesis called genomic imprinting. The genes are
imprinted differently during formation of sperm and egg,
and therefore the sex of the parent passing on the disorder
becomes important.

It is now known that there are a number of other genetic
diseases whose severity and time of onset vary according to
the number of triplet repeats present within the gene. More-
over, the genes for these disorders are also subject to ge-
nomic imprinting.

Figure 23.11 Huntington disease.
Persons with this condition gradually lose psychomotor control of the
body. At first there are only minor disturbances, but the symptoms
become worse over time.

Practice Problems 4*

1. A woman who is heterozygous for an autosomal
dominant disorder reproduces with a normal man. What
are the chances the child will develop the disorder?

2. A child has neurofibromatosis. The mother appears
normal. What is the genotype of the father?

*Answers to Practice Problems appear in Appendix A.
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Autosomal Recessive Disorders
Of the many autosomal recessive disorders, we will discuss
only three.

Tay-Sachs Disease
Tay-Sachs disease is a well-known genetic disease that usually
occurs among Jewish people in the United States, most of
whom are of central and eastern European descent. At first,
it is not apparent that a baby has Tay-Sachs disease. How-
ever, development begins to slow down between four
months and eight months of age, and neurological impair-
ment and psychomotor difficulties then become apparent.
The child gradually becomes blind and helpless, develops
uncontrollable seizures, and eventually becomes paralyzed.
There is no treatment or cure for Tay-Sachs disease, and
most affected individuals die by the age of three or four.

Tay-Sachs disease results from a lack of the enzyme hex-
osaminidase A (Hex A) and the subsequent storage of its
substrate, a glycosphingolipid, in lysosomes. Although
more and more lysosomes build up in many body cells, the
primary sites of storage are the cells of the brain, which ac-
counts for the onset, and the progressive deterioration, of
psychomotor functions.

Carriers of Tay-Sachs have about half the level of Hex A
activity found in normal individuals. Prenatal diagnosis of
the disease also is possible following either amniocentesis or
chorionic villi sampling.

Cystic Fibrosis
Cystic fibrosis is the most common lethal genetic disease
among Caucasians in the United States. About one in 20
Caucasians is a carrier, and about one in 2,500 children born
to this group has the disorder. In these children, the mucus
in the bronchial tubes and pancreatic ducts is particularly
thick and viscous, interfering with the function of the lungs
and pancreas. To ease breathing, the thick mucus in the
lungs has to be manually loosened periodically (Fig. 23.12),
but still the lungs become infected frequently. The clogged
pancreatic ducts prevent digestive enzymes from reaching
the small intestine, and to improve digestion patients take
digestive enzymes mixed with applesauce before every
meal.

In the past few years, much progress has been made in
our understanding of cystic fibrosis, and new treatments
have raised the average life expectancy to 17 to 28 years of
age. Research has demonstrated that chloride ions (Cl�) fail
to pass through plasma membrane channel proteins in
these patients. Ordinarily, after chloride ions have passed
through the membrane, water follows. It is believed that
lack of water is the cause of abnormally thick mucus in
bronchial tubes and pancreatic ducts. The cystic fibrosis
gene, which is located on chromosome 7, has been isolated,
and attempts have been made to insert it into nasal epithe-
lium, so far with little success. Genetic testing for the gene
in adult carriers and in fetuses is possible; if a disease-

causing gene is present, couples have to consider that gene
therapy may be possible some day.

Phenylketonuria (PKU)
Phenylketonuria (PKU) occurs once in 5,000 births, so it is not
as frequent as the disorders previously discussed. However,
it is the most commonly inherited metabolic disorder to af-
fect nervous system development. First cousins who marry
are more apt to have a PKU child.

Affected individuals lack an enzyme that is needed for
the normal metabolism of the amino acid phenylalanine,
and an abnormal breakdown product, a phenylketone, accu-
mulates in the urine. The PKU gene is located on chromo-
some 12, and a prenatal DNA test can determine the
presence of this mutation. Years ago, the urine of newborns
was tested at home for phenylketone in order to detect PKU.
Presently, newborns are routinely tested in the hospital for
elevated levels of phenylalanine in the blood. If necessary,
newborns are placed on a diet low in phenylalanine, which
must be continued until the brain is fully developed, or else
severe mental retardation develops.

There are many autosomal recessive disorders in
humans. Among these are Tay-Sachs disease,
cystic fibrosis, and phenylketonuria (PKU).
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Figure 23.12 Cystic fibrosis.
The mucus in the lungs of a child with cystic fibrosis should be
periodically loosened by clapping the back. A new treatment helps
break up mucus by digesting long, sticky strands of DNA released by
dying cells. Antibiotics control pulmonary infection, and anti-
inflammatory drugs are sometimes used to reduce the harmful effects
of immune responses.
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23.3 Beyond Mendel’s Laws
Certain traits, such as those just studied, follow the rules of
simple Mendelian inheritance. There are, however, others
that do not follow these rules.

Polygenic Inheritance
Polygenic inheritance occurs when one trait is governed
by two or more sets of alleles, possibly located on many
different pairs of chromosomes. Each dominant allele has
a quantitative effect on the phenotype, and these effects
are additive. The result is a continuous variation of phe-
notypes, resulting in a distribution of these phenotypes
that resembles a bell-shaped curve. The more genes in-
volved, the more continuous the variation and the distri-
bution of the phenotypes. Also, environmental effects
cause many intervening phenotypes; in the case of height,
differences in nutrition assure a bell-shaped curve (Fig.
23.13).

Skin Color
Just how many pairs of alleles control skin color is not
known, but a range in colors can be explained on the ba-
sis of two pairs. When a very dark person reproduces
with a very light person, the children have medium
brown skin; and when two people with medium brown
skin reproduce with one another, the children range in
skin color from very dark to very light. This can be

explained by assuming that skin color is controlled by
two pairs of alleles and that each capital letter contributes
to the color of the skin:

Phenotype Genotypes

Very dark AABB
Dark AABb or AaBB
Medium brown AaBb or AAbb or aaBB
Light Aabb or aaBb
Very light aabb

Notice again that there is a range in phenotypes and that
there are several possible phenotypes in between the two ex-
tremes. Therefore, the distribution of these phenotypes is ex-
pected to follow a bell-shaped curve—few people have the
extreme phenotypes, and most people have the phenotype
that lies in the middle between the extremes.

Polygenic Disorders
Many human disorders, such as cleft lip and/or palate,
clubfoot, congenital dislocations of the hip, hypertension,
diabetes, schizophrenia, and even allergies and cancers, are
most likely controlled by polygenes and subject to environ-
mental influences. Therefore, many investigators are in the
process of considering the nature versus nurture question;
that is, what percentage of the trait is controlled by genes
and what percentage is controlled by the environment?
Thus far, it has not been possible to come to precise, gener-
ally accepted percentages for any particular trait.
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Figure 23.13 Polygenic inheritance.
When you record the heights of a large group of young men (a) the values follow a bell-shaped curve (b). Such a continuous distribution is due to
control of a trait by several sets of alleles and environmental effects.

a.
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In recent years, reports have surfaced that all sorts of be-
havioral traits such as alcoholism, phobias, and even suicide
can be associated with particular genes. No doubt behav-
ioral traits are to a degree controlled by genes, but again, it is
impossible at this time to determine to what degree. And
very few scientists would support the idea that these traits
are predetermined by our genes.

Many human traits most likely controlled by
polygenes are subject to environmental influences.
The frequency of the phenotypes of such traits
follows a bell-shaped curve.

Multiple Alleles
In inheritance by multiple alleles, the trait is controlled, for
example, by three alleles. However, each person has only
two of the three possible alleles.

ABO Blood Types
Three alleles for the same gene control the inheritance of
ABO blood types. These alleles determine the presence or
absence of antigenic glycoproteins on the red blood cells.

A � A antigen on red blood cells
B � B antigen on red blood cells
O � Neither A or B antigen on red blood cells

Each person has only two of the three possible alleles, and
both A and B are dominant over O. Therefore, there are two
possible genotypes for type A blood and two possible geno-
types for type B blood. On the other hand, alleles A and B
are fully expressed in the presence of the other. This is
called codominance. Therefore, if a person inherits one of
each of these alleles, that person will have type AB blood.
Type O blood can only result from the inheritance of two O
alleles:

Phenotype Possible Genotype

A AA, AO
B BB, BO
AB AB
O OO

An examination of possible matings between different
blood types sometimes produces surprising results; for
example,

Genotypes of parents: AO � BO

Possible genotypes of children: AB, OO, AO, BO

Therefore, from this particular mating, every possible phe-
notype (types AB, O, A, B blood) is possible.

Blood typing can sometimes aid in paternity suits.
However, a blood test of a supposed father can only sug-
gest that he might be the father, not that he definitely is the

father. For example, it is possible, but not definite, that a
man with type A blood (having genotype AO) is the father
of a child with type O blood. On the other hand, a blood
test sometimes can definitely prove that a man is not the fa-
ther. For example, a man with type AB blood cannot possi-
bly be the father of a child with type O blood. Therefore,
blood tests can be used legally only to exclude a man from
possible paternity.

Rh Factor The Rh factor is inherited separately from A,
B, AB, or O blood types. In each instance, it is possible to
be Rh positive (Rh�) or Rh negative (Rh�). When you are
Rh positive, there is a particular antigen on the red blood
cells, and when you are Rh negative, it is absent. It can be
assumed that the inheritance of this antigen is controlled
by a single allelic pair in which simple dominance pre-
vails: the Rh-positive allele is dominant over the Rh-
negative allele. Complications arise when an Rh-negative
woman reproduces with an Rh-positive man and the
child in the womb is Rh positive. Under certain circum-
stances, the woman may begin to produce antibodies that
will attack the red blood cells of this baby or of a future
Rh-positive baby. The Rh problem can be eliminated by
giving an Rh-negative woman an Rh immunoglobulin in-
jection from midway through a pregnancy to no later than
72 hours after giving birth to any Rh-positive child.

Degrees of Dominance
The field of human genetics also has examples of codomi-
nance and incomplete dominance. We have already men-
tioned that the multiple alleles controlling blood type are

Practice Problems 5*

1. What is the darkest child that could result from a
mating between a light individual and a very light
individual?

2. What is the lightest child that could result from a mating
between two medium brown individuals?

3. From the following blood types, determine which baby
belongs to which parents:
Mrs. Doe Type A
Mr. Doe Type A
Mrs. Jones Type A
Mr. Jones Type AB
Baby 1 Type O
Baby 2 Type B

4. Prove that a child does not have to have the blood type
of either parent by indicating what blood types might be
possible when a person with type A blood reproduces
with a person with type B blood.

*Answers to Practice Problems appear in Appendix A.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Chapter 23 Patterns of Gene Inheritance 48323-15

b.

codominant. An individual with the genotype AB has type
AB blood. Skin color, recall, is controlled by polygenes, and
therefore it is possible to observe a range of skin colors from
very dark to very light. An example of incomplete domi-
nance is given in Figure 23.14. When two wavy-haired per-
sons reproduce, the expected phenotypic ratio among the
offspring is 1:2:1.

Sickle-Cell Disease
Sickle-cell disease is an example of a human disorder that is
controlled by incompletely dominant alleles. Individuals
with the HbAHbA genotype are normal, those with the
HbSHbS genotype have sickle-cell disease, and those with
the HbAHbS genotype have the sickle-cell trait. Two individ-
uals with sickle-cell trait can produce children with all three
phenotypes, as indicated in Figure 23.15.

In persons with sickle-cell disease, the red blood cells
aren’t biconcave disks like normal red blood cells; they are
irregular. In fact, many are sickle shaped. The defect is
caused by an abnormal hemoglobin (HbS) that accumulates
inside the cells. Normal hemoglobin (HbA) differs from HbS

by one amino acid in the protein globin. Although globin is
146 amino acids long, just one change in the sixth position
results in sickle-shaped cells. 

Figure 23.14 Incomplete dominance.
When two persons with the genotype HH´ reproduce, a phenotypic
ratio of 1:2:1 is expected among the offspring because the alleles H
and H´ are incompletely dominant.

Figure 23.15 Inheritance of sickle-cell disease.
a. In this example, both parents have the sickle-cell trait. Therefore,
each child has a 25% chance of having sickle-cell disease or of
being perfectly normal, and a 50% chance of having the sickle-cell
trait. b. Sickled cells. Individuals with sickle-cell disease have sickled
red blood cells, as illustrated here.
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Because the sickle-shaped cells can’t pass along narrow
capillary passageways like disk-shaped cells, they clog the
vessels and break down. This is why persons with sickle-cell
disease suffer from poor circulation, anemia, and poor resis-
tance to infection. Internal hemorrhaging leads to further
complications, such as jaundice, episodic pain of the ab-
domen and joints, and damage to internal organs.

Persons with sickle-cell trait do not usually have any
sickle-shaped cells unless they experience dehydration or
mild oxygen deprivation. Although a recent study found
that army recruits with sickle-cell trait are more likely to die
when subjected to extreme exercise, previous studies of ath-
letes do not substantiate these findings. At present, most in-
vestigators believe that no restrictions on physical activity
are needed for persons with the sickle-cell trait.

Among regions of malaria-infested Africa, infants with
sickle-cell disease die, but infants with sickle-cell trait have a
better chance of survival than the normal homozygote. The
malaria parasite normally reproduces inside red blood cells.
But a red blood cell of a sickle-cell trait infant becomes 
sickle-shaped if it becomes infected with a malaria-causing
parasite. As the cell becomes sickle-shaped and it loses
potassium, the parasite dies. The protection afforded by the
sickle-cell trait keeps the allele prevalent in populations ex-
posed to malaria. As many as 60% of the population in
malaria-infected regions of Africa have the allele. In the
United States, about 10% of the African-American popula-

tion carries the allele.
Innovative therapies are being attempted in persons

with sickle-cell disease. For example, persons with sickle-
cell disease produce normal fetal hemoglobin during devel-
opment, and drugs that turn on the genes for fetal
hemoglobin in adults are being developed. Mice have been
genetically engineered to produce sickled red blood cells in
order to test new antisickling drugs and various genetic
therapies.

There are many exceptions to Mendel’s laws.
These include polygenic inheritance, multiple
alleles, and degrees of dominance.
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Practice Problems 6*

1. What is the genotype of a person with straight hair?
Could this individual ever have a child with curly hair?

2. A man and a woman both have a sickle-cell trait. What
are their chances of having a child who is normal? who
has sickle-cell trait? who has sickle-cell disease?

*Answers to the Practice Problems appear in Appendix A.

If the results were absolutely private,
would you want to know if you have a

genetic disease whose symptoms may not
appear for several decades? If the disease
were curable, it might be a good idea. Test-
ing before symptoms appear encourages
increased vigilance for the onset of breast
and colon cancers. If gene therapy is the
only way out, you might be first in line if
such therapy is developed in the future. 

Huntington disease is a particularly
frightening genetic disorder, especially if
you have seen a loved one suffer the men-
tal and musculoskeletal deterioration that
finally results in death. Although there is
no cure for Huntington disease, you
would be able to warn your children if you
test positive, or it might help you decide
whether to have a child. If you have this
dominant allele, you will develop the con-

dition and your children have a 50%
chance of developing the condition. Chil-
dren usually begin to have symptoms ear-
lier than their parents exhibit symptoms.

Jason Brandt of the Johns Hopkins
University School of Medicine has devel-
oped a program of pretest and posttest
counseling for those who decide they want
to be tested for Huntington disease. So far,
about 200 persons have been tested, and
almost twice that number have dropped
out of pretest counseling, signifying no
doubt they really didn’t want to be tested. 

Brandt refuses to perform the test on
persons he feels could not psychologically
handle the results if they were positive.
Surprisingly, he finds that people rarely
make major life changes as a result of
knowing they have the allele. Among 63
who tested positive, 10 got married to per-

sons who knew they would come down
with Huntington disease, and 10 others
went on to have more children. One
patient made a radical change after she
knew she was negative for Huntington
disease. She divorced her present hus-
band, remarried, had another child and
took up a career as a physical therapist. 

Questions
1. Is it a person’s right to be tested for

genetic diseases or do you think Brandt
should forgo testing until he considers the
person ready to receive bad news?

2. Is it ethical to discourage people with a
dominant allele for Huntington disease
from having children? Why or why not? 

3. If gene therapy for Huntington disease
becomes available should it be made
available to adults? children? embryos?
Why or why not?
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Summarizing the Concepts

23.1 Mendel’s Laws
The genes are on the chromosomes; each gene has a minimum of two
alternative forms called alleles. Mendel’s laws are consistent with the
observation that each pair of alleles segregates independently of the
other pairs during meiosis when the gametes form.

It is customary to use letters to represent the genotype of individ-
uals. Homozygous dominant is indicated by two capital letters, and
homozygous recessive is indicated by two lowercase letters. Heterozy-
gous is indicated by a capital letter and a lowercase letter. In a one-trait
cross, each heterozygous individual can form two types of gametes. In
a two-trait cross, each individual  heterozygous for both traits can form
four types of gametes.

Use of the Punnett square allows us to make sure that all possible
sperm have fertilized all possible eggs. These results tell us the chances
of a child inheriting a particular phenotype. With regard to the mono-
hybrid cross, there is a 25% chance of each child having the recessive
phenotype and a 75% chance of each having the dominant phenotype.

Testcrosses are used to determine if an individual with the dominant
phenotype is homozygous or heterozygous. If an individual expressing
the dominant allele reproduces with an individual expressing the reces-
sive allele and an offspring with the recessive phenotype results, we
know that the individual with the dominant phenotype is heterozygous.

23.2 Genetic Disorders
Studies of human genetics have shown that there are many autosomal
genetic disorders that can be explained on the basis of simple
Mendelian inheritance. When studying human genetic disorders, biol-
ogists often construct pedigree charts to show the pattern of inheritance
of a characteristic within a family. The particular pattern indicates the
manner in which a characteristic is inherited. Sample charts are given
for autosomal dominant and autosomal recessive patterns.

Neurofibromatosis and Huntington disease are autosomal domi-
nant disorders that have been well studied. Tay-Sachs disease, cystic fi-
brosis, and PKU are autosomal recessive disorders that have been
studied in detail.

23.3 Beyond Mendel’s Laws
There are many exceptions to Mendel’s laws. These include polygenic
inheritance (skin color), multiple alleles (ABO blood type), and degrees
of dominance (curly hair).

Traits controlled by polygenes are subject to environmental effects
and show continuous variations whose frequency distribution forms a
bell-shaped curve. Several human disorders, such as cleft palate, and
human behaviors are most likely controlled by polygenes. Sickle-cell
disease is a human disorder that is controlled by incomplete dominant
alleles.

Studying the Concepts

1. What is Mendel’s law of segregation? 470 What do we call
his factors today, and where are they located? 470, 472

2. What is the difference between the genotype and the pheno-
type of an individual? For which phenotype in a one-trait
testcross are there two possible genotypes? 472–73

3. What is Mendel’s law of independent assortment? 475
Relate Mendel’s laws to one-trait and two-trait testcrosses.
474–77

4. What are the expected results of the following crosses?
476–77
monohybrid � monohybrid
monohybrid � recessive
dihybrid � dihybrid
dihybrid � recessive in both traits

5. Which of these crosses are called testcrosses? Why? 474
6. What are the chances of the dominant phenotype(s) for each

of these crosses? 477 What does the phrase “chance has no
memory” mean? 473

7. How might you distinguish an autosomal dominant trait
from an autosomal recessive trait when viewing a pedigree
chart? 478

8. Describe the symptoms of neurofibromatosis and Huntington
disease. For most autosomal dominant disorders, what are
the chances of a heterozygote and a normal individual having
an affected child? 479

9. Describe the symptoms of Tay-Sachs disease, cystic fibrosis,
and PKU. For any one of these, what are the chances of two
carriers having an affected child? 480

10. Give an example of these patterns of inheritance: polygenic
inheritance, multiple alleles, and degrees of dominance.
481–84

Testing Yourself

Choose the best answer for each question.
For questions 1–4, match the cross with the results in the key.

Key:
a. 3:1
b. 9:3:3:1
c. 1:1
d. 1:1:1:1

1. TtYy � TtYy
2. Tt � Tt
3. Tt � tt
4. TtYy � ttyy
5. Which of these could be a normal gamete?

a. GgRr
b. GRr
c. Gr
d. None of these are correct.

6. In humans, pointed eyebrows (B) are dominant over smooth
eyebrows (b). Mary’s father has pointed eyebrows, but she
and her mother have smooth. What is the genotype of the
father?
a. BB
b. Bb
c. bb
d. BBbb
e. Any one of these is correct.

7. Parents who do not have Tay-Sachs disease (recessive) pro-
duce a child who has Tay-Sachs. What are the chances that
each child born to this couple will have Tay-Sachs disease?
a. 100%
b. 75%
c. 25%
d. 0%
e. All of these are correct. 
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8. Both Mr. and Mrs. Smith have freckles (dominant) and
attached earlobes (recessive). Some of their children do not
have freckles. What are the chances that their next child will
have freckles and attached earlobes?
a. 100%
b. 75%
c. 25%
d. 0%
e. All of these are correct.

9. A woman with very light skin has parents with medium
brown skin. If this woman marries a man with light skin,
what is the darkest skin color possible for their children?
a. very dark
b. dark
c. medium brown
d. light
e. very light

10. A man has type AB blood. If he has a child with type B blood,
what blood types could the child’s mother have?
a. Type A
b. Type B
c. Type AB
d. Type O
e. All of these are correct.

11. Determine if the characteristic possessed by the darkened
squares (males) and circles (females) below is autosomal
dominant or autosomal recessive.
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Match the terms to these definitions:
a. Individual that appears normal but is capable of

transmitting an allele for a genetic disorder.
b. Alternative forms of a gene which occur at the

same locus on homologous chromosomes.
c. Allele that exerts its phenotypic effect in the het-

erozygote; it masks the expression of the recessive allele.
d. Cross between an individual with the dominant

phenotype and an individual with the recessive phenotype to
see if the individual with the dominant phenotype is
homozygous or heterozygous.

e. Genes of an individual for a particular trait or
traits; for example, BB or Aa.

Understanding the Terms

allele 470
carrier 478
codominance 482
dihybrid 476
dominant allele 472
genomic imprinting 479
genotype 472
heterozygous 472
homozygous 472
incomplete dominance 483

independent assortment 475
monohybrid 473
multiple allele 482
phenotype 472
polygenic inheritance 481
Punnett square 473
recessive allele 472
segregation 470
testcross 474
trait 470

Using Technology

Your study of gene inheritance is supported by these available
technologies:

Essential Study Partner CD-ROM
Genetics ££Mendelian Genetics

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Thinking Scientifically

1. Considering Mendel’s laws:
a. Before Mendel formulated his law of segregation, what

two alternative hypotheses might he have formulated
about the kinds of gametes for a parent that is Yy 
(Y � yellow peas; y � green peas)?

b. How did his results of 3 yellow to 1 green support one of
these hypotheses and not the other?

c. Before Mendel formulated his law of independent assort-
ment, what two alternative hypotheses might he have
formulated about the kinds of gametes for a parent in
Figure 23.6?

d. How did his results of 9:3:3:1 support one of these
hypotheses and not the other?

2. Some individuals are albinos—they have no melanin in any
of their skin cells. Melanin is a molecule produced by a bio-
chemical pathway.

a. What fault have albinos inherited?
b. Considering your answer to question 2a, why would you

have predicted that albinism is a recessive rather than a
dominant disorder?

c. What possible crosses would produce an offspring that is
an albino? Are any of these individuals carriers?

d. Suppose you want to ensure that children born to an
albino woman have normal pigmentation. Which of
these—melanin, enzyme to produce melanin, or a normal
gene—would you inject into the egg?
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Patterns of
Chromosomal
Inheritance

Chapter Concepts

24.1 Inheritance of Chromosomes
• Normally, humans inherit 22 pairs of autosomes

and one pair of sex chromosomes for a total of
46 chromosomes. 488

• Abnormalities arise when humans inherit an
extra autosome or an abnormal autosome. 489

24.2 Inheritance of Sex Chromosomes
• Normally, males are XY and females are 

XX. 492
• Abnormalities arise when humans inherit an

incorrect number of sex chromosomes. 492

24.3 Sex-Linked Inheritance
• Certain traits, unrelated to the gender of the

individual, are controlled by genes located on
the sex chromosomes. 496

• Males always express X-linked recessive
disorders because they inherit only one X
chromosome. 496

24.4 Linked Genes
• Alleles that occur on the same chromosome form

a linkage group and tend to be inherited
together. 500

This child with Down syndrome has an extra chromosome 21.
Our chromosomal inheritance has a marked influence on our
physical characteristics because there are many genes per each
chromosome.

487
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24.1 Inheritance of Chromosomes M

The chromosomal theory of inheritance says that the genes
are on the chromosomes. To view the chromosomes, cells
can be treated and photographed just prior to division so
that a picture of the chromosomes is obtained. The picture
may be entered into a computer and the chromosomes elec-
tronically arranged by pairs (Fig. 24.1). The members of a
pair not only have the same size and shape, they also have
the same banding pattern. The resulting display of pairs of
chromosomes is called a karyotype. Both males and females
normally have 23 pairs of chromosomes, but one of these
pairs is of unequal length in males. The larger chromosome
of this pair is the X chromosome and the smaller is the Y
chromosome. These are called the sex chromosomes be-
cause they contain the genes that determine sex. The other
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Susan experienced a tremendous feeling of relief and joy
as the genetic counselor explained the significance of
the photo of her muscle cells. They were all outlined by

stain, which meant that she was not a carrier for Duchenne
muscular dystrophy. This was the same disease her brother
had slowly and painfully succumbed to before his 18th birth-
day. She was aware that females can be carriers of the dis-
ease, and then their sons have a 50% chance of having the
disease. She could hardly wait to tell her husband the good
news, because now they could have sons or daughters with-
out fear of them having the disease. Her joy was tempered
by the remembrance of her brother’s death, and she hoped
that sometime in the near future researchers would discover
a method of preventing or curing this genetic disease.

1. Blood is centrifuged to 
separate out blood cells.

2. Only white blood cells
are transferred and
treated to stop cell division.

white blood cells

sediment

centrifuge

5. Karyotype: Chromosomes are paired by size,
centromere location, and banding patterns. 

3. Sample is fixed, stained, and
spread on a microscope slide.

4. Slide is examined microscopically, and the
chromosomes are photographed. Computer
arranges the chromosomes into pairs. 

Figure 24.1 Human karyotype preparation.
As illustrated here, the stain used can result in chromosomes with a banded appearance. The bands help researchers identify and analyze the
chromosomes.
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chromosomes, known as autosomes, include all the pairs of
chromosomes except the X and Y chromosomes. In a kary-
otype, autosomes are usually ordered by size and numbered
from the largest to smallest.

Nondisjunction 
Normally, an individual receives 22 autosomes. Sometimes in-
dividuals are born with either too many or too few autosomes,
most likely due to nondisjunction during meiosis. Nondis-
junction occurs during meiosis I when the members of a ho-
mologous pair both go into the same daughter cell, or during
meiosis II when the sister chromatids fail to separate and both
daughter chromosomes go into the same gamete (Fig. 24.2).

Following fertilization, the zygote will have one less
chromosome than usual, called a monosomy, or one more
chromosome than usual, called a trisomy. 

A study of abortuses (spontaneous abortions) suggests
that many autosomal trisomies and nearly all monosomies
are fatal. Individuals with trisomy 13 (Patau syndrome) and
trisomy 18 (Edward syndrome) have a life span of less than
one year. Heart and nervous system defects prevent normal
development. A syndrome is a group of symptoms that ap-
pear together and tend to indicate the presence of a particu-
lar disorder. Nondisjunction of sex chromosomes results in
XO (Turner syndrome), XXX (triplo-X), XXY (Klinefelter),
and XYY (Jacobs). The symbol O means that a sex chromo-
some is missing.

Nondisjunction causes an abnormal chromosomal
number in the gametes. Offspring sometimes
inherit an extra chromosome (trisomy) or are
missing a chromosome (monosomy).
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Pair of 
homologous
chromosomes

Pair of 
homologous
chromosomes

Nondisjunction

Nondisjunction
Meiosis II

Normal meiosis I

Normal meiosis II

Abnormal gametes:
two gametes have one extra and two gametes 
have one less chromosome than normal.

Gametes have 
usual number of 
chromosomes.

One gamete has
one extra and the 
other has one less 
chromosome.

Syndrome                           Sex                             Chromosomes                                 Frequency            

Down

Patau

Edward

Turner

Triplo-X

Klinefelter

Jacobs

M or F

M or F

M or F

F

F

M

M

Trisomy 21

Trisomy 13

Trisomy 18

XO

XXX (or XXXX)

XXY (or XXXY)

XYY

Abortuses

1/40

1/33

1/200

1/18

0

0

?

Births

1/800

1/15,000

1/6,000

1/6,000

1/1,500

1/1,500

1/1,000

Figure 24.2 Nondisjunction of chromosomes during meiosis. 
a. Nondisjunction occurring during meiosis I if homologous chromosomes fail to separate, and during meiosis II if the daughter chromosomes
derived from sister chromatids fail to separate. In either case, abnormal gametes carry an extra chromosome or lack a chromosome. 
b. Frequency of syndromes caused by abnormal chromosomal numbers. Abortuses = spontaneous abortions. 

a.

b.
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Down Syndrome
The most common autosomal trisomy seen among humans
is trisomy 21, also called Down syndrome (Fig. 24.3). This syn-
drome is easily recognized by these characteristics: short
stature; an eyelid fold; stubby fingers; a wide gap between
the first and second toes; a large, fissured tongue; a round
head; a palm crease, the so-called simian line; and, unfortu-
nately, mental retardation, which can sometimes be severe.

Persons with Down syndrome usually have three copies
of chromosome 21 because the egg had two copies instead of
one. (In 23% of the cases studied, however, the sperm had
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Gart 
gene

b.

21

Figure 24.3 Down syndrome.
a. Common characteristics of the syndrome include a wide, rounded face and a fold of the upper eyelids. Mental retardation, along with an
enlarged tongue, makes it difficult for a person with Down syndrome to speak distinctly. b. Karyotype of an individual with Down syndrome shows
an extra chromosome 21. More sophisticated technologies allow investigators to pinpoint the location of specific genes associated with the
syndrome. An extra copy of the Gart gene, which leads to a high level of purines in blood, may account for the mental retardation seen in persons
with Down syndrome.

the extra chromosome 21.) The chances of a woman having
a Down syndrome child increase rapidly with age, starting
at about age 40, and the reasons for this are still being deter-
mined.

Although an older woman is more likely to have a
Down syndrome child, most babies with Down syndrome
are born to women younger than age 40 because this is the
age group having the most babies. Karyotyping can detect a
Down syndrome child; however, young women are not en-
couraged to undergo the procedures necessary to get a sam-
ple of fetal cells (i.e., amniocentesis or chorionic villi testing)
because the risk of complications is greater than the risk of
having a Down syndrome child. Fortunately, there is now a
test, based on substances in maternal blood, that can help
identify fetuses who may need to be karyotyped.

It is known that the genes that cause Down syndrome
are located on the bottom third of chromosome 21 (Fig.
24.3b), and extensive investigative work has been directed
toward discovering the specific genes responsible for the
characteristics of the syndrome. Thus far, investigators have
discovered several genes that may account for various con-
ditions seen in persons with Down syndrome. For example,
they have located genes most likely responsible for the in-
creased tendency toward leukemia, cataracts, accelerated
rate of aging, and mental retardation. The gene for mental
retardation, dubbed the Gart gene, causes an increased level
of purines in blood, a finding associated with mental retar-
dation. One day it may be possible to control the expression
of the Gart gene even before birth so that at least this symp-
tom of Down syndrome does not appear.

a. b.
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Chromosomal Mutations 
A mutation is a permanent genetic change. A change in chro-
mosomal structure that can be detected microscopically is a
chromosomal mutation. There are various environmental
agents—radiation, certain organic chemicals, or even
viruses—that can cause chromosomes to break apart. Ordi-
narily, when breaks occur in chromosomes, the two broken
ends reunite to give the same sequence of genes. Sometimes,
however, the broken ends of one or more chromosomes do
not rejoin in the same pattern as before, and this results in a
chromosomal mutation. Various types of chromosomal mu-
tations occur; an inversion, a translocation, a deletion, and a
duplication of chromosomal segments are all illustrated in
Figure 24.4.

An inversion occurs when a segment of a chromosome is
turned around 180 degrees. You might think this is not a
problem because the same genes are present, but the re-
versed sequence of genes can lead to altered gene activity.

A translocation is the movement of a chromosomal seg-
ment from one chromosome to another, nonhomologous,
chromosome. In 5% of cases, a translocation that occurred in
a previous generation between chromosomes 21 and 14 is
the cause of Down syndrome. In these cases, Down syn-
drome is not related to the age of the mother, but instead
tends to run in the family of either the father or the mother.

A deletion occurs when an end of a chromosome breaks
off or when two simultaneous breaks lead to the loss of a
segment. Even when only one member of a pair of chromo-
somes is affected, a deletion often causes abnormalities. An
example is cri du chat (cat’s cry) syndrome in which a portion
of chromosome 5 is deleted. The affected individual has a
small head, is mentally retarded, and has facial abnormali-
ties. Abnormal development of the glottis and larynx results
in the most characteristic symptom—the infant’s cry resem-
bles that of a cat.

A duplication, the presence of a chromosomal segment
more than once in the same chromosome, can occur in two
ways. A broken segment from one chromosome can simply
attach to its homologue. The presence of a duplication in the
middle of a chromosome is more likely due to unequal
crossing-over. This can occur when homologous chromo-
somes are mispaired slightly; following crossing-over, there
is both a gene duplication and a gene deletion:

Instances of gene duplication occur in human cells. For
example, human cells have multiple copies of the genes that
code for the proteins found in hemoglobin. Each of these
proteins is slightly different, and some occur only during fe-
tal development.

mispairing and crossing-over duplication

deletion

Abnormal chromosomal inheritance can be due to
the inheritance of a mutated chromosome. Cri du
chat syndrome occurs when a portion of
chromosome 5 is deleted.
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d. Duplication

c. Deletion

b. Translocation

a. Inversion
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Figure 24.4 Types of chromosomal mutations.
a. Inversion occurs when a chromosomal segment breaks apart and
then rejoins in reversed direction. b. Translocation is the exchange of
chromosomal segments between nonhomologous chromosomes.
c. Deletion is the loss of a chromosomal segment. d. Duplication
occurs when the same segment is repeated within the chromosome.
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24.2 Inheritance of Sex
Chromosomes
The members of one special pair of chromosomes are called
the sex chromosomes because this pair determines the sex of
the individual. The sex chromosomes in humans are called X
and Y. In humans, but not all animals, females are XX. The
egg, therefore, always contains an X. In humans, but not all
animals, males are XY, and, therefore, a sperm can contain
an X or a Y. The sex of the newborn child is determined by
the father: if a Y-bearing sperm fertilizes the egg, then the XY
combination results in a male. On the other hand, if an X-
bearing sperm fertilizes the egg, the XX combination results
in a female. All factors being equal, there is a 50% chance of
having a girl or of having a boy. It is possible to illustrate this
probability with a Punnett square:

For reasons that are not known, more males than females are
conceived, but from then on, the death rate for males is
higher than for females. By age 85 there are twice as many
females as males.

Barr Bodies
XX females have a darkly staining mass of condensed chro-
matin called a Barr body (after the person who discovered it)
in their nuclei (Fig. 24.5). A Barr body is an inactive X chro-
mosome; therefore, female cells function with a single X
chromosome just as males do. Chance alone determines
which X chromosome is found in a Barr body. If a female is
heterozygous, 50% of her cells have Barr bodies containing
one allele and the other 50% have Barr bodies with the other
allele. This causes the body of heterozygous females to be
mosaic, with patches of genetically different cells. The mo-
saic is exhibited in various ways: some females show
columns of both normal and abnormal dental enamel; some
have patches of pigmented and nonpigmented cells at the
back of the eye; and some have patches of normal and ab-
normal sweat glands.

X inactivation within Barr bodies can be used to detect
female carriers of certain genetic diseases if they are con-
trolled by an allele on the X chromosome. Lesch-Nyhan syn-
drome is a recessive disorder characterized by mental
retardation, chewing lips and fingers to the point of mutila-
tion, and the formation of painful urinary stones due to the
accumulation of uric acid. These symptoms are due to the
lack of an enzyme known by the acronym HGPRT. It is pos-
sible to test hair for the presence of this enzyme. If a woman

X

X Y

XYXX

is a carrier, some of the hairs of the head test positive for the
enzyme and some test negative. Similarly, a female carrier
for Duchenne muscular dystrophy can be detected by test-
ing muscle tissue for the protein dystrophin, which is miss-
ing in boys with the disorder. The muscle cells removed by
biopsy are exposed to a stain specific for dystrophin, and if
the woman is a carrier, only certain cells will be outlined by
the stain.

Abnormal Sex Chromosomal Inheritance
Abnormal sex chromosomal inheritance can be due to re-
ceiving an abnormal number of sex chromosomes or an ab-
normal X chromosome. Counting the number of Barr bodies
in the nucleus helps determine if there is an abnormal num-
ber of X chromosomes. For example, normal males have no
Barr body, but XXY males do have a Barr body. 

Abnormal Number Syndromes
Abnormal sex chromosomal number inheritance occurs
when a person receives too many or too few X or Y chromo-
somes. Nondisjunction of the sex chromosomes can occur
during both oogenesis and spermatogenesis, resulting in ab-
normal zygotes. After fusion with normal gametes, the syn-
dromes shown in Figure 24.2 occur.

From birth, an XO individual with Turner syndrome has
only one sex chromosome, an X; the O signifies the absence
of a second sex chromosome. Turner females are short, have
a broad chest, and webbed neck. The ovaries, oviducts, and
uterus are very small and nonfunctional. Turner females do
not undergo puberty or menstruate, and there is a lack of
breast development (Fig. 24.6a). They usually are of normal
intelligence and can lead fairly normal lives, but they are al-
ways infertile, even if they receive hormone supplements.

A male with Klinefelter syndrome has two or more X chro-
mosomes in addition to a Y chromosome. Counting the
number of Barr bodies can tell the number of extra X chro-
mosomes. The testes and prostate gland are underdevel-
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nucleolus

interphase nucleus

20 µm

Figure 24.5 Barr bodies.
In the body of females, the nucleus of each cell contains a Barr body
(at arrow) which is a condensed, inactive X chromosome. Chance
alone dictates which of the two X chromosomes becomes a Barr
body.
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oped and there is no facial hair. But there may be some
breast development (Fig. 24.6b). Affected individuals have
large hands and feet and very long arms and legs. They are
usually slow to learn but not mentally retarded unless they
inherit more than two X chromosomes.

A triplo-X individual has more than two X chromo-
somes and extra Barr bodies in the nucleus. It might be
supposed that the XXX female is especially feminine, but
this is not the case. Although in some cases there is a ten-
dency toward learning disabilities, most triplo-X females
have no apparent physical abnormalities except that they
may have menstrual irregularities, including early onset of
menopause.

XYY males with Jacobs syndrome also can result from
nondisjunction during spermatogenesis. Affected males
usually are taller than average, suffer from persistent acne,
and tend to have speech and reading problems. At one time,
it was suggested that these men were likely to be criminally
aggressive, but it has since been shown that the incidence of
such behavior among them may be no greater than among
XY males.

Fragile X Syndrome
Males outnumber females by about 25% in institutions for
the mentally retarded. In some of these males, the X chromo-
some is nearly broken, leaving the tip hanging by a flimsy
thread. These males are said to have fragile X syndrome 
(Fig. 24.7).

As children, fragile X syndrome individuals may be hy-
peractive or autistic; their speech is delayed in development
and often repetitive in nature. As adults, they have large
testes and big, usually protruding, ears. They are short in
stature, but the jaw is prominent and the face is long and
narrow. Stubby hands, lax joints, and a heart defect may also
occur. Fragile X chromosome also occurs in females, but
when symptoms do appear in females, they tend to be less
severe. Fragile X syndrome is inherited in an unusual pat-
tern, as discussed in the reading on page 494.

Usually females are XX and males are XY.
Individuals sometimes inherit an abnormal number
of sex chromosomes or an abnormal X
chromosome, as in fragile X syndrome. 
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a.                                 b.

fragile site

b. c.

a.

Figure 24.6 Abnormal sex chromosomal inheritance.
a. Female with Turner (XO) syndrome has a short thick neck, short
stature, and lack of breast development. b. A male with Klinefelter
(XXY) syndrome has immature sex organs and some development of
the breasts.

Figure 24.7 Fragile X syndrome.
a. An arrow points out the fragile site of this fragile X chromosome. 
b. A young person with the syndrome appears normal but (c) with
age, the elongated face has a prominent jaw, and the ears noticeably
protrude. 
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Fragile X syndrome is one of the most common genetic causes
of mental retardation, second only to Down syndrome. It affects
about one in 1,500 males and one in 2,500 females and is seen in
all ethnic groups. It is called fragile X syndrome because its di-
agnosis used to be dependent upon observing an X chromo-
some whose tip is attached to the rest of the chromosome by
only a thin thread.

The inheritance pattern of fragile X syndrome is not like any
other pattern we have studied (Fig. 24A). The chance of being
affected increases in successive generations almost as if the pat-
tern of inheritance switches from being a recessive one to a
dominant one. Then, too, an unaffected grandfather can have
grandchildren with the disorder; in other words, he is a carrier
for an X-linked disease. This is contrary to what occurs with
other mutant alleles on the X chromosome; in those cases, the
male always shows the disorder.

In 1991, the DNA sequence at the fragile site was isolated and
found to have trinucleotide repeats. The base triplet, CGG, was
repeated over and over again. There are about 6–50 copies of
this repeat in normal persons but over 230 copies in persons
with fragile X syndrome. Carrier males have what is now
termed a premutation; they have between 50 and 230 copies of
the repeat and no symptoms. Both daughters and sons receive
the premutation, but only the daughters pass on the full muta-
tion—that is, over 230 copies of the repeat. Any male, even those
with fragile X syndrome and over 230 repeats, passes on at most
the premutation number of repeats. It is unknown what causes
the difference between males and females.

This type of mutation—called by some a dynamic mutation,
because it changes, and by others an expanded trinucleotide re-
peat, because the number of triplet copies increases—is now
known to characterize other conditions (Table 24A). With
Huntington disease, the age of onset of the disorder is roughly
correlated with the number of repeats, and the disorder is more
likely to have been inherited from the father. For autosomal
conditions, we would expect the sex of the parent to play no
role in inheritance. The present exceptions have led to the ge-
nomic imprinting hypothesis—that the sperm and egg carry
chromosomes that have been “imprinted” differently. Imprint-
ing is believed to occur during gamete formation, and there-
after, the genes are expressed one way if donated by the father
and another way if donated by the mother. Perhaps when we
discover why more repeats are passed on by one parent than
the other, we will discover the cause of so-called genomic
imprinting.

What might cause repeats to occur in the first place? Some-
thing must go wrong during DNA replication prior to cell divi-
sion. The difficulty that causes triplet repeats is not known. But
when DNA codes for cellular proteins, the presence of repeats
undoubtedly leads to nonfunctioning or malfunctioning
proteins.

Scientists have developed a new technique that can identify
repeats in DNA, and they expect that this technique will help
them find the genes for other human disorders. They expect
expanded trinucleotide repeats to be a very common mutation
indeed.
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Fragile X Syndrome

Table 24A Human Genetic Disorders Caused by Base Triplet Repeats

Sex Bias of Number of Copies
Parent Donating Repeated Normal Number Associated with

Chromosome Disease Severe Form Sequence of Copies the Disease

Fragile X syndrome X chromosome Maternal CGG 6–50 Premutation = 50–230
Full mutation = 230–2,000

Spinobulbar X chromosome ? CAG 11–40 40–62
muscular dystrophy
(Kennedy disease)

Myotonic Chromosome 19 Maternal CTG 5–50 Premutation = 50–80
dystrophy Full mutation = 80–2,000

Huntington disease Chromosome 4 Paternal CAG 11–34 Premutation = 34–42
Full mutation = 42–121

Spinocerebellar Chromosome 6 Paternal (possibly) CAG 25–43 43–81
ataxia type 1
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Figure 24A Pattern of inheritance for fragile X syndrome.
Fragile X syndrome is a disorder caused by the presence of base triplet repeats at a particular locus. Affected persons have over 230 repeats, a
premutation is 50–230 repeats, and normal persons have fewer than 50 repeats. In each successive generation there are more affected
individuals, usually males. The mutation is passed on by women with only a premutation number of repeats; men, even if affected, do not pass on
the mutation.

Chapter 24 Patterns of Chromosomal Inheritance 49524-9

first
generation

numbers = repeats

Key:

= normal

second
generation

third
generation

fourth
generation

50–230 <50

50–230

50–230

50–230<50

<50

50–230

50–230

>230

>230 >230 >230

= premutation

= fragile X

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


24.3 Sex-Linked Inheritance
Embryos begin life with no evidence of a gender, but by
about the third month of development, males can be distin-
guished from females. Investigators have now discovered a
whole series of genes on the Y chromosome that determine
the development of male genitals, and at least one on the X
chromosome that seems to be necessary for the develop-
ment of female genitals. It turns out, though, that there are
also genes on the sex chromosomes that have nothing to do
with sexual development and instead are concerned with
other body traits.

Such traits are said to be sex-linked traits: an allele that
is only on the X chromosome is X-linked, and an allele that
is only on the Y chromosome is Y-linked. Very few sex-
linked genes have been found on the Y chromosome, most
likely because it is much smaller than the X chromosome.

The X chromosomes carry many sex-linked traits, and
we will look at a few of these in depth. It would be logical
to suppose that a sex-linked trait is passed from father to
son or from mother to daughter, but this is not the case. A
male always receives a sex-linked condition from his
mother, from whom he inherited an X chromosome. The Y
chromosome from the father does not carry an allele for the
trait. Usually the trait is recessive; therefore, a female must
receive two alleles, one from each parent, before she has the
condition.

Solving X-Linked Genetics Problems
Recall that when solving autosomal genetics problems, we
represent the genotypes of males and females similarly, as
shown in the following example for humans.

Key: Genotypes

W � Widow’s peak WW, Ww, or ww
w � Continuous hairline

In contrast, when we set up the key for an X-linkage prob-
lem, the key looks like this:

Key:

XB � Normal vision
Xb � Color blindness

The possible genotypes in both males and females are as
follows:

XBXB � Female who has normal color vision
XBXb � Carrier female who has normal color 

vision
XbXb � Female who is color blind
XBY � Male who has normal vision
XbY � Male who is color blind

Note that the second genotype is a carrier female, because al-
though a female with this genotype appears normal, she is
capable of passing on an allele for color blindness. Color-
blind females are rare because they must inherit the allele
from both parents; color-blind males are more common
since they need only one recessive allele to be color blind.
The allele for color blindness has to be inherited from the
mother because it is only on the X chromosome; males in-
herit only the Y chromosome from their father.

Now, let us consider a particular cross. If a heterozygous
woman reproduces with a man with normal vision, what are
the chances of their having a color-blind daughter? a color-
blind son?

Parents: XBXb � XBY
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Figure 24.8 Inheritance of a sex-linked trait.
The male parent is normal, but the female parent is a carrier; an allele
for color blindness is located on one of her X chromosomes.
Therefore, each son stands a 50% chance of being color blind. The
daughters will appear to be normal but each one stands a 50%
chance of being a carrier.
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Muscular Dystrophy
Muscular dystrophy, as the name implies, is characterized
by a wasting away of the muscles. The most common form,
Duchenne muscular dystrophy, is X-linked and occurs in about
one out of every 3,600 male births. Symptoms, such as wad-
dling gait, toe walking, frequent falls, and difficulty in ris-
ing, may appear as soon as the child starts to walk. Muscle
weakness intensifies until the individual is confined to a
wheelchair. Death usually occurs by age 20; therefore, af-
fected males are rarely fathers. The recessive allele remains
in the population by passage from carrier mother to carrier
daughter.

Recently, the gene for muscular dystrophy was isolated,
and it was discovered that the absence of a protein now
called dystrophin is the cause of the disorder. Much inves-
tigative work determined that dystrophin is involved in the
release of calcium from the sarcoplasmic reticulum in mus-
cle fibers. The lack of dystrophin causes calcium to leak into
the cell, which promotes the action of an enzyme that dis-
solves muscle fibers. When the body attempts to repair the
tissue, fibrous tissue forms, and this cuts off the blood sup-
ply so that more and more cells die.

A test is now available to detect carriers for Duchenne
muscular dystrophy. Also, various treatments are being at-
tempted. Immature muscle cells can be injected into mus-
cles, and for every 100,000 cells injected, dystrophin
production occurs in 30–40% of muscle fibers. The gene for
dystrophin has been inserted into the thigh muscle cells of
mice, and about 1% of these cells then produced dystrophin.
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Inspection indicates that all daughters will have normal
color vision because they all will receive an XB from their fa-
ther. The sons, however, have a 50% chance of being color
blind, depending on whether they receive an XB or an Xb

from their mother. The inheritance of a Y chromosome from
their father cannot offset the inheritance of an Xb from their
mother.

Figure 24.8 illustrates the use of the Punnett square for
solving X-linkage problems. Notice that when a cross in-
volves an X-linked allele, the phenotypic results are given
separately for males and females.

Pedigree Charts
Figure 24.9 gives a pedigree chart for an X-linked recessive
condition. In pedigree charts, males are designated by
squares and females by circles. Shaded circles and squares
are affected individuals. A line between a square and a circle
represents a sexual union. Children are connected to this
line.

Figure 24.9 lists ways to recognize the pattern of
X-linked recessive inheritance. Try to explain why each of
these is to be expected. For example, why is it be expected
that more males than females are affected?

The X chromosome carries alleles that are not on
the Y chromosome. Therefore, a recessive allele on
the X chromosome is expressed in males.

Key:
B= normal female
b = carrier female
b = color-blind female

XB Y = normal male
Y = color-blind male

X Y XBXb

XBXb

XB

B X YB

XB

XBX            B

XbY

Xb

XbY

XbXb

grandson

daughter

grandfather

Among 205 catalogued X-linked recessive disorders are:
    Agammaglobulinemia—lack of immunity to infections
    Color blindness—inability to distinguish certain colors
    Hemophilia—defect in blood-clotting mechanisms
    Muscular dystrophy (some forms)—progressive wasting 
    of muscles
    Spinal ataxia (some forms)—spinal cord degeneration

c.
a.

 X-linked Recessive Disorders

    More males than females are affected.
    An affected son can have parents who have the normal
    phenotype.
    For a female to have the characteristic, her father must also
    have it. Her mother must have it or be a carrier.
    The characteristic often skips a generation from the 
    grandfather to the grandson.   
    If a woman has the characteristic, all of her sons will have it.

b.

XbX

XBX
XBX

X YB

XbY

Figure 24.9 X-linked recessive disorders. 
a. Sample pedigree chart. b. Ways to recognize X-linked recessive disorders. c. Common X-linked recessive disorders.
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the Russian Revolution, was a hemophiliac. There are no he-
mophiliacs in the present British royal family because Victo-
ria’s eldest son, King Edward VII, did not receive the gene
and therefore could not pass it on to any of his descendants.

Color Blindness
In humans, there are three genes involved in distinguishing
color because there are at least three different types of cones,
the receptors for color vision in the retina of the eyes. Two of
these are X-linked; one gene affects the green-sensitive
cones, whereas the other affects the red-sensitive cones.
About 5% of Caucasian men are color blind due to a muta-
tion involving green perception, and about 2% are color
blind due to a mutation involving red perception.

Color blindness is determined by using test plates for
the condition (Fig. 24.11).

Certain traits that have nothing to do with the
gender of the individual are controlled by genes on
the X chromosomes. Males have only one X
chromosome, and therefore X-linked recessive
alleles are expressed.
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Hemophilia
About one in 10,000 males is a hemophiliac. The most com-
mon type of hemophilia is hemophilia A, due to the absence
or minimal presence of a particular clotting factor called fac-
tor VIII. Hemophilia is called the bleeder’s disease because
the affected person’s blood does not clot. Although hemo-
philiacs bleed externally after an injury, they also suffer from
internal bleeding, particularly around joints. Hemorrhages
can be checked with transfusions of fresh blood (or plasma)
or concentrates of the clotting protein. Unfortunately, some
hemophiliacs have contracted AIDS after receiving blood or
using a blood concentrate, but donors are now screened
more closely and donated blood is now tested for HIV. Also,
factor VIII is now available as a biotechnology product.

At the turn of the century, hemophilia was prevalent
among the royal families of Europe, and all of the affected
males could trace their ancestry to Queen Victoria of En-
gland (Fig. 24.10). Because none of Queen Victoria’s fore-
bears or relatives was affected, it seems that the gene she
carried arose by mutation either in Victoria or in one of her
parents. Her carrier daughters, Alice and Beatrice, intro-
duced the gene into the ruling houses of Russia and Spain,
respectively. Alexis, the last heir to the Russian throne before

Figure 24.10 Hemophilia in European royal families. 
Because Queen Victoria was a carrier, each of her sons had a 50% chance of having the disease, and each of her daughters had a 50% chance
of being a carrier. This pedigree shows only the affected individuals. Many others are unaffected, such as the members of the present British royal
family.
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Figure 24.11 Test plate for color blindness.
The most common form of color blindness involves an inability to
distinguish reds and greens, determined by an inability to see the
number embedded in the dots of a test plate. The above has been
reproduced from Ishihara’s Test for Colour Blindness published by
KANEHARA & CO., LTD., Tokyo, Japan. For accurate testing, the
original plate should be used.

Figure 24.12 Sex-influenced traits. 
Pattern baldness is sex-influenced. Due to hormonal influences, the
presence of only one allele for baldness causes the condition in the
male, whereas the condition does not occur in the female unless she
possesses two alleles for baldness.

n

H   = Normal hair growth
H   = Pattern baldness

Phenotypes Genotypes Phenotypes

H  HN N

H  HN

H  Hnn

n

N

Practice Problems*

1. Both the mother and the father of a male hemophiliac
appear to be normal. From whom did the son inherit the
allele for hemophilia? What are the genotypes of the
mother, the father, and the son?

2. A woman is color blind. What are the chances that her
sons will be color blind? If she is married to a man with
normal vision, what are the chances that her daughters
will be color blind? will be carriers?

3. Both parents are right handed (R = right handed, r = left
handed) and have normal vision. Their son is left handed
and color blind. Give the genotypes of all persons
involved.

4. Both the husband and the wife have normal vision. The
wife gives birth to a color-blind daughter. What can you
deduce about the girl’s parentage?

*Answers to Practice Problems appear in Appendix A.

Sex-Influenced Traits
Not all traits we associate with the gender of the individual
are sex-linked traits. Some are simply sex-influenced traits;
that is, the phenotype is determined by autosomal genes
that are expressed differently in males and females.

It is possible that the sex hormones determine whether
these genes are expressed or not. Pattern baldness (Fig.
24.12) is believed to be influenced by the male sex hor-
mone testosterone because males who take the hormone to
increase masculinity begin to lose their hair. A more de-
tailed explanation has been suggested by some investiga-
tors. It has been reasoned that due to the effect of
hormones, males require only one allele for baldness in or-
der for the condition to appear, whereas females require
two alleles. In other words, the allele for baldness acts as a
dominant in males but as a recessive in females. Another
sex-influenced trait of interest is the length of the index
finger. In females, an index finger longer than the fourth
finger (ring finger) seems to be dominant. In males, an
index finger longer than the fourth finger seems to be
recessive.
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24.4 Linked Genes
The chromosomal theory of inheritance predicts that each
chromosome contains a long series of alleles in a definite se-
quence. All the alleles on one chromosome form a linkage
group because they tend to be inherited together. Figure
24.13a shows that if two alleles are on the same chromosome
and linkage is complete, a dihybrid would produce only two
types of gametes in equal proportion. 

Crossing-over, you recall, occurs between nonsister
chromatids when homologous pairs of chromosomes come
together prior to separation during meiosis. During
crossing-over the nonsister chromatids exchange genetic
material and therefore genes. If crossing-over occurs be-
tween the two alleles of interest, a dihybrid produces four
types of gametes instead of two (Fig. 24.13b). Recombinant
means a new combination of alleles. The recombinant ga-
metes occur in reduced number because crossing-over is in-
frequent. Still, all possible phenotypes will occur among the
offspring.

To take an actual example, the genes for ABO blood
types and the gene for a condition called nail-patella syn-
drome (NPS) are on the same chromosome. A person with
NPS has fingernails and toenails that are reduced or absent
and a kneecap (patella) that is small. NPS (N) is dominant,
while the normal condition (n) is recessive. In one family, the
spouses had these chromosomes, and the results of their
mating were predicted as shown in this diagram: 

Linkage was not complete; that is, crossing-over oc-
curred, and 10% of the children had recombinant pheno-
types: 5% had type B blood and no NPS, and 5% had type O
blood and NPS:

The occurrence of crossing-over helps tell the sequence of
genes on a chromosome because crossing-over occurs more
often between distant genes than between genes that are
close together on a chromosome. For example, consider
these homologous chromosomes:

We expect recombinant gametes to include G and z more of-
ten than R and s. In keeping with this observation, investi-
gators began to use recombination frequencies to map the
chromosomes. Each 1% of crossing-over is equivalent to one
map unit between genes. 

Linkage data have been used to map the chromosomes
of the fruit fly Drosophila, but the possibility of using linkage
data to map human chromosomes is limited because we can
only work with matings that have occurred by chance. This,
coupled with the fact that humans tend not to have numer-
ous offspring, means that additional methods are used to se-
quence the genes on human chromosomes. Today, it is
customary to also rely on biochemical methods to map the
human chromosomes. 

The presence of linkage groups changes the
expected results of genetic crosses. The frequency
of recombinant gametes that occurs due to the
process of crossing-over has been used to map
the chromosomes.
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Adult
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50% 50%

2 types of gametes
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97% 3%
recombinant gametes

4 types of gametes
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Figure 24.13 Linkage group.
In this individual, alleles A and B are on one member of a homologous pair, and alleles a and b are on the other member. a. When linkage is
complete, this dihybrid produces only two types of gametes in equal proportion. b. When linkage is incomplete, this dihybrid produces four types
of gametes because crossing-over has occurred. The recombinant gametes occur in reduced proportion because crossing-over occurs
infrequently.

Do you approve of choosing a baby’s
gender even before it is conceived? As

you know, the sex of a child is dependent
upon whether an X-bearing sperm or a Y-
bearing sperm enters the egg. A new tech-
nique has been developed that can
separate X-bearing sperm from Y-bearing
sperm. First, the sperm are dosed with a
DNA-staining chemical. Because the X
chromosome has slightly more DNA than
the Y chromosome, it takes up more dye.
When a laser beam shines on the sperm,
the X-bearing sperm shine a little more
brightly than the Y-bearing sperm. A ma-
chine sorts the sperm into two groups on
this basis. The results are not perfect. Fol-
lowing artificial insemination, there’s
about an 85% success rate for a girl and
about a 65% success rate for a boy. 

Some might argue that while it is ac-
ceptable to use vaccines to prevent ill-
nesses or give someone a heart transplant,
it goes against nature to choose gender.
But what if the mother is a carrier of an
X-linked genetic disorder such as hemo-
philia or Duchenne muscular dystrophy?
Or, is it acceptable to bring a child into the
world with a genetic disorder that may
cause an early death? Would  it be better to
select sperm for a girl, who at worst would
be a carrier like her mother? Previously a
pregnant woman with these concerns had
to wait for the results of an amniocentesis
test, and then abort the pregnancy if it
were a boy. Is it better to increase the
chances of a girl to begin with?

Some authorities do not find gender
selection acceptable for any reason. Even if

it doesn’t lead to a society with far more
members of one sex than another, there
could be a problem. Once you separate re-
production from the sex act, they say, it
opens the door to children that have been
genetically designed in every way.

Questions
1. Do you think it is acceptable to choose the

gender of a baby? Even if it requires
artificial insemination at a clinic? Why or
why not?

2. Do you see any difference between
choosing gender and choosing eggs or
embryos free of a genetic disease for
reproduction purposes ? Explain.

3. As a society, should we accept certain
ways of interfering with nature and not
accept other ways? Why or why not? 
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Summarizing the Concepts

24.1 Inheritance of Chromosomes
Humans inherit 22 autosomes from each parent. Nondisjunction dur-
ing meiosis can result in an abnormal number of autosomes to be in-
herited. Down syndrome results when an individual inherits three
copies of chromosome 21. Also, chromosomal mutations lead to phe-
notypic abnormalities; for example, in cri du chat syndrome, one copy
of chromosome 5 has a deletion.

24.2 Inheritance of Sex Chromosomes
The father determines the sex of a child because the mother gives only
an X chromosome while the father gives an X or a Y chromosome.
Males who inherit a fragile X chromosome are subject to mental retar-
dation. Nondisjunction of the sex chromosomes can also cause abnor-
mal sex chromosomal numbers in offspring. Females who are XO have
Turner syndrome, and those who are XXX are triplo-X females. Males
with Klinefelter syndrome are XXY. There are also XYY males.

Females have an inactive condensed X chromosome in their nuclei
called a Barr body. If heterozygous, their cells differ in which allele is
active. Sometimes this allows them to be tested to see if they are carri-
ers for a genetic disease.

24.3 Sex-Linked Inheritance
Because males normally receive only one X chromosome, they are sub-
ject to disorders caused by the inheritance of a recessive allele on the X
chromosome. For example, in a cross between a normal male and a car-
rier female, only the male children could have the X-linked disorder
color blindness. Other well-known X-linked disorders are hemophilia
and Duchenne muscular dystrophy.

24.4 Linked Genes
All the genes on one chromosome form a linkage group, which is bro-
ken only when crossing-over occurs. Genes that are linked tend to go
together into the same gamete. If crossing-over occurs, a dihybrid cross
gives all possible phenotypes among the offspring, but the expected ra-
tio is greatly changed. Crossing-over data is used to map the chromo-
somes of animals, such as fruit flies, but is not sufficient to map the
human chromosomes.

Studying the Concepts

1. What does the normal human karyotype look like? 488
2. Diagram the occurrence of nondisjunction of autosomes

during meiosis I and during meiosis II. 489
3. What is the most common autosomal abnormality seen in

humans? What causes this abnormality? 490
4. Name and describe four chromosomal mutations. 491
5. Describe fragile X syndrome, Turner syndrome, Klinefelter

syndrome, triplo-X individuals, and Jacobs syndrome.
492–95

6. What is a Barr body, and how do Barr bodies make it possible
to detect female carriers of genetic diseases? 496

7. Name four ways to recognize an X-linked recessive disorder.
Why do males exhibit such disorders more often than
females? 496–98

8. Explain the occurrence of sex-influenced traits. How do they
differ from sex-linked traits? 499

9. What is a linkage group, and how can the occurrence of link-
age groups help to map the human chromosomes? 500

10. Name two methods being used to develop a genetic map of
the human genome. What is the physical map of the human
genome? 500

Testing Yourself

Choose the best answer for each question.
For questions 1–3, match the conditions in the key with the
descriptions below.

Key:
a. Down syndrome
b. Turner syndrome
c. Klinefelter syndrome
d. XYY

1. male with underdeveloped testes and some breast
development 

2. trisomy 21
3. XO female
4. Down syndrome

a. is always caused by nondisjunction of chromosome 21.
b. shows no overt abnormalities.
c. is more often seen in children of mothers past the age of

40.
d. Both a and c are correct.

5. A male has a genetic disorder. Which one of these is inconsis-
tent with X-linked recessive inheritance?
a. Both parents do not have the disorder.
b. Only males in a pedigree chart have the disorder.
c. Only females in previous generations have the disorder.
d. Both a and c are inconsistent.

6. John has hemophilia but his parents do not. Using H for
normal and h for hemophilia, give the genotype of his father,
mother, and himself in that order.
a. Hh, Hh, hh
b. XHY, hh, XHY
c. XHY, XHXh, XhY
d. XhY, XHXH, XhY
e. XHY, XhY, Xhy

7. A woman who is homozygous dominant for widow’s peak
and is a carrier of color blindness reproduces with a man who
is heterozygous for widow’s peak and has normal vision.
What are the chances a son will be color blind with a widow’s
peak?
a. 100%
b. 50%
c. 24%
d. 0%
e. Both b and d are correct.

8. The ability to curl the tongue (dominant) is linked to a rare
form of mental retardation (dominant). The parents are het-
erozygous with dominant alleles on one chromosome and
recessive alleles on the other. What is the expected pheno-
typic ratio among the offspring if crossing-over does not
occur? 
a. 3:1
b. 1: l
c. 9:3:3:1
d. 1:1:1:1
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9. Which chromosomal mutation is opposite to a deletion?
a. inversion
b. translocation
c. duplication
d. Both a and b are correct.
e. Both b and c are correct.

10. This pedigree chart pertains to color blindness. The genotype
of the starred individual is .
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Additional Genetics Problems for Chapter 23
and Chapter 24

Autosomal One-Trait Problems
1. A woman heterozygous for polydactyly (dominant), a condi-

tion that produces 6 fingers and 6 toes, is married to a man
without this condition. What are the chances that her children
will have 6 fingers and 6 toes?

2. A young man’s father has just been diagnosed as having
Huntington disease (dominant). What are the probable
chances that the son will inherit this condition?

3. Black hair is dominant over blond hair. A woman with black
hair whose father had blond hair reproduces with a blond-
haired man. What are the chances of this couple having a
blond-haired child?

4. Your maternal grandmother Smith had Huntington disease.
Aunt Jane, your mother’s sister, also had the disease. Your
mother dies at age 75 with no signs of Huntington disease.
What are your chances of getting the disease?

5. Could a person who can curl her tongue (dominant) have
parents who cannot curl their tongues? Explain your
answer.

6. Parents who do not have Tay-Sachs disease (recessive) pro-
duce a child who has Tay-Sachs disease. What is the genotype
of each parent? What are the chances each child will have
Tay-Sachs disease?

7. One parent has lactose intolerance (recessive), the inability to
digest lactose, the sugar found in milk, and the other is het-
erozygous. What are the chances that their child will have
lactose intolerance?

8. A child has cystic fibrosis (recessive). His parents are normal.
What is the genotype of all persons mentioned?

9. A woman heterozygous for polydactyly (dominant) repro-
duces with a homozygous normal man. What are the chances
that their children will have 12 fingers and 12 toes?

10. If a woman homozygous for widow’s peak (dominant) repro-
duces with a man homozygous for straight hairline (reces-
sive), what are the chances of their children having a widow’s
peak? A straight hairline?

11. In humans, the allele for short fingers is dominant over that
for long fingers. If a person with short fingers who had one
parent with long fingers reproduces with a person having
long fingers, what are the chances of each child having short
fingers?

12. In fruit flies, gray body (G) is dominant over black body (g).
In a fruit fly experiment, two gray-bodied fruit flies produce
mostly gray-bodied offspring, but some offspring have black
bodies. If there are 280 offspring, how many do you predict
will have gray bodies and how many will have black bodies?
How many of the 280 offspring do you predict will be het-
erozygous? If you wanted to test whether a particular gray-
bodied fly was homozygous dominant or heterozygous, what
cross would you do?

Autosomal Two-Trait Problems
13. In rabbits, black color (B) is dominant over brown(b) and

short hair (S) is dominant over long (s). In a cross between a
homozygous black, long-haired rabbit and a brown, homozy-
gous short-haired one, what would the F1 generation look
like? the F2 generation? If one of the F1 rabbits reproduced
with a brown, long-haired rabbit, what phenotypes and in
what ratio would you expect?

14. In horses, black coat (B) is dominant over brown coat (b), and
being a trotter (T) is dominant over being a pacer (t). A black
pacer is crossed with a brown trotter. The offspring is a
brown pacer. Give the genotypes of all these horses. 

15. In fruit flies, gray body (G) is dominant over black body (g),
and long wings (L) is dominant over short wings (l). The
complete genotype of a long-winged, gray-bodied fruit fly is
unknown. When this fly is crossed with a short-winged,
black-bodied fruit fly, the offspring all have a gray body but
about half of them have short wings. What is the genotype of
the long-winged, gray-bodied fly.

16. In humans, widow’s peak hairline is dominant over straight
hairline, and short fingers are dominant over long fingers. If
an individual who is heterozygous for both traits repro-
duces with an individual who is recessive for both traits,
what are the chances of their child also being recessive for
both traits?

Autosomal Incompletely Dominant Problems
17. What are the chances that a person pure for straight hair who

is married to a person pure for curly hair will have children
with wavy hair?

18. One parent has sickle-cell disease and the other is perfectly
normal. What are the phenotypes of their children?

19. A child has sickle-cell disease but her parents do not. What is
the genotype of each parent?

20. Both parents have the sickle-cell trait. What are their chances
of having a perfectly normal child?

Autosomal Multiple Alleles Problems
21. The genotype of a woman with type B blood is BO. The geno-

type of her husband is AO. What could be the genotypes and
phenotypes of the children?

22. A man has type O blood. What is his genotype? Could this
man be the father of a child with type A blood? If not, why
not? If so what blood types could the child’s mother have?

23. Baby Susan has type B blood. Her mother has type O blood.
What type blood could her father have?
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X-Linked Recessive Problems
24. A boy has severe combined immune deficiency syndrome.

What are the genotypes of the parents, who have the normal
phenotype?

25. A woman is color blind and her spouse has normal vision. If
they produce a son and a daughter, which child will be color
blind?

26. If a female who carries an X-linked allele for Lesch-Nyhan
syndrome reproduces with a normal man, what are the
chances that male children will have the condition? that
female children will have the condition?

27. A girl has hemophilia. What is the genotype of her father?
What is the genotype of her mother, who has a normal phe-
notype?

28. In fruit flies XR � red eye and Xr � white eye. 
a. If a white-eyed male reproduces with a homozygous red-

eyed female, what phenotypic ratio is expected for males?
for females?

b. If a white-eyed female reproduces with a red-eyed male,
what phenotypic ratio is expected for males? for females?

Mixed Problems
29. What is the genotype of a man who is color blind (X-linked

recessive) and has a straight hairline (autosomal recessive)? If
this man has children by a woman who is homozygous domi-
nant for normal color vision and widow’s peak, what will be
the genotype and phenotype of the children?

30. In fruit flies, gray body (G) is dominant over black body (g).
A female fly heterozygous for both gray body and red eyes
reproduces with a red-eyed male heterozygous for gray body.
What phenotypic ratio is expected for males? for females?

Thinking Scientifically

1. Early in this century, geneticists performed this cross:
P red-eyed female � white-eyed male
F1 red-eyed female red-eyed male
a. From these results, which characteristic is dominant?

b. They went on to perform this cross:
F1 � F1 red-eyed female � red-eyed male
F2 red-eyed female  1:1 red- to white-eyed male
Are these results explainable if the allele for red/white eye
color is on the Y chromosome but not on the X chromosome?
On the X chromosome but not on the Y chromosome?
Explain. How do these results support the hypothesis that
genes are on the chromosomes?

2. Considering Figure 24.10, you are a geneticist who has been
hired to convince the British royal family that Queen Victoria
was a carrier for hemophilia, an X-linked gene.
a. How does Figure 24.10 show that hemophilia is X-linked?
b. The present members of the royal family are descended

from Edward VII, who did not inherit the allele for hemo-
philia. What were his chances of inheriting the allele?

Understanding the Terms

autosome 489
chromosomal mutation 491
crossing-over 500
karyotype 488
linkage group 500
monosomy 489
nondisjunction 489
recombinant 500

sex chromosome 488
sex-influenced trait 499
sex-linked trait 496
syndrome 489
trisomy 489
X chromosome 488
Y chromosome 488

Match the terms to these definitions:
a. Alleles on the same chromosome are linked in the

sense that they tend to move together to the same gamete;
crossing-over interferes with linkage.

b. Failure of homologous chromosomes or sister
chromatids to separate during the formation of gametes.

c. Variation in regard to the normal number of chro-
mosomes inherited or in regard to the normal sequence of
alleles on a chromosome; the sequence can be inverted,
translocated from a nonhomologous chromosome, deleted, or
duplicated.

d. Arrangement of all the chromosomes within a cell
by pairs in a fixed order.

e. Phenotype that is controlled by a gene located on
a sex chromosome, usually the X chromosome, whose pattern
of inheritance differs in males and females. 

Using Technology

Your study of patterns of chromosomal inheritance is supported by
these available technologies:

Essential Study Partner CD-ROM
Genetics ££ Chromosomes

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

c. In hemophiliacs, a clotting factor is defective. Would you
expect this factor to be a carbohydrate, lipid, nucleic acid,
or protein? Why? 

d. Considering that it is sometimes possible today to test the
DNA (taken from bone cells) of persons long dead, what
would you expect to find if the DNA of Victoria were
examined?
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Molecular Basis of
Inheritance

Chapter Concepts

25.1 DNA Structure and Replication
• DNA is the genetic material, and therefore its

structure and functions constitute the molecular
basis of inheritance. 506

• DNA is able to replicate, and in this way genetic
information is passed from one cell generation to
the next. 509

25.2 Gene Expression
• DNA specifies the synthesis of proteins, a

process that also requires the participation of
RNA. 510

25.3 Control of Gene Expression
• In prokaryotes, regulator genes control the

activity (expression) of other genes. 518
• In eukaryotes, the control of gene expression

occurs at all stages, from transcription to the
activity of proteins. 519

25.4 Gene Mutations
• Gene mutations range from those that have little

effect to those that have an extreme effect. 520

25.5 Cancer: A Failure of Genetic Control
• Cancer develops when there is a loss of genetic

control over genes involved in cell growth
and/or cell division. 522

DNA stores genetic information. DNA is a double helix
composed of two strands of nucleotides hydrogen-bonded to one
another. The genetic information is in the sequence of nucleotides.
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25.1 DNA Structure and 
Replication M

In the mid-1900s, scientists knew that the chromosomes con-
tained genetic information. But because the chromosomes
were composed of both DNA (deoxyribonucleic acid) and
proteins, they were uncertain which one was the genetic ma-
terial. They turned to experiments with viruses to resolve
this question since they knew that viruses are tiny particles
having just two parts: an inner nucleic acid core and an
outer protein coat. A virus called the T2 virus (the T2 simply
means type 2) infects bacteria, and if they could determine
which part of the virus enters a bacterium and produces
more viruses, they would know whether the genes were
made up of DNA or protein.

Two batches of viruses were prepared. One batch had
32P-labeled DNA (P � phosphorus), and the other had
35S-labeled protein (S � sulfur). In one experiment, bacteria
were exposed to the viruses with labeled DNA, and in the
other, bacteria were exposed to the viruses with labeled pro-
tein (Fig. 25.1). They found that only labeled DNA enters a
bacterium. Therefore, only DNA is needed for the reproduc-
tion of viruses, and only DNA is the genetic material.

The young man in the lawyer’s office was there to
make a claim. He had come from Europe to the
United States to say that he was the rightful heir to

millions left behind by an oil magnate who had recently died.
The magnate had a son born out of wedlock to a French
woman he had met while a soldier in Europe during the war.
There were two others before him who also claimed to be
the long-separated son of the magnate. The lawyer had told
them, just as he was now telling this claimant, that each
would have to undergo a blood cell test. DNA fingerprinting
would be used to compare DNA taken from his white blood
cells with DNA taken from the deceased man’s cells. Human
DNA can form more patterns than there are people in the
world, but even so, the patterns of close relatives are quite
similar. Therefore, this DNA test would reveal which of the
claimants was the rightful heir.

This chapter discusses the structure of DNA and its
function in cells. We will see that DNA fulfills the require-
ments for the genetic material: it (1) can be replicated prior to
cell division and can be transmitted to daughter cells and
from generation to generation, and (2) is able to store infor-
mation that pertains to both the development and metabolic
activities of cells and the individual, and (3) is able to
undergo rare changes called mutations that are so neces-
sary for evolution to occur. 

Figure 25.1 Hershey and Chase experiment.
a. A T virus contains DNA and has a protein coat. It was
reasoned that whichever of these enters a bacterium and
controls viral reproduction is the genetic material. b. In
this experiment, 32P was used to label viral DNA. The
radioactively labeled DNA entered the cell. The coats
were removed by agitation in a blender and replication of
the virus proceeded normally—DNA is the genetic
material. c. In this experiment, 35S was used to label the
protein coat of the virus. The radioactively labeled protein
was removed when the coats were removed by agitation
in a blender. Replication of the virus proceeded normally.
Protein is not the genetic material.

protein
coat

DNA

tail
fibers

head

bacterial host

a.

b. c.

Viral DNA Labeled Viral Coat Labeled

DNA labeled
with 32P

protein coat labeled
with 35S

viruses
have infected
bacteria

blender
separates
viral coats
from bacteria

viral
replication
occurs

radioactivity
within bacteria

radioactivity
within viral coats
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equals the amount of cytosine (G = C). These findings
came to be known as Chargaff’s rules.

3. Rosalind Franklin and Maurice Wilkins, working at King’s
College, London, had just prepared an X-ray diffraction
photograph of DNA. It showed that DNA is a double helix
of constant diameter and that the bases are regularly
stacked on top of one another.

Using these data, Watson and Crick deduced that DNA has a
twisted, ladder-type structure; the sugar-phosphate molecules
make up the sides of the ladder, and the bases make up the
rungs. Further, they determined that if A is normally hydrogen
bonded with T, and G is normally hydrogen bonded with C (in
keeping with Chargaff’s rules), then the rungs always have a
constant width (as required by the X-ray photograph).

Watson and Crick built an actual model of DNA out of wire
and tin. This double-helix model does indeed allow for differ-
ences in DNA structure between species because the base pairs
can be in any order. Also, the model suggests that complemen-
tary base pairing plays a role in the replication of DNA. As Wat-
son and Crick pointed out in their original paper, “It has not
escaped our notice that the specific pairing we have postulated
immediately suggests a possible copying mechanism for the ge-
netic material.”

In 1951, James Watson, an American biologist, began an intern-
ship at the University of Cambridge, England. There he met
Francis Crick, a British physicist, who was interested in molecu-
lar structures. Together they set out to determine the structure of
DNA and to build a model that would explain how DNA, the
genetic material, can vary from species to species and even from
individual to individual. They also discovered the way DNA
replicates (makes a copy of itself) so that daughter cells and off-
spring can receive a copy.

The bits and pieces of data available to Watson and Crick
were like puzzle pieces they had to fit together. This is what they
knew from the research of others:

1. DNA is a polymer of nucleotides, each one having a
phosphate group, the sugar deoxyribose, and a nitrogen-
containing base. There are four types of nucleotides
because there are four different bases: adenine (A) and
guanine (G) are purines, while cytosine (C) and thymine
(T) are pyrimidines.

2. A chemist, Erwin Chargaff, had determined in the late
1940s that regardless of the species under consideration,
the number of purines in DNA always equals the number
of pyrimidines. Further, the amount of adenine equals the
amount of thymine (A = T), and the amount of guanine
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Finding the Structure of DNA

Figure 25A Discovering the structure of DNA.
a. X-ray diffraction photograph of DNA taken by Rosalind Franklin. b. A portion of the actual wire and tin model constructed by Watson and
Crick.

a. b.
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Structure of DNA
The structure of DNA was determined by James Watson and
Francis Crick in the early 1950s. The data they used and how
they used the data to deduce DNA’s structure are reviewed
in the reading on the previous page.

DNA is a polynucleotide; each nucleotide is a complex
of three subunits—phosphoric acid (phosphate), a pentose
sugar (deoxyribose), and a nitrogen-containing base. There
are four possible bases: two are purines with a double ring,
and two are pyrimidines with a single ring. The names of
the bases are as follows:

Purines Pyrimidines

Adenine (A) Thymine (T)
Guanine (G) Cytosine (C)

A polynucleotide strand has a backbone made up of al-
ternating phosphate and sugar molecules. The bases are at-
tached to the sugar but project to one side. DNA has two
such strands, and the two strands twist about one another in
the form of a double helix (Fig. 25.2a and b). The strands are
held together by hydrogen bonding between the bases: A

pairs with T by forming two hydrogen bonds, and G pairs
with C by forming three hydrogen bonds, or vice versa. This
is called complementary base pairing.

When the DNA helix unwinds, it resembles a ladder
(Fig. 25.2b). The sides of the ladder are the phosphate-sugar
backbones, and the rungs of the ladder are the complementary-
paired bases. Notice that a purine is always bonded to a
pyrimidine (Fig. 25.3). The bases can be in any order, and the
variability that can be obtained is overwhelming. For exam-
ple, a chromosome can have about 140 million base pairs.
Since any of the four possible nucleotides can be present at
each nucleotide position, the total number of possible nu-
cleotide sequences in a chromosome is 4140,000,000. No won-
der individuals have a unique order which they inherit from
their parents.

DNA is a double helix with phosphate-sugar
backbones on the outside and paired bases on the
inside. Complementary base pairing occurs:
adenine (A) pairs with thymine (T), and guanine (G)
pairs with cytosine (C).
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Figure 25.2 Overview of DNA structure.
a. DNA double helix. b. When the helix is unwound, a ladder configuration shows that the uprights are composed of sugar and phosphate
molecules and the rungs are complementary bases. Notice the bases in DNA pair in such a way that the phosphate-sugar groups are oriented in
different directions. This means that the strands of DNA end up running antiparallel to one another, with the 3´ end of one strand opposite the 5´
end of the other strand. c. When you examine one pair of bases, you see that 3´ and 5´ refer to a numbering system for the carbon atoms.
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Replication of DNA
Exact copies of DNA are produced during the
replication process. The double-stranded
structure of DNA aids replication because each
strand can serve as a template for the forma-
tion of a complementary strand. A template is
most often a mold used to produce a shape op-
posite to itself. In this case, each old (parental)
strand is a template for each new (daughter)
strand.

Replication has the following steps (Fig. 25.3):

1. Unwinding. The two strands that make up
DNA unwind and “unzip” (i.e., the weak
hydrogen bonds between the paired bases
break). A special enzyme called helicase
causes the molecule to unwind.

2. Complementary base pairing. New
complementary nucleotides, always
present in the nucleus, fit into place by
the process of complementary base
pairing.

3. Joining. The complementary nucleotides
join to form new strands. This step is
carried out by an enzyme called DNA
polymerase.

Because each old strand has produced a
new strand through complementary base pair-
ing, there are now two DNA helices identical to
each other and to the original molecule. DNA
replication is termed semiconservative because
each new double helix has one old strand and
one new strand. In other words, one of the
parental strands is conserved, or present, in
each new double helix.

DNA replication must occur before a cell
can divide. Cancer, which is characterized by
rapidly dividing cells, is treated with
chemotherapeutic drugs that stop replication
and therefore cell division. Some chemothera-
peutic drugs are analogs that have a similar, but
not identical, structure to the four nucleotides in
DNA. When these are mistakenly used by the
cancer cells to synthesize DNA, replication
stops and the cells die off.

During DNA replication, DNA unwinds
and unzips, and new strands that are
complementary to the original strands
form.
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Figure 25.3 DNA replication. 
After the DNA molecule unwinds, each old strand serves as a template for the
formation of the new strand. Complementary nucleotides available in the cell pair with
those of the old strand and then are joined together to form a daughter strand. After
replication is complete, there are two daughter strands. Replication is called
semiconservative because each new double helix is composed of an old (parental)
strand and a new (daughter) strand. Each molecule has the same sequence of base
pairs as the parent molecule had before unwinding occurred.
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25.2 Gene Expression M

The occurrence of inherited metabolic disorders first sug-
gested that genes are responsible for the metabolic workings
of a cell. In phenylketonuria (PKU), mental retardation is
caused by the inability to convert phenylalanine to tyrosine.
In albinism, there is no natural pigment in the skin because
tyrosine cannot be converted to melanin. Each condition is
caused by the presence of a faulty enzyme:

Even in the early 1900s, these conditions were called inborn
errors of metabolism.

Later laboratory investigations with the bread mold Neu-
rospora led to the one gene–one enzyme hypothesis, which
stated that each gene controls the production of a particular
enzyme. This hypothesis was later broadened to the one
gene–one protein hypothesis because not all proteins are
enzymes—some are structural components of the cell, such as
the muscle proteins, actin and myosin. When it was pointed
out that some proteins have more than one polypeptide, the
hypothesis was modified to the one gene–one polypeptide hy-
pothesis. A gene is a segment of DNA that specifies the se-
quence of amino acids in a polypeptide of a protein.

DNA specifies the production of proteins, even though
in eukaryotes it is located in the nucleus, and proteins are
synthesized at the ribosomes in the cytoplasm. RNA (ri-
bonucleic acid), however, is not confined to the nucleus; it
occurs in both the nucleus and the cytoplasm.

Role of RNA
Like DNA, RNA is a polynucleotide (Fig. 25.4). However,
the nucleotides in RNA contain the sugar ribose, not de-
oxyribose. Also, the bases in RNA are adenine (A), cytosine
(C), guanine (G), and uracil (U). In other words, the base
uracil replaces thymine found in DNA (Table 25.1). Finally,
RNA is single stranded and does not form a double helix in
the same manner as DNA. 

There are three major classes of RNA, each with specific
functions in protein synthesis:

messenger RNA (mRNA): takes a message from DNA
in the nucleus to the ribosomes in the cytoplasm.

ribosomal RNA (rRNA): along with proteins, makes
up the ribosomes, where polypeptides are
synthesized.

transfer RNA (tRNA): transfers amino acids to the
ribosomes.

albinism
results

PKU
results

phenylalanine tyrosine             melanin

With the help of RNA, a gene (a segment of DNA)
specifies the sequence of amino acids in a
polypeptide. In this way, genes control the
structure and the metabolism of the cell. 
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Figure 25.4 Structure of RNA.
RNA is single stranded, the backbone contains the sugar ribose
instead of deoxyribose, and the bases are guanine (G), uracil (U),
cytosine (C), and adenine (A).

DNA RNA

Sugar Deoxyribose Ribose

Bases Adenine, guanine, Adenine, guanine,
thymine, cytosine uracil, cytosine

Strands Double stranded Single stranded
with base pairing

Helix Yes No

Table 25.1 DNA Structure Compared to
RNA Structure
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From DNA to RNA to Protein
DNA not only serves as a template for its own replication, it
is also a template for RNA formation. Transcription is mak-
ing an RNA molecule that is complementary to a portion of
DNA. Following transcription, RNA moves into the cyto-
plasm. There are micrographs showing radioactively
labeled RNA moving through a nuclear pore to the cyto-
plasm, where protein synthesis occurs. Messenger RNA
(mRNA) carries information for the synthesis of a polypep-
tide. During translation, this information is used to se-
quence the amino acids of a polypeptide (Fig. 25.5).

In ordinary speech, transcription means making a close
copy of a document, and translation means putting the doc-
ument in an entirely different language. In genetics, tran-
scription is making a strand of RNA with the same base
sequence as DNA; translation is going from a sequence of
nucleotides (bases) to a sequence of amino acids.

The Genetic Code
DNA has a particular sequence of bases, and a polypeptide
has a particular sequence of amino acids. This suggests that
DNA contains coded information. Can four bases provide
enough combinations to code for 20 amino acids? If the code
were a doublet (any two bases stand for one amino acid), it
would not be possible to code for 20 amino acids, but if the

code were a triplet, then the four bases could supply 64
different triplets, far more than needed to code for 20 differ-
ent amino acids. It should come as no surprise, then, to learn
that the code is a triplet code.

To crack the code, a cell-free experiment was done: arti-
ficial RNA was added to a medium containing bacterial ri-
bosomes and a mixture of amino acids. Comparison of the
bases in the RNA with the resulting polypeptide allowed in-
vestigators to decipher the code. Each three-letter unit of an
mRNA molecule is called a codon. All 64 mRNA codons
have been determined (Fig. 25.6). Sixty-one triplets corre-
spond to a particular amino acid; the remaining three are
stop codons, which signal polypeptide termination. The one
codon that stands for the amino acid methionine is also a
start codon signaling polypeptide initiation.
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Figure 25.5 Overview of gene expression. 
Transcription occurs in the nucleus when DNA acts as a template for
mRNA synthesis. Translation occurs in the cytoplasm when the
sequence of the mRNA codons determines the sequence of the
amino acids in a polypeptide.

Figure 25.6 Messenger RNA codons.
Notice that in this chart, each of the codons (blue squares) is
composed of three letters representing the first base, second base,
and third base. For example, find the blue square where C for the first
base and A for the second base intersect. You will see that U, C, A,
or G can be the third base. The three bases CAU and CAC are
codons for histidine; the three bases CAA and CAG are codons for
glutamine.
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Transcription 
During transcription, a segment of the DNA helix unwinds
and unzips, and complementary RNA nucleotides from an
RNA nucleotide pool in the nucleus pair with the DNA nu-
cleotides of one strand. The RNA nucleotides are joined by
an enzyme called RNA polymerase, and an mRNA mole-
cule results (Fig. 25.7). Therefore, when mRNA forms, it has
a sequence of bases complementary to DNA; wherever A, T,
G, or C is present in the DNA template, U, A, C, or G is in-
corporated into the mRNA molecule. In this way, the code is
transcribed, or copied. Now mRNA has a sequence of
codons, three bases that are complementary to the DNA
triplet code.

Following transcription, mRNA has a sequence of
bases complementary to one of the DNA strands.
Now, mRNA contains codons which are
complementary to the DNA triplet code. 

Processing of mRNA
Most genes in humans are interrupted by segments of DNA
that are not part of the gene. These portions are called introns
because they are intragene segments. The other portions of
the gene are called exons because they are ultimately ex-
pressed. They result in a protein product.

When DNA is transcribed, the mRNA contains bases
that are complementary to both exons and introns, but be-
fore the mRNA exits the nucleus, it is processed. During
processing, the nucleotides complementary to the introns
are spliced out by ribozymes. Ribozymes are organic cata-
lysts composed of RNA and not protein. There has been
much speculation about the role of introns. It is possible
that they allow crossing-over within a gene during meio-
sis. It is also possible that introns divide a gene into do-
mains that can be joined in different combinations to give
novel genes and protein products, facilitating the evolu-
tion of new species.

Processing occurs in the nucleus. The newly formed
mRNA is called the primary mRNA molecule, and the
processed mRNA is called the mature mRNA molecule.
The mature mRNA molecule passes from the cell nucleus
into the cytoplasm. There it becomes associated with
ribosomes.

In humans, the primary mRNA molecule is
processed; introns are removed, so that the
mature mRNA molecule contains only exons.
Mature RNA leaves the nucleus and becomes
associated with ribosomes.

Translation
Translation, which takes place in the cytoplasm of eukary-
otic cells, is the second step by which gene expression leads
to protein synthesis. During translation, the sequence of
codons in mRNA specifies the order of amino acids in a
polypeptide. This is called translation because the se-
quence of DNA and then RNA bases is translated into a se-
quence of amino acids. Translation requires several
enzymes and two other types of RNA: transfer RNA and
ribosomal RNA.
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Figure 25.7 Transcription. 
During transcription, complementary RNA is made from a DNA
template. A portion of DNA unwinds and unzips at the point of
attachment of RNA polymerase. A strand of mRNA is produced when
complementary bases join in the order dictated by the sequence of
bases in DNA. Transcription occurs in the nucleus and the mRNA
passes out of the nucleus to enter the cytoplasm.
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Transfer RNA
Transfer RNA (tRNA) molecules bring amino acids to the ri-
bosomes. Each is a single-stranded nucleic acid that doubles
back on itself to create regions where complementary bases
are hydrogen bonded to one another. There is at least one
tRNA molecule for each of the twenty amino acids found in
proteins. The amino acid binds to one end of the molecule
(Fig. 25.8a). Attachment requires ATP energy, and the result-
ing bond is a high-energy bond represented by a wavy line.
The entire complex is designated as tRNA–amino acid. One
area of active research is to determine how the correct amino
acid becomes attached to the correct tRNA molecule. Some-
how an enzyme called tRNA synthetase recognizes which
amino acid should be joined to which tRNA molecule.

At the other end of each tRNA molecule, there is a spe-
cific anticodon, a group of three bases that is complemen-
tary to an mRNA codon (Fig. 25.8b). A tRNA molecule comes
to the ribosome, where its anticodon pairs with an mRNA
codon. Let us consider an example: If the codon is ACC,
what is the anticodon, and what amino acid will be attached
to the tRNA molecule? Inspection of Figure 25.8 allows us to
determine this:

Codon Anticodon Amino Acid

ACC UGG Threonine

The order of the codons of the mRNA determines the order
that tRNA–amino acids come to a ribosome, and therefore
the final sequence of amino acids in a polypeptide.

Ribosomal RNA
Ribosomal RNA (rRNA) is called structural RNA because it is
found in the ribosomes, small structural bodies. Ribosomal
RNA is produced in a nucleolus within the nucleus. There it
joins with proteins manufactured in the cytoplasm. Riboso-
mal subunits then migrate to the cytoplasm, where they join
just as protein synthesis begins. The small subunit contains
one rRNA molecule and many different types of proteins,
and the large subunit contains two rRNA molecules and also
many different types of proteins. Among these proteins is
the enzyme that joins amino acids together by means of a
peptide bond.

During translation, the sequence of bases in
mRNA determines the order that tRNA amino
acids come to a ribosome and therefore the
order of amino acids in a particular 
polypeptide.
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Figure 25.8 Anticodon-codon base pairing. 
a. tRNA molecules have an amino acid attached to one end and an anticodon at the other end. b. The anticodon of a tRNA molecule is
complementary to a codon. The pairing between codon and anticodon ensures that the sequence of amino acids in a polypeptide is that directed
originally by DNA. If the codon is ACC, the anticodon is UGG, and the amino acid is threonine.

a. tRNA–amino acid b. tRNA–amino acid at ribosome
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Steps of Translation
Polypeptide synthesis requires three steps: initiation, elon-
gation, and termination.

1. During initiation, a small ribosomal subunit attaches to
the mRNA in the vicinity of the start codon (AUG). The
first, or initiator, tRNA pairs with this codon. Then a
large ribosomal subunit joins to the small subunit.

2. During elongation, the polypeptide lengthens one
amino acid at a time (Fig. 25.9). A ribosome is large
enough to accommodate two tRNA molecules: the
incoming tRNA molecule and the outgoing tRNA
molecule. The incoming tRNA–amino acid complex
receives the peptide from the outgoing tRNA. The

ribosome then moves laterally so that the next mRNA
codon is available to receive an incoming
tRNA–amino acid complex. In this manner, the
peptide grows and the primary structure of a
polypeptide comes about. (The secondary and tertiary
structures of a polypeptide appear after termination,
as the amino acids interact with one another. Some
proteins consist of one polypeptide and some have
more than one polypeptide chain.)

3. Then termination of synthesis occurs at a stop codon on
the mRNA. The release factor which binds to this site
enzymatically cleaves the polypeptide from the last
tRNA. The ribosome dissociates into its two subunits
and falls off the mRNA molecule.
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Figure 25.9 Translation.
Transfer RNA (tRNA)–amino acid molecules arrive at the ribosome, and the sequence of messenger RNA (mRNA) codons dictates the order in
which amino acids become incorporated into a polypeptide.
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As soon as the initial portion of mRNA has been trans-
lated by one ribosome, and the ribosome has begun to move
down the mRNA, another ribosome attaches to the mRNA.
Therefore, several ribosomes, collectively called a polyribo-
some, can move along one mRNA at a time. And several
polypeptides of the same type can be synthesized using one
mRNA molecule. The life expectancy of an mRNA molecule
(how long it exists at a ribosome) can vary; the longer the
mRNA stays the more polypeptides form. (Fig. 25.10).

During translation, tRNA molecules, each carrying
a particular amino acid, travel to the mRNA.
Through complementary base pairing between
anticodon and codon, the tRNA molecules and
therefore the amino acids in a polypeptide are
sequenced in a particular order, the order specified
by the DNA triplet code.

Chapter 25 Molecular Basis of Inheritance 51525-11

Figure 25.10 Polyribosome structure. 
a. Several ribosomes, collectively called a polyribosome, move along a messenger RNA (mRNA) molecule at one time. They function
independently of one another; therefore, several polypeptides can be made at the same time. b. Electron micrograph of a polyribosome.
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Practice Problem*
This is a segment of a DNA molecule. With reference to the transcribed strand, what are (1) the messenger RNA codons, (2) the possi-
ble tRNA anticodons, and (3) the sequence of amino acids in the polypeptide?

template
strand

complementary
strand

T G A G G A C A C G T T T

A C T C C T G A A T G C A A A

T T

*Answers to Practice Problems appear in Appendix A.
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Review of Gene Expression
DNA in the nucleus contains a triplet code. Each group of
three bases stands for a specific amino acid (Figure 25.11
and Table 25.2). During transcription, a segment of a DNA
strand serves as a template for the formation of messenger
RNA (mRNA). The bases in mRNA are complementary to
those in DNA; every three bases is a codon for a certain
amino acid. mRNA is processed before it leaves the nu-
cleus, during which time the introns are removed. mRNA
carries a sequence of codons to the ribosomes, which are
composed of rRNA and proteins. A transfer RNA (tRNA)
bond to a particular amino acid, has an anticodon that pairs
complementarily to a codon in mRNA. During translation,
tRNAs and their attached amino acids arrive at the ribo-
somes, where the linear sequence of codons of mRNA de-
termines the order amino acids become incorporated into a
protein.
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Name of 
Molecule Special Significance Definition

DNA Genetic information Sequence of DNA bases

mRNA Codons Sequence of three RNA
bases complementary to
DNA

tRNA Anticodon Sequence of three RNA
bases complementary to
codon

rRNA Ribosome Site of protein synthesis

Amino acid Building block Transported to
for protein ribosome by tRNA

Protein Enzyme, structural Amino acids joined in a
protein, or secretory predetermined order
product

Table 25.2 Participants in Gene Expression

Figure 25.11 Gene expression. 
Gene expression leads to the formation of a product, most often a protein. The two steps required for gene expression are transcription, which
occurs in the nucleus, and translation, which occurs in the cytoplasm at the ribosomes.
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25.3 Control of Gene Expression M

All cells receive a copy of all genes; however, cells differ as
to which genes are being actively expressed. Muscle cells,
for example, have a different set of genes that are turned on
in the nucleus and proteins that are active in the cytoplasm
than do nerve cells. In eukaryotic cells, a variety of mecha-
nisms regulates gene expression from transcription to pro-
tein activity. These mechanisms can be grouped under four
primary levels of control, two of which pertain to the nu-
cleus and two of which pertain to the cytoplasm
(Fig. 25.12).

1. Transcriptional control: In the nucleus, a number of
mechanisms serve to control which genes are
transcribed and/or the rate at which transcription of
the genes occurs. These include the organization of
chromatin and the use of transcription factors that
initiate transcription, the first step in gene expression. 

2. Posttranscriptional control: Posttranscriptional control
occurs in the nucleus after DNA is transcribed and
mRNA is formed. How mRNA is processed before it
leaves the nucleus and also the speed with which
mature mRNA leaves the nucleus can affect the amount
of gene expression.

3. Translational control: Translational control occurs in the
cytoplasm after mRNA leaves the nucleus and before
there is a protein product. The life expectancy of
mRNA molecules (how long they exist in the
cytoplasm) can vary, as can their ability to bind
ribosomes. It is also possible that some mRNAs may
need additional changes before they are translated 
at all.

4. Posttranslational control: Posttranslational control, which
also occurs in the cytoplasm, occurs after protein
synthesis. The polypeptide product may have to
undergo additional changes before it is biologically
functional. Also, a functional enzyme is subject to
feedback control—the binding of an enzyme’s product
can change its shape so that it is no longer able to carry
out its reaction.

Control of gene expression occurs at four levels in
eukaryotes. In the nucleus there is transcriptional
and posttranscriptional control; in the cytoplasm
there is translational and posttranslational control.
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Figure 25.12 Levels at which control of gene expression
occurs in eukaryotic cells. 
Transcriptional and posttranscriptional control occur in the nucleus.
Translational and posttranslational control occur in the cytoplasm.
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Transcriptional Control in Prokaryotes
The operon model is a well-known example of transcrip-
tional control in prokaryotes (Fig. 25.13). An operon in-
cludes the following elements:

Promoter—a short sequence of DNA where RNA
polymerase first attaches when a gene is to be
transcribed. When RNA polymerase can bind to
the promoter, transcription can occur.

Operator—a short sequence of DNA where the
repressor protein, coded for by a regulator gene, can
bind. When the repressor protein is bound to the
operator, RNA polymerase cannot attach to the

promoter and transcription cannot occur.
Otherwise, transcription does occur.

Structural genes—one to several genes coding 
for enzymes of a metabolic pathway that 
are transcribed as a unit. When structural 
genes are transcribed, a metabolic pathway 
is active.

A regulator gene located outside the operon codes for a
repressor protein that can bind to the operator and switch
off the operon. Therefore a regulator gene regulates the activ-
ity of structural genes. Each cell contains a full complement of
genes but due to the activity of regulator genes only certain
genes are active at any one time. 
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Figure 25.13 The lac operon. 
a. The regulator gene codes for a repressor protein that is normally active. When active, the repressor protein binds to the operator and prevents
RNA polymerase from attaching to the promoter. Therefore, transcription of the three structural genes does not occur. b. When lactose (or more
correctly, allolactose) is present, it binds to the repressor protein, changing its shape so that it can no longer bind to the operator. Now RNA
polymerase binds to the promoter; transcription and translation of the three structural genes follow.
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Lac Operon
The lac operon was the first operon discovered. Ordinarily,
the bacterium Escherichia coli uses glucose as its energy
source; however, if it is denied glucose and is given the milk
sugar lactose instead, it immediately begins to make three
enzymes needed to metabolize lactose (Fig. 25.13).

Notice that the structural genes in this operon are nor-
mally not transcribed because the regulator gene codes for
an active repressor protein that automatically attaches to the
operator, preventing transcription from occurring. The
operon becomes active when the repressor joins with an
inducer—lactose—to form an inactive repressor, which is
unable to bind to the operator.

The operon model explains one means of
transcriptional control in prokaryotes—a way in
which genes are turned on or off.

Transcriptional Control in Eukaryotes
Rarely are there operons in eukaryotic cells. Instead, tran-
scriptional control in eukaryotes involves (1) the organiza-
tion of chromatin and (2) regulator proteins called
transcription factors.

Activated Chromatin
For a gene to be transcribed in eukaryotes, the chromosome
in that region must first decondense. The chromosomes
within the developing egg cells of many vertebrates are
called lampbrush chromosomes because they have many
loops that appear to be bristles (Fig. 25.14). Here mRNA is
being synthesized in great quantity; then protein synthesis

can be carried out after fertilization, despite rapid cell divi-
sion. In the salivary glands and other tissues of larval flies,
the chromosomes duplicate and reduplicate many times
without dividing mitotically. The homologues, each consist-
ing of about 1,000 sister chromatids, synapse together to
form giant chromosomes called polytene chromosomes. It is
observed that as a larva develops, first one and then another
of the chromosome regions bulge out, forming chromosome
puffs. The use of radioactive uridine, a label specific for
RNA, indicates that DNA is being actively transcribed at
these chromosome puffs. It appears that the chromosome is
decondensing at the puffs, allowing RNA polymerase to at-
tach to a section of DNA.

Transcription Factors
In eukaryotic cells, transcription factors are DNA-binding
proteins. Every cell contains many different types of tran-
scription factors, and a specific combination is believed to
regulate the activity of any particular gene. After the right
combination of transcription factors binds to DNA, an RNA
polymerase attaches to DNA and begins the process of tran-
scription.

As cells mature, they become specialized. Specialization
is determined by which genes are active, and therefore per-
haps by which transcription factors are present in that cell.
Signals received from inside and outside the cell could turn
on or off genes that code for certain transcription factors. For
example, the gene for fetal hemoglobin ordinarily gets
turned off as a newborn matures—one possible treatment
for sickle-cell disease is to turn this gene on again.

Regulator proteins in eukaryotic cells consist of
transcription factors which bind to DNA.
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Figure 25.14 Lampbrush
chromosomes. 
These chromosomes, which are present in
maturing amphibian egg cells, give evidence
that when mRNA is being synthesized,
chromosomes most likely decondense. Each
chromatid has many loops extended from the
axis of the chromosome (white). Many mRNA
transcripts are being made off of these DNA
loops (red).
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25.4 Gene Mutations
Early geneticists understood that genes undergo mutations,
but they didn’t know what causes mutations. It is apparent
today that a gene mutation is a change in the sequence of
bases within a gene.

Frameshift Mutations 
The term reading frame applies to the sequence of codons be-
cause they are read from some specific starting point, as in this
sentence: THE CAT ATE THE RAT. If the letter C is deleted
from this sentence and the reading frame is shifted, we read
THE ATA TET HER AT—something that doesn’t make sense.
Frameshift mutations occur most often because one or more nu-
cleotides is either inserted or deleted from DNA. The result of
a frameshift mutation can be a completely nonfunctional pro-
tein because the sequence of codons is altered.

Point Mutations 
Point mutations involve a change in a single nucleotide and
therefore a change in a specific codon. When one base is sub-
stituted for another, the results can be variable. For example, if
UAC is changed to UAU, there is no noticeable effect, because
both of these codons code for tyrosine. Therefore, this is called
a silent mutation. If UAC is changed to UAG, however, the re-
sult could very well be a drastic one, because UAG is a stop
codon. If this substitution occurs early in the gene, the resulting
protein may be too short and may be unable to function. This is
called a nonsense mutation. Finally, if UAC is changed to CAC,
then histidine is incorporated into the protein instead of tyro-
sine. A change in one amino acid does not necessarily affect the
function of a protein, but in this example the polarity of tyro-
sine and histidine differ. Therefore, this substitution most likely
will affect the final shape of the protein and its function. This is
called a missense mutation. The occurrence of valine instead of
glutamate in the β chain of hemoglobin results in sickle-cell dis-
ease (Fig. 25.15). The abnormal hemoglobin stacks up inside of

cells and their sickle shape makes them clog small vessels.
Hemorrhaging leads to pain in internal organs and joints.

Cause and Repair of Mutations
Mutations due to DNA replication errors are rare; a fre-
quency of 10�8 to 10�5 per cell division is often quoted.
DNA polymerase, the enzyme that carries out replication,
proofreads the new strand against the old strand and detects
any mismatched pairs, which are then replaced with the cor-
rect nucleotides. In the end, there is usually only one mis-
take for every one billion nucleotide pairs replicated.

Mutagens, environmental influences that cause muta-
tions, such as radiation (e.g., radioactive elements, X rays, ul-
traviolet (UV) radiation) and organic chemicals (e.g., chemicals
in cigarette smoke and certain pesticides), are another source of
mutations in organisms, including humans. If mutagens bring
about a mutation in the gametes, then the offspring of the indi-
vidual may be affected. On the other hand, if the mutation oc-
curs in the body cells, then cancer may be the result.

A gene mutation is an alteration in the nucleotide
sequence of a gene. The usual rate of mutation is
low because DNA repair enzymes constantly
monitor and repair any irregularities.

Transposons: Jumping Genes
Transposons are specific DNA sequences that have the remark-
able ability to move within and between chromosomes. As
discussed in the reading on the next page, their movement to
a new location sometimes alters neighboring genes, particu-
larly by increasing or decreasing their expression. This can
happen if the transposon is a regulator gene. Although “mov-
able elements” in corn were described 40 years ago, their sig-
nificance was only realized recently. So-called jumping genes
now have been discovered in bacteria, fruit flies, and humans,
and it is likely that all organisms have such elements.
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Figure 25.15 Sickle-cell disease in humans. 
a. Portion of the chain in normal hemoglobin HbA and in sickle-cell
hemoglobin HbS. Although the chain is 146 amino acids long, the one
change from glutamate to valine in the sixth position results in sickle-cell
disease. b. Glutamate has a polar R group, while valine has a nonpolar
R group, and this causes HbS to be less soluble and to precipitate out of
solution, distorting the red blood cell into the sickle shape.
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When Barbara McClintock (Fig. 25B) first began studying inheritance in corn (maize)
plants, geneticists believed that each gene had a fixed locus on a chromosome.
Thomas Morgan and his colleagues at Columbia University were busy mapping the
chromosomes of Drosophila, but McClintock preferred to work with corn. In the
course of her studies, she came to the conclusion that “controlling elements” could
move from one location to another on the chromosome. If a controlling element
landed in the middle of a gene, it prevented the expression of that gene. Today, Mc-
Clintock’s controlling elements are called movable genetic elements, transposons, or
(in slang), “jumping genes.”

Based on her experiments with maize, McClintock showed that because trans-
posons are capable of suppressing gene expression, they could account for the pig-
ment pattern of the corn strain popularly known as Indian corn. A colorless corn
kernel results when cells are unable to produce a purple pigment due to the presence
of a transposon within a particular gene needed to synthesize the pigment. While
mutations are usually stable, a transposition is very unstable. When the transposon
jumps to another chromosome location, some cells regain the ability to produce the
purple pigment, and the result is a corn kernel with a speckled pattern. When Mc-
Clintock first published her results in the 1950s, the scientific community ignored
them. Years later, when molecular genetics was well established, transposons were
also discovered in bacteria, yeasts, plants, flies, and humans. 

Geneticists now believe that transposons

1. can cause localized mutations, that is, mutations that occur in certain cells and
not others.

2. can carry a copy of certain host genes with them when they jump. Therefore,
they can be a source of chromosome mutations such as translocations, deletions,
and inversions.

3. can leave copies of themselves and certain host genes before jumping.
Therefore, they can be a source of a duplication, another type of chromosome
mutation.

4. can contain one or more genes that make a bacterium resistant to antibiotics.

Considering that transposition has a powerful effect on the genotype and pheno-
type, it most likely has played an important role in evolution. For her discovery of
transposons, McClintock was, in 1983, finally awarded the Nobel Prize in Physiology
or Medicine. In her Nobel Prize acceptance speech, the eighty-one-year-old scientist
proclaimed that “it might seem unfair to reward a person for having so much pleasure
over the years, asking the maize plant to
solve specific problems and then watch-
ing its responses.”
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Barbara McClintock and the Discovery of Jumping Genes

Figure 25D Transposon.
In its original location, a transposon is
interrupting a gene (brown) that is not
involved in kernel pigmentation. When the
transposon moves to another chromosome
position, it blocks the action of a gene
(blue) required for synthesis of a purple
pigment, and the kernel is now colorless.

kernel

original DNA

transposon

flanking sequences

excision integration

target DNA

kernel

kernel

kernel

Figure 25C Corn kernels.
Some kernels are purple, some colorless,
and some speckled.

Figure 25B Barbara McClintock at
work.
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25.5 Cancer: A Failure of Genetic
Control
Cancer is a genetic disease requiring a series of mutations
each propelling cells toward the development of a tumor, an
abnormal mass of cells. Carcinogenesis, the development of
cancer, is a gradual, stepwise process and it may be decades
before a person notices any sign or symptom of a tumor
whose cells have the characteristics listed in Figure 25.16.

Cancer cells lack differentiation. Most cells are specialized;
they have a specific form and function that suits them to the
role they play in the body. Cancer cells are nonspecialized
and do not contribute to the functioning of a body part. A
cancer cell does not look like a differentiated epithelial, mus-
cle, nervous, or connective tissue cell; instead, it looks dis-
tinctly abnormal. Normal cells can enter the cell cycle about
fifty times, and then they die. Cancer cells can enter the cell
cycle repeatedly, and in this way they are immortal. In cell
tissue culture, they die only because they run out of nutri-
ents or are killed by their own toxic waste products.

Cancer cells have abnormal nuclei. The nuclei of cancer
cells are enlarged, and there may be an abnormal number
of chromosomes. The chromosomes have mutated; some
parts may be duplicated and some may be deleted. In ad-
dition, gene amplification (extra copies of specific genes) is
seen much more frequently than in normal cells. Ordinar-
ily, cells with damaged DNA undergo apoptosis, or pro-
grammed cell death. Cancer cells fail to undergo apoptosis
involving a series of enzymatic reactions that lead to the
death of the cell. 

Cancer cells form tumors. Normal cells anchor themselves
to a substratum and/or adhere to their neighbors. They ex-
hibit contact inhibition—when they come in contact with a
neighbor, they stop dividing. In culture, normal cells form a
single layer that covers the bottom of a petri dish. Cancer
cells have lost all restraint; they pile on top of one another
and grow in multiple layers. They have a reduced need for
stimulatory growth factors, such as epidermal growth factor
from their neighbors. Conversely, cancer cells no longer re-
spond to inhibitory growth factors such as transforming
growth factor beta (TGF-β) from their neighbors. Their
growth, termed a neoplasia, contains cells that are disorga-
nized, a condition termed anaplasia. During carcinogenesis, the
most aggressive cell becomes the dominant cell of the tumor.

Cancer cells undergo angiogenesis and metastasis. A benign
tumor is usually encapsulated, and does not invade adjacent
tissue. Angiogenesis, the formation of new blood vessels, is
required to bring nutrients and oxygen to a cancerous tumor
whose growth is not contained within a capsule. Cancer
cells release a growth factor that causes neighboring blood
vessels to branch into the cancerous tissue. Some modes of
cancer treatment are aimed at preventing angiogenesis from
occurring.

Cancer in situ is found in its place of origin; there has
been no invasion of normal tissue. Malignancy is present
when metastasis establishes new tumors distant from the
primary tumor. To accomplish metastasis, cancer cells must
first make their way across a basement membrane and into a
blood vessel or lymphatic vessel. Cancer cells produce pro-
teinase enzymes that degrade the basement membrane and
allow them to invade underlying tissues. Cancer cells tend
to be motile, have a disorganized internal cytoskeleton, and
lack intact actin filament bundles. After traveling through
the blood or lymph, cancer cells may start tumors elsewhere
in the body.

The patient’s prognosis (probable outcome) is depen-
dent on the degree to which the cancer has progressed: (1)
whether the tumor has invaded surrounding tissues, (2) if
so, whether there is any lymph node involvement, and (3)
whether there are metastatic tumors in distant parts of the
body. With each progressive step of the cancerous condition,
the prognosis becomes less favorable.

Cancer cells grow and divide uncontrollably, and
then they metastasize, forming new tumors
wherever they relocate.
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Figure 25.16 Cancer cells.
Cancer cells differ from normal cells in the ways noted.

Normal Cells

Controlled growth
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Cancer Cells
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Prevention of Cancer

There is clear evidence that the risk of certain types of cancer can
be reduced by adopting protective behaviors and the right diet.

Protective Behaviors
These behaviors help prevent cancer:

Don’t Smoke Cigarette smoking accounts for about 30% of
all cancer deaths. Smoking is responsible for 90% of lung
cancer cases among men and 79% among women—about 87%
altogether. Those who smoke two or more packs of cigarettes a
day have lung cancer mortality rates fifteen to twenty-five
times greater than nonsmokers. Cigars and smokeless tobacco
(chewing tobacco or snuff) increase the risk of cancers of the
mouth, larynx, throat, and esophagus.

Don’t Sunbathe Almost all cases of basal-cell and
squamous-cell skin cancers are considered to be sun related.
Further, sun exposure is a major factor in the development of
melanoma, and the incidence of this cancer increases for those
living near the equator.

Avoid Alcohol Cancers of the mouth, throat, esophagus,
larynx, and liver occur more frequently among heavy drinkers,
especially when accompanied by tobacco use (cigarettes or
chewing tobacco).

Avoid Radiation Excessive exposure to ionizing
radiation can increase cancer risk. Even though most medical
and dental X rays are adjusted to deliver the lowest dose
possible, unnecessary X rays should be avoided. Excessive
radon exposure in homes increases the risk of lung cancer,
especially in cigarette smokers. It is best to test your home and
take the proper remedial actions.

Be Tested for Cancer Do the shower check for breast
cancer or testicular cancer. Have other exams done regularly
by a physician.

Be Aware of Occupational Hazards Exposure to
several different industrial agents (nickel, chromate, asbestos,
vinyl chloride, etc.) and/or radiation increases the risk of
various cancers. Risk from asbestos is greatly increased when
combined with cigarette smoking.

Be Aware of Hormone Therapy Estrogen therapy to
control menopausal symptoms increases the risk of
endometrial cancer. However, including progesterone in
estrogen replacement therapy helps to minimize this risk.

The Right Diet
Statistical studies have suggested that persons who follow cer-
tain dietary guidelines are less likely to have cancer. The follow-
ing dietary guidelines greatly reduce your risk of developing
cancer:

Avoid obesity The risk of cancer (especially colon, breast,
and uterine cancers) is 55% greater among obese women and
33% greater among obese men, compared to people of normal
weight.

Lower total fat intake A high-fat intake has been linked
to development of colon, prostate, and possibly breast cancers.

Eat plenty of high-fiber foods These include whole-grain cere-
als, fruits, and vegetables. Studies have indicated that a high-
fiber diet protects against colon cancer, a frequent cause of
cancer deaths. It is worth noting that foods high in fiber also
tend to be low in fat!

Increase consumption of foods that are rich in
vitamins A and C Beta-carotene, a precursor of vitamin
A, is found in dark green, leafy vegetables, carrots, and various
fruits. Vitamin C is present in citrus fruits. These vitamins are
called antioxidants because in cells they prevent the formation
of free radicals (organic ions that have an unpaired electron)
that can possibly damage DNA. Vitamin C also prevents the
conversion of nitrates and nitrites into carcinogenic
nitrosamines in the digestive tract.

Cut down on consumption of salt-cured, smoked,
or nitrite-cured foods Salt-cured or pickled foods may
increase the risk of stomach and esophageal cancer. Smoked
foods like ham and sausage contain chemical carcinogens
similar to those in tobacco smoke. Nitrites are sometimes
added to processed meats (e.g., hot dogs and cold cuts) and
other foods to protect them from spoilage; as mentioned
previously, nitrites are converted to nitrosamines in the
digestive tract.

Include vegetables from the cabbage family in the
diet The cabbage family includes cabbage, broccoli,
brussels sprouts, kohlrabi, and cauliflower. These vegetables
may reduce the risk of gastrointestinal and respiratory tract
cancers.

Be moderate in the consumption of alcohol People
who drink and smoke are at an unusually high risk for cancers
of the mouth, larynx, and esophagus.
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Figure 25.17 Causes of cancer.
Two types of regulatory pathways extend from the plasma membrane to the nucleus. In the stimulatory pathway, plasma membrane receptors
receive growth-stimulatory factors. Then, proteins within the cytoplasm and proto-oncogenes within the nucleus stimulate the cell cycle. In the
inhibitory pathway, plasma membrane receptors receive growth-inhibitory factors. Then, proteins within the cytoplasm and tumor-suppressor
genes within the nucleus inhibit the cell cycle from occurring. Whether cell division occurs or not depends on the balance of stimulatory and
inhibitory signals received. Hereditary and environmental factors cause mutations of proto-oncogenes and tumor-suppressor genes. These
mutations can cause uncontrolled growth and a tumor. 

Stimulatory
pathway

Inhibitory
pathway

The reception of a growth factor 
activates signaling proteins in a 
stimulatory pathway that extends 
to the nucleus.

The reception of a growth-
inhibitory factor activates signaling 
proteins in an inhibitory pathway 
that extends to the nucleus.
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Proto-oncogenes code for a growth 
factor, a receptor, or a signaling protein 
in a regulatory pathway within the cell.  
If a proto-oncogene becomes an 
oncogene, the end result can be active 
cell division.

Tumor-suppressor genes code 
for a protein in a signaling 
regulatory pathway.  If a tumor-
suppressor gene is inactivated, 
the end result can be active cell 
division. 

These agents can bring about the activation 
of oncogenes and the inactivation of 
tumor-suppressor genes.
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Oncogenes
Proto-oncogenes are so-called because a mutation can cause
them to become oncogenes (cancer-causing genes). An
oncogene may code for a faulty receptor in the stimulatory
pathway. A faulty receptor may be able to start the stimula-
tory process even when no growth factor is present! Or an
oncogene may produce an abnormal protein product or else
abnormally high levels of a normal product that stimulates
the cell cycle to begin or go to completion. In either case, un-
controlled growth threatens.

Researchers have identified perhaps one hundred onco-
genes that can cause increased growth and lead to tumors.
The oncogenes most frequently involved in human cancers
belong to the ras gene family. An alteration of only a single
nucleotide pair is sufficient to convert a normally function-
ing ras proto-oncogene to an oncogene. The rasK oncogene
is found in about 25% of lung cancers, 50% of colon cancers,
and 90% of pancreatic cancers. The rasN oncogene is associ-
ated with leukemias (cancer of blood-forming cells) and
lymphomas (cancers of lymphoid tissue), and both ras onco-
genes are frequently found in thyroid cancers.

Tumor-Suppressor Genes 
When a tumor-suppressor gene undergoes a mutation, in-
hibitory proteins fail to be active and the regulatory balance
shifts in favor of cell cycle stimulation. Researchers have
identified about a half-dozen tumor-suppressor genes. The
RB tumor-suppressor gene was discovered when the inher-
ited condition retinoblastoma was being studied. If a child
receives only one normal RB gene and that gene mutates,
eye tumors develop in the retina by the age of three. The RB
gene has now been found to malfunction in cancers of the
breast, prostate, and bladder, among others. Loss of the RB
gene through chromosome deletion is particularly frequent
in a type of lung cancer called small cell lung carcinoma.
How the RB protein fits into the inhibitory pathway is
known. When a particular growth-inhibitory factor attaches
to a receptor, the RB protein is activated. An active RB pro-
tein turns off the expression of a proto-oncogene, whose
product initiates cell division.

Another major tumor-suppressor gene is called p53, a
gene that is more frequently mutated in human cancers than
any other known gene. It has been found that the p53 pro-
tein acts as a transcription factor and as such is involved in
turning on the expression of genes whose products are cell
cycle inhibitors. p53 can also stimulate apoptosis, pro-
gramed cell death. 

Each cell contains regulatory pathways involving
proto-oncogenes and tumor-suppressor genes
that code for components active in the pathways.
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The Effect of Environmental Factors
Factors that contribute to the origination of cancer are listed
in Figure 25.17. It’s possible to inherit a gene that tends to
cause cancer. The recently isolated BRCA1 and BRCA2 genes
seem to account for about 20% of premenopausal breast can-
cer that runs in families and a substantial proportion of such
ovarian cancers as well. 

Exposure to environmental cancer-causing agents called
carcinogens can also lead to cancer. Common carcinogens
are tobacco smoke, which is well known to cause lung can-
cer, radiation, such as solar radiation that leads to skin can-
cer, and certain viruses, such as human papillomavirus
which is implicated in cancer of the cervix. 

Even our diet, as discussed in the reading on page 523, in-
fluences whether we eventually develop cancer or not. Obe-
sity is associated with uterine, postmenopausal breast cancer,
as well as cancers of the colon, kidney, and gallbladder.

These factors promote mutations in genes that control
the cell cycle. All the cells of any tumor are derived from an
ancestral cell whose genes have undergone a series of muta-
tions. These mutations cause the cell to repeatedly enter the
cell cycle. 

Regulation of the Cell Cycle
The cell cycle is a series of stages that occur in this sequence:
G1 stage—organelles begin to double in number; S stage—
replication of DNA occurs and duplication of chromosomes
occurs; G2 stage—synthesis of proteins occurs that prepares
the cell for mitosis; M stage—mitosis occurs. The passage of
a cell from G1 to the S stage is tightly regulated, as is the pas-
sage of a cell from G2 to mitosis. 

Two classes of genes known as proto-oncogenes and
tumor-suppressor genes control the passage of cells through
the cell cycle. Proto-oncogenes promote the cell cycle and
tumor-suppressor genes inhibit the cell cycle. Each class of
genes is a part of a regulatory pathway that involves extracel-
lular growth factors, plasma membrane growth factor receptors,
various signaling proteins within the cytoplasm, and a num-
ber of genes within the nucleus. 

In the stimulatory pathway, a growth factor released by
a neighboring cell is received by a plasma membrane recep-
tor, and this sets in motion a whole series of enzymatic reac-
tions that ends when proteins that can trigger cell division
enter the nucleus (Fig. 25.17). In the inhibitory pathway, a
growth-inhibitory factor released by a neighboring cell is re-
ceived by a plasma membrane receptor, which sets in mo-
tion a whole series of enzymatic reactions that ends when
proteins that inhibit cell division enter the nucleus. The bal-
ance between stimulatory signals and inhibitory signals
determines whether proto-oncogenes are active or tumor-
suppressor genes are active. 
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Apoptosis
Most, if not all, cells contain apoptotic enzymes that can
bring about their own self-destruction. These enzymes are
known as ICE-like proteases because they structurally re-
semble interleukin-1 converting enzyme (ICE). Ordinarily,
apoptotic enzymes are inactive and cause no harm, but
when they are activated, they cleave the structural compo-
nents of the cell, including its genetic material. Apoptosis
is an important aspect of development. For example, when
the webbing between the fingers is removed as the hand
develops, apoptotic enzymes are involved. Apoptosis in
the mature individual is a way to regulate cell population
size and constituency. As you may recall, T lymphocytes
are continually produced in red bone marrow and mature
in the thymus. Any T lymphocytes that bear receptors
capable of recognizing the body’s own cells undergo
apoptosis.

Recently, it has been suggested that the mutation of a
proto-oncogene to an oncogene or the mutation of a tumor-
suppressor gene ordinarily brings about apoptosis of the
cell (Fig. 25.18). This is regarded as a safeguard to prevent
the development of tumors in the body. If DNA is damaged
in any way, the p53 protein inhibits the cell cycle, and this
gives cellular enzymes the opportunity to repair the dam-
age. But if DNA damage should persist, the p53 gene goes
on to bring about apoptosis of the cell. No wonder many
types of tumors contain cells that lack an active p53 gene.
Some cancer cells have a p53 gene but make a large amount
of Bcl-2, a protein which binds to and inactivates the p53
protein. 

Figure 25.18 Apoptosis.

This cell is undergoing apoptosis, programmed cell death. Outside
the nucleus (yellow), the cytoplasm (green/red) is fragmenting into so-
called blebs. These cell fragments are digested by phagocytic cells.
Failure of a precancer cell to undergo apoptosis is a cause of cancer.
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Over the past decade, genetic tests have
become available for certain cancer

genes. If women test positive for defective
BRCA1 and BRCA2 genes, they have an in-
creased risk for early-onset breast and
ovarian cancer. If individuals test positive
for the APC gene, they are at greater risk
for the development of colon cancer. Other
genetic tests exist for rare cancers, includ-
ing retinoblastoma and Wilms’ tumor.

Advocates of genetic testing say that it
can alert those who test positive for these
mutated genes to undergo more frequent
mammograms or colonoscopies. Early de-
tection clearly offers the best chance of suc-
cessful treatment of cancer. Others feel that
genetic testing at this point is unnecessary
because there is nothing that can presently
be done to prevent the disease. Perhaps it is
enough for those who have a family his-

tory of cancer to schedule more frequent
check-ups, beginning at a younger age.

Those opposed to genetic testing
worry about the possibility that being pre-
disposed to cancer might threaten one’s
job or health insurance. They suggest that
genetic testing be confined to a research
setting, especially since it is not known
which particular mutations in these genes
predispose one to cancer. They are afraid
that a woman with a defective BRCA1 or
BRCA2 gene might make the unnecessary
decision to have a radical mastectomy. The
lack of proper counseling concerns many.
In a study of 177 patients who underwent
APC gene testing for susceptibility to
colon cancer, less than 20% received coun-
seling before the test. Moreover, physi-
cians misinterpreted the test results in
nearly one-third of the cases. 

Another concern is that testing nega-
tive for a particular genetic mutation may
give people the false impression that they
are not at risk for cancer. Such a false sense
of security can prevent them from having
routine cancer screening. Regular testing
and avoiding known causes of cancer—
such as smoking, a high-fat diet, or too
much sunlight—is important for everyone.

Questions
1. Should everyone be aware that testing for

cancer is a possibility, or should it be
confined to a research setting? Explain.

2. If genetic testing for cancer were offered
to you, would you take advantage of it?
Why or why not? 

3. Do you feel that everyone should do all
they can to avoid having cancer, like not
smoking, or is it the individual’s choice?
Explain.

2 µm

Apoptosis of cells that contain oncogenes and
mutated tumor-suppressor genes is a reasonable
way for the body to prevent the development of
cancer. 
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5. What are the four levels of control of gene expression in
eukaryotes? 517

6. What is the operon model of structural gene control?
Describe the lac operon. 518–19

7. The substitution of one base for another base in DNA can
have what effects on the phenotype? Why would you expect
additions and deletions of bases to have a major effect on the
phenotype? 520

8. Describe the characteristics of cancer cells that set them apart
from normal cells. 522

9. What is a proto-oncogene, and what is a tumor-suppressor
gene, and how do they function in normal cells? Explain why
cancer develops if they mutate. 524–25

10. What is apoptosis, and how is it involved in the development
of cancer? 526

Testing Yourself
Choose the best answer for each question.

1. The double-helix model of DNA resembles a twisted ladder
in which the rungs of the ladder are
a. a purine paired with a pyrimidine.
b. A paired with G and C paired with T.
c. A paired with T and G paired with C.
d. sugar-phosphate paired with sugar-phosphate.
e. Both a and c are correct.

2. In a DNA molecule, the
a. backbone is sugar and phosphate molecules.
b. bases are covalently bonded to the sugars.
c. sugars are covalently bonded to the phosphates.
d. bases are hydrogen-bonded to one another.
e. All of these are correct.

3. If you grew bacteria in heavy nitrogen and then switched
them to light nitrogen, how many generations after switching
would you have some in which both strands are light?
a. never, because replication is semiconservative
b. the first generation d. the third generation
c. the second generation e. the fourth generation

4. If the sequence of bases in DNA is TAGCCT, then the
sequence of bases in RNA will be 
a. TCCGAT. d. AUCGGU.
b. ATCGGA. e. Both a and b are correct.
c. TAGCCT.

5. RNA processing 
a. takes place in the cytoplasm.
b. is the same as transcription.
c. is an event that occurs after RNA is transcribed.
d. is the rejection of old, worn-out RNA.
e. Both a and c are correct.

6. During protein synthesis, an anticodon of a transfer RNA
(tRNA) pairs with
a. amino acids in the polypeptide.
b. DNA nucleotide bases.
c. ribosomal RNA (rRNA) nucleotide bases.
d. messenger RNA (mRNA) nucleotide bases.
e. other tRNA nucleotide bases.

7. If the DNA codons are CAT CAT CAT, and a guanine base is
added at the beginning, then which would result?
a. CAT CAT CAT G d. frameshift mutation
b. G CAT CAT CAT e. Both c and d are correct.
c. GCA TCA TCA T

Summarizing the Concepts

25.1 DNA Structure and Replication
DNA, the genetic material, is a double helix containing the nitrogen
bases A (adenine) paired with T (thymine) and G (guanine) paired with
C (cytosine). During replication, DNA “unzips,” and then a comple-
mentary strand forms opposite to each original strand.

25.2 Gene Expression
RNA is a single-stranded nucleic acid in which A pairs with U
(uracil) while G still pairs with C. DNA specifies the synthesis of pro-
teins because it contains a triplet code: every three bases stand for
one amino acid. During transcription, mRNA is made complemen-
tary to one of the DNA strands. mRNA, bearing codons, moves to the
cytoplasm, where it becomes associated with the ribosomes. During
translation, tRNA molecules, attached to their own particular amino
acid, travel to a ribosome, and through complementary base pairing
between codons of tRNA and codons of mRNA, the tRNAs and
therefore the amino acids in a polypeptide are sequenced in a prede-
termined way.

25.3 Control of Gene Expression
The following levels of control of gene expression are possible in eu-
karyotes: transcriptional control, posttranscriptional control, transla-
tional control, and posttranslational control. The prokaryote operon
model explains how one regulator gene controls the transcription of
several structural genes—genes that code for proteins. In eukaryotes,
the chromosome has to decondense before transcription can begin.
Transcription factors attach to DNA and turn on particular genes.

25.4 Gene Mutations
In molecular terms, a gene is a segment of DNA, which codes for a spe-
cific polypeptide, and a mutation is a change in the normal sequence of
nucleotides of this segment. Frameshift mutations result when a base is
added or deleted and the result is a nonfunctioning protein. Point mu-
tations can range in effect, depending on the particular codon change.
Gene mutation rates are rather low because DNA polymerase proof-
reads the new strand during replication and because there are repair
enzymes that constantly monitor the DNA.

25.5 Cancer: A Failure of Genetic Control
Cancer is characterized by a lack of control: the cells grow uncontrol-
lably and metastasize. Cancer development is a multistep process in-
volving the mutation of genes. Proto-oncogenes and tumor-suppressor
genes are normal genes that code for products involved in cell growth.
If they mutate, they can bring on or allow cancer to develop. Usually,
cells that bear damaged DNA undergo apoptosis. Apoptosis fails to
take place in cancer cells.

Studying the Concepts
1. Describe the experiment that designated DNA rather than

protein as the genetic material. 506
2. Describe the structure of DNA including complementary base

pairing. Explain how DNA replicates. 507–09
3. How is the structure of RNA different from the structure of

DNA? Name the three classes of RNA and give their func-
tions. 510

4. What happens during transcription? during translation?
511–12
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8. Label this diagram of an operon.

9. RNA processing varies in different cells. This is an example of
control of gene expression.

a. transcriptional d. posttranslational
b. posttranscriptional e. enzymatic
c. translational

10. A cell is cancerous. You might find an abnormality in the
a. plasma membrane c. genes
b. cytoplasm d. All of these are correct.

Thinking Scientifically  

1. Considering the structure and function of DNA,
a. What is your evidence that DNA stores genetic informa-

tion?
b. What is your evidence that DNA replicates prior to cell

division? 
c. What part of DNA mutates and what evidence in nature

shows that DNA mutates?
2. Considering the functions of RNA:

a. If you supplied an actively metabolizing cell with radioac-
tive uridine, where would you first and then later expect to
find the label?

b. What evidence do you have that mRNA and not rRNA
directs the synthesis of a polypeptide?

c. What physical evidence can you present that ribosomes
(rRNA) move along the mRNA?
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Understanding the Terms

angiogenesis 522
anticodon 513
apoptosis 522
cancer 522
carcinogen 525
carcinogenesis 522
codon 511
complementary base pairing

508
DNA (deoxyribonucleic acid)

506 
DNA polymerase 509

double helix 508
gene 510
messenger RNA (mRNA) 510
metastasis 522
mutagen 520
oncogene 525
operator 518
operon 518
polyribosome 515
promoter 518
proto-oncogene 525
purine 508

pyrimidine 508
regulator gene 518
replication 509
ribosomal RNA (rRNA) 510
ribosome 513
ribozyme 512
RNA polymerase 512
RNA (ribonucleic acid) 510

structural gene 518
template 509
transcription 511
transfer RNA (tRNA) 510
translation 511
triplet code 511
tumor 522
tumor-suppressor gene 525

Match the terms to these definitions:
a. Agent, such as radiation or a chemical, that brings

about a mutation.
b. Enzyme that speeds the formation of RNA from a

DNA template.
c. Process whereby a DNA strand serves as a tem-

plate for the formation of mRNA.
d. Process whereby the sequence of codons in

mRNA determines (is translated into) the sequence of amino
acids in a polypeptide.

e. Three nucleotides on a tRNA molecule attracted
to a complementary codon on mRNA.

a. b. c.

d.

e.

f.

g.

h.

Using Technology

Your study of molecular basis of inheritance is supported by these
available technologies:

Essential Study Partner CD-ROM
Genetics ££DNA

££ Protein Synthesis

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader
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Biotechnology

Chapter Concepts

26.1 Cloning of a Gene
• Using recombinant DNA technology, bacteria

and viruses can be genetically altered to clone a
gene. 530

• A genomic library contains bacteria or viruses
that carry fragments of the DNA of a particular
organism. 532

• The polymerase chain reaction (PCR) makes
multiple copies of DNA segments. Analysis of
the DNA usually follows. 532

26.2 Biotechnology Products 
• Bacteria, agricultural plants, and farm animals

have been genetically engineered to produce
commercially available products. 534

• Agricultural plants and farm animals have 
been genetically engineered to improve their
yield. 535

• Farm animals have been genetically engineered
to serve as a source of organs for human
transplant patients. 536

• It is now possible to clone animals, and 
cloning is used to produce multiple copies of
farm animals that have been genetically
engineered. 536

26.3 The Human Genome Project
• The Human Genome Project has two goals: to

genetically map each chromosome and to
sequence the DNA bases of each chromosome.
538

26.4 Gene Therapy 
• Gene therapy is now being used to replace

defective genes with healthy genes and to help
cure various human ills. 539

DNA can be extracted from a cell and manipulated using standard
laboratory techniques. This discovery has led to the commercial
availability of gene products and gene therapy in humans.

529
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26.1 Cloning of a Gene M

The cloning of a gene produces many identical copies. Re-
combinant DNA technology is used when a very large quan-
tity of the gene is required. The use of the polymerase chain
reaction (PCR) creates a lesser number of copies within a
laboratory test tube. 

Recombinant DNA Technology
Recombinant DNA (rDNA) contains DNA from two differ-
ent sources. To make rDNA, a technician often begins by se-
lecting a vector, the means by which recombinant DNA is
introduced into a host cell. One common type of vector is a
plasmid. Plasmids are small accessory rings of DNA. The
ring is not part of the bacterial chromosome and can be repli-
cated independently. Plasmids were discovered by investi-
gators studying the sex life of the intestinal bacterium
Escherichia coli.

Two enzymes are needed to introduce foreign DNA into
vector DNA (Fig. 26.1). The first enzyme, called a restriction
enzyme, cleaves plasmid DNA, and the second, called DNA
ligase, seals foreign DNA into the opening created by the re-
striction enzyme.

Restriction enzymes occur naturally in bacteria, where
they stop viral reproduction by cutting up viral DNA. They
are called restriction enzymes because they restrict the
growth of viruses. Hundreds of different restriction
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The experiment was Fred’s last hope. The antiviral
drugs had done little to stop the AIDS virus from rav-
aging his immune system, so Fred’s physicians de-

cided to try to build him HIV-proof immune cells. After
removing some of Fred’s bone marrow, the source of the
body’s immune cells, they grew these cells in the laboratory
and added to them several genes they hoped would make
the cells less susceptible to infection by the AIDS virus. They
then transplanted the genetically altered cells back into
Fred, hoping that they would multiply and reconstitute his
weakened immune system with one that HIV could no longer
defeat.

Since birth Mary had been plagued with cystic fibrosis,
which causes excess mucus in the lungs and digestive tract.
Just a few years before, scientists had isolated the gene
whose mutant form is responsible for the torturous effects of
the disease. A modified virus that normally causes a cold had
been genetically engineered to carry the normal gene deep
into the cells that line the lungs. A single therapeutic dose
would place the modified virus in the lungs of the little girl now
racked with cough. Maybe someday Mary would be able to
run and play just like all the other children her age. These are
just two examples of gene therapy in humans, a field that is
burgeoning with new ideas and treatments every day. 

Genetic engineering is the use of technology to alter
the genome of viruses, bacteria, and other cells for medical
or industrial purposes. Biotechnology includes genetic engi-
neering and other techniques that make use of natural bio-
logical systems to produce a product or to achieve an end
desired by human beings. Genetic engineering has the ca-
pability of altering the genotype of unicellular organisms and
the genotype of plants and animals, including ourselves. 

bacterium
restriction
enzyme
cleaves DNA

DNA ligase seals human gene and plasmid

recombinant DNA

cloning

cloned insulin gene insulin

host cell takes up recombined plasmid

human cell

insulin gene

plasmid

human
DNA

Figure 26.1 Cloning of a gene.
Human DNA and plasmid DNA are cleaved by the same type of
restriction enzyme and spliced together by the enzyme DNA ligase.
Gene cloning is achieved when a host cell takes up the recombined
plasmid and the plasmid reproduces. Multiple copies of the gene are
now available to an investigator. If the insulin gene functions normally
as expected, the product (insulin) may also be retrieved. 
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enzymes have been isolated and purified. Each one cuts
DNA at a specific cleavage site. For example, the restriction
enzyme called EcoRI always cuts double-stranded DNA
when it has this sequence of bases at the cleavage site:

Notice there is now a gap into which a piece of foreign DNA
can be placed if it ends in bases complementary to those ex-
posed by the restriction enzyme. To assure this, it is only
necessary to cleave the foreign DNA with the same type of
restriction enzyme. The single-stranded but complemen-
tary ends of the two DNA molecules are called “sticky

A
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C
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T
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“sticky ends”

DNA
duplex

ends” because they can bind by complementary base pair-
ing. They therefore facilitate the insertion of foreign DNA
into vector DNA.

The second enzyme needed for preparation of rDNA,
DNA ligase, is a cellular enzyme that seals any breaks in a
DNA molecule. Genetic engineers use this enzyme to seal
the foreign piece of DNA into the vector. DNA splicing is
now complete; an rDNA molecule has been prepared.

Plasmid Vector Compared to Viral Vector
A clone can be a large number of molecules (i.e., cloned
genes) or cells (i.e., cloned bacteria) or organisms that are
identical to an original specimen. Figure 26.2 compares the
use of a plasmid and a virus to clone a gene. 

Bacterial cells take up recombined plasmids, especially
if they are treated with calcium chloride to make them more
permeable. Thereafter, as the host cell reproduces, a bacter-
ial clone forms and each new cell contains at least one plas-
mid. Therefore, each of the bacteria contains the gene of
interest which hopefully is expressing itself and producing a
product. The investigator can recover either the cloned gene,
or the protein product from this bacterial clone (see also
Fig. 26.1). 
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bacterium

plasmid DNA foreign gene

host cell

recombined
plasmid

recombinant DNA

Removal of Vector Recombinant DNA Taken up by Host Cloning of Gene

a.

host cellforeign gene

recombinant
DNA

recombinant DNA

b.

viral DNA

virus

Figure 26.2 Preparation of a genomic library.
Each bacterial or viral clone in a genomic library contains a segment of DNA from a foreign cell. a. A plasmid is removed from a bacterium and is
used to make recombinant DNA. After the recombined plasmid is taken up by a host cell, replication produces many copies. b. Viral DNA is
removed from a bacteriophage such as lambda and is used to make recombinant DNA. The virus containing the recombinant DNA infects a host
bacterium. Cloning is achieved when the virus reproduces and then leaves the host cell.
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Viruses that infect bacteria are called bacteriophages. In
Figure 26.2b, the DNA of a bacteriophage called lambda is
being used as a vector. After lambda attaches to a host bac-
terium, recombined DNA is released from the virus and en-
ters the bacterium. Here, it will direct the reproduction of
many more viruses. Each virus in the bacteriophage clone
contains a copy of the gene being cloned. 

Genomic Library 
A genome is the full set of genes of an individual. A genomic
library is a collection of bacterial or bacteriophage clones;
each clone contains a particular segment of DNA from the
source cell. When you make a genomic library, an organ-
ism’s DNA is simply sliced up into pieces, and the pieces are
put into vectors (i.e., plasmids or viruses) that are taken up
by host bacteria. The entire collection of bacterial or bacte-
riophage clones that result contains all the genes of that
organism.

In order for human gene expression to occur in a bac-
terium, the gene has to be accompanied by the proper regu-
latory regions. Also, the gene should not contain introns
because bacterial cells do not have the necessary enzymes to
process primary messenger RNA (mRNA). It’s possible to
make a human gene that lacks introns, however. The en-
zyme called reverse transcriptase can be used to make a
DNA copy of all the mature mRNA molecules from a cell.
This DNA molecule, called complementary DNA (cDNA),
does not contain introns. Notice that a genomic library made
from cDNA will contain only those genes that are being ex-
pressed in the source cell. 

You can use a particular probe to search a genomic library
for a certain gene. A probe is a single-stranded nucleotide
sequence that will hybridize (pair) with a certain piece of
DNA. Location of the probe is possible because the probe is
either radioactive or fluorescent. After the probe hybridizes
with the gene of interest, the gene can be isolated from the
fragment. Now this particular fragment can be cloned fur-
ther or even analyzed for its particular DNA sequence. 

The Polymerase Chain Reaction
The polymerase chain reaction (PCR) can create millions of
copies of a single gene or any specific piece of DNA in a test
tube. PCR is very specific—the targeted DNA sequence can
be less than one part in a million of the total DNA sample!
This means that a single gene, or smaller piece of DNA,
among all the human genes can be amplified (copied) using
PCR.

PCR takes its name from DNA polymerase, the enzyme
that carries out DNA replication in a cell. It is considered a
chain reaction because DNA polymerase will carry out repli-
cation over and over again, until there are millions of copies
of the desired DNA. PCR does not replace gene cloning,
which is still used whenever a large quantity of gene or pro-
tein product is needed. 

Before carrying out PCR, primers—sequences of about
20 bases that are complementary to the bases on either side
of the “target DNA”—must be available. The primers are
needed because DNA polymerase does not start the replica-
tion process; it only continues or extends the process. After
the primers bind by complementary base pairing to the
DNA strand, DNA polymerase copies the target DNA
(Fig. 26.3).

PCR has been in use for several years, and now almost
every laboratory has automated PCR machines to carry out the
procedure. Automation became possible after a temperature-
insensitive (thermostable) DNA polymerase was extracted
from the bacterium Thermus aquaticus, which lives in hot
springs. This enzyme can withstand the high temperature
used to separate double-stranded DNA; therefore, replica-
tion need not be interrupted by the need to add more
enzyme.
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cool for 2 minutes
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and wait 1.5 minutes
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Figure 26.3 Polymerase chain reaction (PCR). 
PCR is performed in laboratory test tubes. Primers (red), which are
DNA sequences complementary to the 3´ end of the targeted DNA,
are necessary for DNA polymerase to make a copy of the DNA
strand.
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Analyzing DNA 
The entire genome of an individual can be subjected to DNA
fingerprinting, a process described in Figure 26.4. The
genome is treated with restriction enzymes, which results in
a unique collection of different-sized fragments. Therefore,
restriction fragment length polymorphisms (RFLPs) exist
between individuals. During a process called gel elec-
trophoresis, the fragments can be separated according to
their lengths, and the result is a number of bands that are so
close together they appear as a smear. However, the use of
probes for genetic markers produces a distinctive pattern
that can be recorded on X-ray film. 

The DNA from a single sperm is enough to identify a
suspected rapist. Since DNA is inherited, its fingerprint re-
sembles that of one’s parents. DNA fingerprinting success-
fully identified the remains of a teenager who had been
murdered eight years before because the skeletal DNA was
similar to that of the parents’ DNA. DNA fingerprinting has
also been helpful to evolutionists. For example, it was used
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Figure 26.4 DNA fingerprinting.
DNA samples I and II are from the same individual. DNA sample III is from a different individual. Notice, therefore, that the restriction enzyme cuts
are different for sample III. Gel electrophoresis separates the DNA fragments according to their length because shorter fragments migrate farther
in an electrical field than do longer fragments. The fragments are denatured (separated) and transferred to a membrane where a radioactive probe
can be applied. The resulting pattern (the DNA fingerprint) can then be detected by autoradiography. In a theoretical rape case, for example,
sample I could be from the suspect’s white blood cells, sample II could be from sperm in the victim’s vagina, and sample III could be from the
victim’s white blood cells.

to determine that the quagga, an extinct zebralike animal,
was a zebra rather than a horse. The only remains of the
quagga consisted of dried skin. 

Following PCR, DNA segments, as opposed to the full
genome, can also be cut by restriction enzymes and sub-
jected to gel electrophoresis. A probe is not needed because
the restriction fragments will appear as distinctive bands.
PCR amplification and analysis can be used to diagnose vi-
ral infections, genetic disorders, and cancer. When the am-
plified DNA matches that of a virus, mutated gene, or
oncogene, then we know that a viral infection, genetic disor-
der, or cancer is present. 

Sometimes DNA is sequenced following PCR. Sequenc-
ing mitochondrial DNA segments helped determine the
evolutionary history of human populations. It has even been
possible to sequence DNA taken from a 76,000-year-old
mummified human brain and from a 17- to 20-million-year-
old plant fossil following PCR amplification. Sequencing
can be done quickly with present-day DNA sequencers that
make use of computers. 

Recombinant DNA technology and the polymerase
chain reaction are two ways to clone a gene. 
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26.2 Biotechnology Products 
Today, bacteria, plants, and animals are genetically engi-
neered to produce biotechnology products. Organisms that
have had a foreign gene inserted into them are called trans-
genic organisms.

From Bacteria
Recombinant DNA technology is used to produce bacteria
that reproduce in large vats called bioreactors. If the foreign
gene is replicated and actively expressed, a large amount of
protein product can be obtained. Biotechnology products
produced by bacteria, such as insulin, human growth hor-
mone, t-PA (tissue plasminogen activator), and hepatitis B
vaccine, are now on the market (Fig. 26.5). 

Transgenic bacteria have been produced to promote the
health of plants. For example, bacteria that normally live on
plants and encourage the formation of ice crystals have been
changed from frost-plus to frost-minus bacteria. Also, a bac-
terium that normally colonizes the roots of corn plants has
now been endowed with genes (from another bacterium)
that code for an insect toxin. The toxin protects the roots
from insects.

Bacteria can be selected for their ability to degrade a
particular substance, and then this ability can be enhanced
by genetic engineering. For instance, naturally occurring
bacteria that eat oil can be genetically engineered to do an
even better job of cleaning up beaches after oil spills

(Fig. 26.6). Industry has found that bacteria can be used as
biofilters to prevent airborne chemical pollutants from being
vented into the air. They can also remove sulfur from coal
before it is burned and help clean up toxic waste dumps.
One such strain was given genes that allowed it to clean up
levels of toxins that would have killed other strains. Further,
these bacteria were given “suicide” genes that caused them
to self-destruct when the job had been accomplished. 

Organic chemicals are often synthesized by having cata-
lysts act on precursor molecules or by using bacteria to carry
out the synthesis. Today, it is possible to go one step further
and to manipulate the genes that code for these enzymes. For
instance, biochemists discovered a strain of bacteria that is es-
pecially good at producing phenylalanine, an organic chemi-
cal needed to make aspartame, the dipeptide sweetener better
known as NutraSweet. They isolated, altered, and formed a
vector for the appropriate genes so that various bacteria could
be genetically engineered to produce phenylalanine.

Many major mining companies already use bacteria to
obtain various metals. Genetic engineering may enhance the
ability of bacteria to extract copper, uranium, and gold from
low-grade sources. Some mining companies are testing ge-
netically engineered organisms that have improved bio-
leaching capabilities.

Bacteria are being genetically altered to perform all
sorts of tasks, not only in the factory, but also in
the environment.
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Figure 26.5 Biotechnology products.
Products like clotting factor VIII, which is administered to
hemophiliacs, can be made by transgenic bacteria, plants, or
animals. After being processed and packaged, it is sold as a
commercial product.

Figure 26.6 Bioremediation.
Bacteria capable of decomposing oil have been engineered and
patented by the investigator, Dr. Chakrabarty. In the inset, the flask
toward the rear contains oil and no bacteria; the flask toward the
front contains the bacteria and is almost clear of oil.
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In a hungry world you would expect herbicide-resistant crops
to be greeted with enthusiasm—genetically engineered wheat
and corn offer the possibility of a more bountiful harvest and
the feeding of many more people. There are some, however,
who see dangers lurking in the use of biotechnology to develop
new and different strains of plants and animals. And these
doomsayers are not just anybody—they are ecologists.

First, we have to consider that herbicide-resistant crops will
allow farmers to use more herbicide than usual in order to kill
off weeds. Then, too, suppose this new form of wheat is better
able to compete in the wild. Certainly we know of plants that
have become pests when transported to a new environment:
prickly pear cactus took over many acres of Australia; an orna-
mental tree, the melaleuca, has invaded and is drying up many
of the swamps in Florida. Such plants spread because they are
able to overrun the native plants of an area. Perhaps genetically
engineered plants will also spread beyond their intended areas
and be out of control. Or worse, suppose herbicide-resistant
wheat were to hybridize with a weed, making the weed also re-
sistant and able to take over other agricultural fields. As more
and different herbicides are used to kill off the weed, the envi-
ronment would be degraded. And similar concerns pertain to
any transgenic organism, whether a bacterium, animal, or plant. 

In the past, humans have been quick to believe that a new ad-
vance was the answer to a particular problem. The pesticide
DDT was going to kill off mosquitoes, making malaria a disease
of the past. And this worked until mosquitoes became resistant.
Today, we know that DDT accumulates in the tissues of hu-
mans, possibly contributing to all manner of health problems,
from reduced immunity to reproductive infertility. When antibi-
otics were first introduced, it was hoped a disease like tubercu-
losis would be licked forever. Resistant strains of tuberculosis
have now evolved to threaten us all.

More and more transgenic varieties have been developed
and are being tested in agricultural fields. A few of these have a
weedy relative in the wild with which they could hybridize.
Agricultural officials point out, however, that genetically engi-
neered plants have been growing in fields since 1994, and al-
though hybridization with weedy relatives may have occurred,
a “superweed” has not emerged. Still, say botanists, it could
happen in the future. Laboratory studies in Denmark showed
that a hybrid of transgenic oilseed rape and field mustard did
resist herbicides and was able to produce highly fertile pollen.
Ecologists maintain it may be only a matter of time before a “su-
perweed” does appear in the wild.

Biotechnology: Friend or Foe?

From Plants 
Techniques have been developed to introduce foreign genes
into immature plant embryos, or into plant cells that have
had the cell wall removed and are called protoplasts. It is
possible to treat protoplasts with an electric current while
they are suspended in a liquid containing foreign DNA. The
electric current makes tiny, self-sealing holes in the plasma
membrane through which genetic material can enter. Then a
protoplast will develop into a complete plant.

Foreign genes transferred to cotton, corn, and potato
strains have made these plants resistant to pests because
their cells now produce an insect toxin. Similarly, soybeans
have been made resistant to a common herbicide. Some corn
and cotton plants are both pest and herbicide resistant.
These and other genetically engineered crops are now reach-
ing the market place. 

Plants are also being engineered to produce human pro-
teins, such as hormones, clotting factors, and antibodies, in
their seeds. One type of antibody made by corn can deliver
radioisotopes to tumor cells, and another made by soybeans
can be used as treatment for genital herpes. A weed called
mouse-eared cress has been engineered to produce a
biodegradable plastic (polyhydroxybutyrate, or PHB) in cell
granules.

Genetically engineered crops are now reaching the
market, and medicines made by genetically
engineered plants will soon be used to treat cancer
and other types of diseases. 
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From Animals
Techniques have been developed to insert genes into the
eggs of animals. It is possible to microinject foreign genes
into eggs by hand, but another method uses vortex mixing.
The eggs are placed in an agitator with DNA and silicon-
carbide needles, and the needles make tiny holes through
which the DNA can enter. When these eggs are fertilized,
the resulting offspring is a transgenic animal. Using this
technique, many types of animal eggs have taken up the
gene for bovine growth hormone (bGH). The procedure
has been used to produce larger fishes, cows, pigs, rabbits,
and sheep. Genetically engineered fishes are now being
kept in ponds that offer no escape to the wild because there
is much concern that they will upset or destroy natural
ecosystems.

Gene pharming, the use of transgenic farm animals to
produce pharmaceuticals, is being pursued by a number of
firms. Genes that code for therapeutic and diagnostic pro-
teins are incorporated into the animal’s DNA, and the pro-
teins appear in the animal’s milk. There are plans to produce
drugs for the treatment of cystic fibrosis, cancer, blood dis-
eases, and other disorders. Antithrombin III, for preventing
blood clots during surgery, is currently being produced by a
herd of goats, and clinical trials have begun. Figure 26.7b, c
outlines the procedure for producing transgenic mammals:
DNA containing the gene of interest is injected into donor
eggs. Following in vitro fertilization, the zygotes are placed
in host females where they develop. After female offspring
mature, the product is secreted in their milk.

USDA scientists have been able to genetically engineer
mice to produce human growth hormone in their urine in-
stead of in milk. They expect to be able to use the same tech-
nique on larger animals. Urine is a preferable vehicle for a
biotechnology product rather than milk because all animals
in a herd urinate—only females produce milk; animals start
to urinate at birth—females don’t produce milk until matu-
rity; and it’s easier to extract proteins from urine than from
milk.

Xenotransplantation 
Scientists have begun the process of genetically engineering
animals to serve as organ donors for humans who need a
transplant. Xenotransplantation is the use of animal organs
instead of human organs in transplant patients. We now
have the ability to transplant kidneys, heart, liver, pancreas,
lung, and other organs for two reasons. First, solutions have
been developed that preserve donor organs for several
hours, and second, rejection of transplanted organs can be
prevented by immunosuppressive drugs. Unfortunately,
however, there are not enough human donors to go around.
Fifty thousand Americans needed transplants in 1996, but
only 20,000 patients got them. As many as 4,000 died that
year while waiting for an organ. 

It’s no wonder, then, that scientists are suggesting that

we should get organs from a source other than another hu-
man. You might think that apes, such as the chimpanzee or
the baboon might be a scientifically suitable species for this
purpose. But apes are slow breeders and probably cannot be
counted on to supply all the organs needed. Anyway, many
people might object to using apes for this purpose. In con-
trast, animal husbandry has long included the raising of
pigs as a meat source, and pigs are prolific. A female pig can
become pregnant at six months and can have two litters a
year, each averaging about ten offspring. 

Ordinarily, humans would violently reject transplanted
pig organs. Genetic engineering, however, can make these
organs less antigenic. Scientists have produced a strain of
pigs whose organs would most likely, even today, survive
for a few months in humans. They could be used to keep a
patient alive until a human organ was available. The ulti-
mate goal is to make pig organs as widely accepted by hu-
mans as type O blood. A person with type O blood is called
a universal donor because the red blood cells carry no AB
nor B antigens. 

As xenotransplantation draws near, other concerns
have been raised. Some experts fear that animals might be
infected with viruses, akin to Ebola virus or the virus that
causes “mad cow” disease. After infecting a transplant pa-
tient, these viruses might spread into the general populace
and begin an epidemic. Scientists believe that HIV was
spread to humans from monkeys when humans ate mon-
key meat. Those in favor of using pigs for xenotransplan-
tation point out that pigs have been around humans for
centuries without infecting them with any serious
diseases. 

Cloning of Animals
Imagine that an animal has been genetically altered to pro-
duce a biotechnology product or to serve as an organ
donor. What would be the best possible way to get identi-
cal copies of this animal? If cloning of the animal was pos-
sible, you could get many exact copies of this animal.
Asexual reproduction through cloning would be the pre-
ferred procedure to use. Cloning is a form of asexual repro-
duction because it requires only the genes of that one
animal. For many years it was believed that adult verte-
brate animals could not be cloned. Although each cell con-
tains a copy of all the genes, certain genes are turned off in
mature specialized cells. Different genes are expressed in
muscle cells, which contract, compared to nerve cells
which conduct nerve impulses, and to glandular cells,
which secrete. Cloning of an adult vertebrate would re-
quire that all genes of an adult cell be turned on again if de-
velopment is to proceed normally. It has long been thought
this would be impossible.

But in 1997 scientists at the Raslin Institute in Scotland
announced that they achieved this feat and had produced
a cloned sheep called Dolly. In 1998, genetically altered
calves were cloned in the United States using the same
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method. An alternate method, used at the Univer-
sity of Hawaii for the cloning of mice, was so suc-
cessful that clones of clones were produced. Figure
26.7c suggests that after enucleated eggs have been
injected with 2n nuclei of adult cells, they can be
coaxed to begin development. The offspring have
the genotype and phenotype of the adult that do-
nated the nuclei; therefore, the adult has been
cloned. In the procedure that produced cloned
mice, the 2n nuclei were taken from cumulus cells.
Cumulus cells are those that cling to an egg after
ovulation occurs. A specially prepared chemical
bath was used to stimulate the eggs to divide and
begin development. Now that scientists have a
method to clone mammals, this procedure will un-
doubtedly be used routinely. Some are even begin-
ning to think about the cloning of humans despite
the objections of many and a presidential order that
the procedure is not to be developed in the United
States. 

Transgenic animals, which secrete a
biotechnology product in their milk, and
pigs, whose organs can be used for
xenotransplantation, have been produced.
Procedures have been developed to allow
the cloning of these animals. 
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Figure 26.7 Genetically engineered animals.
a. This goat is genetically engineered to produce
antithrombin III, which is secreted in her milk. This
researcher and many others are involved in the project.
b. The procedure to produce a transgenic animal.
c. The procedure to clone a transgenic animal. 
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26.3 The Human Genome Project
The Human Genome Project is a massive effort originally
funded by the U.S. government and now increasingly by
U.S. pharmaceutical companies to map the human chromo-
somes. Many nonprofit and for profit biochemical laborato-
ries about the world are now involved in the project which
has two primary goals.

The first goal is to construct a genetic map of the human
genome. The aim is to show the sequence of genes along the
length of each type chromosome, such as depicted for the X
chromosome in Figure 26.8. If the estimate of 1,000+ human
genes is correct, each chromosome on average would con-
tain about 50 alleles. 

The map for each chromosome is presently incomplete,
and in many instances scientists rely on the placement of
RFLPs (see page 533). These sites eventually allow scientists
to pinpoint disease-causing genes because a particular RFLP
and a defective gene are often inherited together. For
example, it is known that persons with Huntington disease
have a unique site where a restriction enzyme cuts DNA.
The test for Huntington disease relies on this difference from
the normal.

The genetic map of a chromosome can be used not only
to detect defective genes, but possibly also to tailor treat-
ments to the individual. Only certain hypertension patients
benefit from a low-salt diet, and it would be useful to know
which patients these are. Myriad Genetics, a genome com-
pany, has developed a test for a mutant angiotensinogen
gene because they want to see if patients with this mutation
are the ones that benefit from a low-salt diet. Several other
mutant genes have also been correlated with specific drug
treatments (Table 26.1). One day the medicine you take
might carry a label that it is effective only in persons with
genotype #101!

The second goal is to construct a base sequence map.
There are three billion base pairs in the human genome, and
it’s estimated it would take an encyclopedia of 200 volumes,
each with 1,000 pages, to list all of these. Yet, this goal of the
Human Genome Project is expected to be reached by the
year 2004, if not earlier. 

The methodology, thus far, has been to first chop up the
genome into small pieces, each just 1,000 to 2,000 base pairs
long. PCR instruments copy the pieces many times, and then
an automatic DNA sequencer determines the order of the
base pairs. You need many DNA copies because of the way
the sequencer works. A computer program later strings the
sequenced pieces together in the correct order by looking for
base sequence overlaps between them. Instrumentation has
gradually improved, and recently one scientist, J. Craig Ven-
ter, has founded a company which he says will sequence the
entire genome in three years. 

Venter plans on using what is called a whole-genome
shotgun sequencing method. He plans on working with the
entire human genome at once. Each overlapping fragment
will be about 5,000 bases long, and he will sequence the ends

of each fragment using only powerful new sequencing ma-
chines. Again, a computer program will string the fragments
together by looking for overlapping regions. Why is Venter
going off on his own, instead of participating in the world-
wide effort by many laboratories and scientists to sequence
the human genome? His backers expect to market the
whole-genome database to subscribers, and to patent rare
but pharmacologically interesting genes. Private enterprise
is giving new impetus to the field now called genomics. 

Knowing the base sequence of normal genes may make
it possible one day to treat certain human ills by administer-
ing normal genes and/or their protein products to those
who suffer from a genetic disease. 

538 Part 5 Continuance of the Species 26-10

ichthyosis, X linked

hypophosphatemia
ocular albinism

Duchenne muscular dystrophy

retinitis pigmentosa

Lesch-Nyhan syndrome

hemophilia B 

fragile X syndrome

hemophilia A
color blindness (several forms)
spastic paraplegia, X linked

Mutant Gene for Disease Treatment

Apolipoprotein E Alzheimer Experimental Glaxo
Wellcome drug

Cytochrome P-450 Cancer Amonafide

Chloride gate Cystic fibrosis Pulmozyme

Dopamine receptor D4 Schizophrenia Clozapine

Angiotensinogen Hypertension Low-salt diet

Table 26.1 Customizing Drug Treatments

Figure 26.8 Genetic map of X chromosome.
The human X chromosome has been partially mapped, and this is the
order of some of the genes now known to be on this chromosome.
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26.4 Gene Therapy 
Gene therapy is the insertion of genetic material into human
cells for the treatment of a disorder. It includes procedures
that give a patient healthy genes to make up for faulty genes
and also includes the use of genes to treat various other hu-
man illnesses such as cancer and cardiovascular disease.
Currently there are approximately 1,000 patients enrolled in
nearly 200 approved gene therapy trials in the United States.
There are ex vivo (outside the body) and in vivo (inside the
body) methods of gene therapy.

Genetic Disorders
As an example of an ex vivo method of gene therapy, con-
sider Figure 26.9, which describes a methodology for the
treatment of children with severe combined immunodefi-
ciency syndrome (SCID). These children lack an enzyme
called adenosine deaminase (ADA) that is involved in the
maturation of T and B cells, and therefore they are subject to
life-threatening infections. Bone marrow stem cells are re-
moved from the blood and infected with a retrovirus (RNA
virus) that carries a normal gene for the enzyme. Then the
cells are returned to the patient. Bone marrow stem cells are
preferred for this procedure because they divide to produce
more cells with the same genes. With an ex vivo method of
genetic therapy, it is possible to test and make sure gene
transfer has occurred before the cells are returned to the pa-
tient. Patients who have undergone this procedure do have
a significant improvement in their immune function that is
associated with a sustained rise in the level of ADA enzyme
activity in the blood. 

Among the many gene therapy trials, one is for the treat-
ment of familial hypercholesterolemia, a condition that de-
velops when liver cells lack a receptor for removing
cholesterol from the blood. The high levels of blood choles-
terol make the patient subject to fatal heart attacks at a
young age. In a newly developed procedure, a small portion
of the liver is surgically excised and infected with a retro-
virus containing a normal gene for the receptor. Several pa-
tients have experienced a lowering of serum cholesterol
levels following this procedure.

Cystic fibrosis patients lack a gene that codes for trans-
membrane carrier of the chloride ion. Patients often die due
to numerous infections of the respiratory tract. An in vivo
method of treatment is being tried. Liposomes—micro-
scopic vesicles that spontaneously form when lipoproteins
are put into a solution—have been coated with the gene
needed to cure cystic fibrosis. Then the solution is sprayed
into patients’ nostrils. Due to limited gene transfer this
methodology has not as yet been successful. 

In a recent and surprising move, some researchers are
investigating the possibility of directly correcting the base
sequence of patients with a genetic disorder. The exact pro-
cedure has not yet been published. 

Cancer
Chemotherapy in cancer patients often kills off healthy cells
as well as cancer cells. In clinical trials, researchers have
given genes to cancer patients that either make healthy cells
more tolerant of chemotherapy or make tumors more vul-
nerable to it. In one ex vivo clinical trial, bone marrow stem
cells from about 30 women with late-stage ovarian cancer
were infected with a virus carrying a gene to make them
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Figure 26.9 Ex vivo gene therapy in humans.
Bone marrow stem cells are withdrawn from the body, a virus is used to insert a normal gene into them, and they are returned to the body.
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Other Illnesses
During coronary artery angioplasty, a balloon catheter is
sometimes used to open up a closed artery. Unfortunately,
the artery has a tendency to close up again. But investiga-
tors have come up with a new procedure. The balloon is
coated with a plasmid that contains a gene for VEGF (vas-
cular endothelial growth factor). The expression of the
gene, which promotes the proliferation of blood vessels to
bypass the obstructed area, has been observed in at least
one patient.

Perhaps it will be possible also to use in vivo therapy to
cure hemophilia, diabetes, Parkinson disease, or AIDS. To
treat hemophilia, patients could get regular doses of cells
that contain normal clotting-factor genes. Or such cells
could be placed in organoids, artificial organs that can be im-
planted in the abdominal cavity. To cure Parkinson disease,
dopamine-producing cells could be grafted directly into the
brain. 

The Human Genome Project produces information
useful to gene therapists. Researchers are
envisioning all sorts of ways to cure human genetic
disorders as well as many other types of illnesses.

more tolerant of chemotherapy. Once the bone marrow
stems cells were protected, it was possible to increase the
level of chemotherapy to kill the cancer cells 

In a recent in vivo study, a retrovirus carrying a normal
p53 gene was injected directly into the tumor of lung cancer
patients. This gene, which helps regulate the cell cycle and
also brings about apoptosis in cells with damaged DNA, is
often mutated in tumor cells. No cures were reported but the
tumors shrank in three patients and stopped growing in
three others. Expression of p53 is only needed for a short
time and an elevated amount in normal cells seems to do
them no harm. 

Some investigators prefer the use of adenoviruses rather
than retroviruses. Adenoviruses can be produced in much
larger quantities and they are active even when they are not
dividing. (Retroviruses integrate DNA into the host chromo-
some where it is inactive unless replication occurs.) When
adenoviruses infect a cell, they normally produce a protein
that binds to p53 and inactivates it. In a cleverly designed
procedure, researchers genetically engineered adenoviruses
to lack the gene that produces this protein. Therefore, the
virus will kill tumor cells that lack p53 but not healthy cells
that have a p53 gene. Clinical trials are underway, and it is ex-
pected that the virus will spread through the cancer, killing
the cancer cells, and stopping when it reaches normal cells. 
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Somatic gene therapy attempts to treat
or prevent human illnesses. Some day,

for example, it may be possible to give
children who have cystic fibrosis, Hunt-
ington disease, or any other genetic disor-
der a normal gene to make up for the
inheritance of a faulty gene. And gene
therapy is even more likely for treatment
of diseases like cancer, AIDS, and heart
disease. Germ line gene therapy is the
term that is now being used to mean the
use of gene therapy solely to improve the
traits of an individual. It would be the ge-
netic equivalent of procedures like body
building, liposuction, or hair transplants.
If genetic interference occurred earlier—
that is, on the eggs, sperm, or embryo, it’s
possible that it would indeed affect the
germ line—that is, all the future descen-
dants of the individual. 

How might germ line gene therapy
become routine? Consider this scenario.
Presently, a gene for VEGF (vascular en-
dothelial growth factor), a protein pro-
duced by cells to grow new blood vessels,
is being used to treat atherosclerosis. Im-
proved arterial circulation in the legs of
some recent patients did away with the
threat of possible amputation. This same
gene is now being considered for the treat-
ment of blocked coronary arteries. There
may be instances, though, in which
healthy people want to grow new blood
vessels for enhancement purposes. Run-
ners might want to improve their circula-
tion in order to win races, and parents
might think that increased circulation to
the brain might increase the intelligence of
their children. Bioethicist Eric Juengst of
Case Western thinks that as a society, there

is nothing we can now do to prevent us
from crossing the line between the use of
gene therapy for therapeutic purposes and
its use for enhancement reasons. 

Questions
1. Do you approve of gene therapy to treat

or prevent human illnesses? after they
occur? or possibly before they occur, if
genetic testing shows the likelihood of
their development? Why or why not?

2. Do you approve of gene therapy to
enhance the characteristics of an
individual? after a condition like baldness
occurs? or possibly before it occurs if
genetic testing shows the likelihood of it
occurring? Why or why not?

3. Do you approve of somatic gene therapy
of embryos? germ line gene therapy of
embryos? Explain. 
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Summarizing the Concepts

26.1 Cloning of a Gene 
Two methods are currently available for making copies of DNA. Re-
combinant DNA contains DNA from two different sources. A restric-
tion enzyme is used to cleave plasmid DNA and to cleave foreign
DNA. The “sticky ends” produced facilitate the insertion of foreign
DNA into vector DNA. The foreign gene is sealed into the vector DNA
by DNA ligase. Both bacterial plasmids and viruses can be used as vec-
tors to carry foreign genes into bacterial host cells. 

A genomic library can be used as a source of genes to be cloned. A
radioactive or fluorescent probe is used to identify the location of a sin-
gle gene among the cloned fragments of an organism’s DNA. 

Restriction enzymes are used to fragment DNA. If the entire
genome is used for fingerprinting, the use of probes is necessary in or-
der to see a pattern following gel electrophoresis. If just a portion of the
genome is of interest or available, PCR uses the enzyme DNA poly-
merase to make multiple copies of target DNA. Analysis of DNA seg-
ments following PCR can involve gel electrophoresis to identify the
DNA as belonging to a particular organism or can involve determining
the base sequence of the DNA segment.

26.2 Biotechnology Products 
Transgenic organisms are ones that have had a foreign gene inserted
into them. Genetically engineered bacteria, agricultural plants, and
farm animals now produce commercial products of interest to humans,
such as hormones and vaccines. Bacteria secrete the product. The seeds
of plants and the milk of animals contain the product. 

Transgenic bacteria have been produced to promote the health of
plants, perform bioremediation, extract minerals, and produce chemi-
cals. Transgenic agricultural plants which have been engineered to re-
sist herbicides and pests are commercially available. Transgenic
animals have been given various genes, in particular the one for bovine
growth hormone (bGH). Pigs have been genetically altered to serve as
a source of organs for transplant patients. Cloning of animals is now
possible. 

26.3 The Human Genome Project
The Human Genome Project has two goals. The first goal is to construct
a genetic map which will show the sequence of the genes on each chro-
mosome. Although the known location of genes is expanding, the ge-
netic map still contains many RFLPs (restriction fragment length
polymorphisms) as the first step toward finding more genes. The sec-
ond goal of the project is to sequence the bases. To do this researchers
rely on PCR and automatic sequencing instruments. As the sequencers
have improved so has the speed with which DNA is sequenced. The
hope is that knowing the location and sequence of bases in a gene will
promote the possibility of gene therapy. 

26.4 Gene Therapy
Gene therapy is used to correct the genotype of humans and to cure
various human ills. There are ex vivo and in vivo methods of gene
therapy. Gene therapy has apparently helped children with SCID to
lead a normal life; the treatment of cystic fibrosis has been less suc-
cessful. A number of imaginative therapies are being employed in the
war against cancer and other human illness such as cardiovascular
disease. 

Studying the Concepts

1. What is the methodology for producing recombinant DNA to
be used in gene cloning? 530

2. Bacteria can be used to clone a gene or produce a product.
Explain. 531

3. What is a genomic library, and how do you locate a gene of
interest in the library? 532 

4. What is the polymerase chain reaction (PCR), and how is 
it carried out to produce multiple copies of a DNA
segment? 532

5. What is DNA fingerprinting, a process that utilizes the entire
genome? 533

6. What are some practical applications of DNA segments
analysis following PCR? 532–33

7. For what purposes have bacteria, plants, and animals been
genetically altered? 534–36

8. What is xenotransplantation, and what drawback is presently
preventing pigs from serving as source animals? 536

9. Explain how and why transgenic animals that secrete a prod-
uct are often cloned. 536–37

10. Explain the two primary goals of the Human Genome Project.
What are the possible benefits of the project? 538

11. Explain and give examples of ex vivo and in vivo gene thera-
pies in humans. 539–40

Testing Yourself

Choose the best answer for each question.
1. Which of these is a true statement?

a. Both plasmids and viruses can serve as vectors.
b. Plasmids can carry recombinant DNA but viruses cannot.
c. Vectors carry only the foreign gene into the host cell.
d. Only gene therapy uses vectors.
e. Both a and d are correct.

2. Which of these is a benefit to having insulin produced by
biotechnology?
a. It is just as effective. d. It is less expensive.
b. It can be mass-produced. e. All of these are correct.
c. It is nonallergenic.

3. Restriction fragment length polymorphisms (RFLPs)
a. are achieved by using restriction enzymes.
b. identify individuals genetically.
c. are the basis for DNA fingerprints.
d. can be subjected to gel electrophoresis.
e. All of these are correct.

4. Which of these would you not expect to be a biotechnology
product?
a. vaccine d. protein hormone
b. modified enzyme e. steroid hormone
c. DNA probe

5. What is the benefit of using a retrovirus as a vector in gene
therapy?
a. It is not able to enter cells.
b. It incorporates the foreign gene into the host chromosome.
c. It eliminates a lot of unnecessary steps.
d. It prevents infection by other viruses.
e. Both b and c are correct.
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6. Gel electrophoresis
a. cannot be used on nucleotides.
b. measures the size of plasmids.
c. tells whether viruses are infectious.
d. measures the charge and size of proteins and DNA frag-

ments.
e. All of these are correct. 

7. Using this key, put the phrases in the correct order to form a
plasmid-carrying recombinant DNA.
Key:
(1) use restriction enzymes
(2) use DNA ligase
(3) remove plasmid from parent bacterium
(4) introduce plasmid into new host bacterium

a. 1,2,3,4
b. 4,3,2,1
c. 3,1,2,4
d. 2,3,1,4

8. Which of these is incorrectly matched?
a. xenotransplantation—source of organs
b. protoplast—plant cell engineering
c. RFLPs—DNA fingerprinting
d. DNA polymerase—PCR
e. DNA ligase—mapping human chromosomes

9. The restriction enzyme called EcoRI has cut double-stranded
DNA in this manner. The piece of foreign DNA to be inserted
has what bases from left to the right?

3. What experiment would you suggest to support the hypothe-
sis that plants engineered to contain genes for an insect toxin
against insects is safe for human consumption? Why might
your results not support the hypothesis?

4. What experiment would you suggest to support the hypothesis
that bacteria engineered to clean up a pollutant disappear when
the pollutant is gone? What would make them disappear?
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10. Label the following drawings, using these terms: retrovirus,
recombinant RNA (twice), defective gene, recombinant DNA,
reverse transcription, and human genome.

Thinking Scientifically

1. What experiment would you suggest to support the hypothe-
sis that insulin produced by biotechnology will have fewer
side effects than insulin taken from the organs of livestock?
Why do you expect your results to support the hypothesis?

2. What experiment would you suggest to support the hypothe-
sis that meat from cattle bioengineered to contain extra
growth hormone genes is safe for human consumption? Why
do you expect your results to support the hypothesis? Your
answer should consider the fact that growth hormone is a
protein.

Understanding the Terms

bacteriophage 532
clone 531
complementary DNA

(cDNA) 532
DNA fingerprinting 533
DNA ligase 530
gene therapy 539
genetic engineering 530
genome 532
genomic library 532
plasmid 530

polymerase chain reaction
(PCR) 532

probe 532
recombinant DNA (rDNA)

530
restriction enzyme 530
restriction fragment length

polymorphism (RFLP) 533
transgenic organism 534
vector 530
xenotransplantation 536

Match the terms to these definitions:
a. Bacterial enzyme that stops viral reproduction by

cleaving viral DNA; used to cut DNA at specific points dur-
ing production of recombinant DNA. 

b. Free-living organisms in the environment that
have had a foreign gene inserted into them. 

c. Known sequences of DNA that are used to find
complementary DNA strands; can be used diagnostically to
determine the presence of particular genes.

d. Production of identical copies; in genetic engi-
neering, the production of many identical copies of a gene. 

e. Self-duplicating ring of accessory DNA in the
cytoplasm of bacteria. 

Using Technology

Your study of biotechnology is supported by these available
technologies.

Essential Study Partner CD-ROM
Genetics ££ Recombinant DNA
Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Life Science Animations 3D Video
24 Polymerase Chain Reaction
25 Gel Electrophoresis
26 Sucrose Gradient Centrifugation
27 Protein Purification/Column Chromatography

http://www.mhhe.com/biosci/genbio/mader
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experiments in genetics and molecular biology that became the
foundation for today’s research.

Jordan, V. C. October 1998. Designer estrogens. Scientific American
279(4):60. Selective estrogen receptor modulators may protect
against breast and endometrial cancers, osteoporosis, and heart
disease. 

Kher, U. January 1998. A man-made chromosome. Discover
18(1):40. Researchers announce a promising new gene carrier, a
human artificial chromosome, for use in gene therapy.

Leffell, D. J., and Brash, D. E. July 1996. Sunlight and skin cancer.
Scientific American 275(1):52. Discusses the sequence of changes
that may occur in skin cells after exposure to UV rays. 

Lyon, J., and Gorner, P. 1995. Altered fates: Gene therapy and the
retooling of human life. New York: W. W. Norton & Company, Inc.
The development of gene therapy, from the scientists to the
patients and their families, is discussed.

MacDonald, P. C., and Casey, M. L. March/April 1996. Preterm
birth. Scientific American Science & Medicine 3(2):42. Article
discusses the role of oxytocin, prostaglandins, and infections in
the initiation of human labor.

Mader, S. S. 1990. Human reproductive biology. 2d ed. Dubuque,
Iowa: Wm. C. Brown Publishers. An introductory text covering
human reproduction in a clear, easily understood manner.

Markowitz, M. H. June 1998. A new dawn in AIDS treatments.
Discover 19(6):S-6. A new combination therapy greatly reduces
viral replication.

Miller, R. V. January 1998. Bacterial gene swapping in nature.
Scientific American 278(1):66. The study of the process of DNA
exchange between bacteria can help limit the risks of releasing
genetically engineered microbes into the environment. 

Moses, V., and Moses, S. 1995. Exploiting biotechnology. Chur,
Switzerland: Harwood Academic Publishers. Provides a general
understanding of biotechnology and presents its commercial
and industrial applications. 

Nicolaou, K. C., et al. June 1996. Taxoids: New weapons against
cancer. Scientific American 274(6):94. Chemists are synthesizing a
family of drugs related to taxol for the treatment of cancer. 

Nielson, P. E. September/October 1998. Peptide nucleic acids.
Science & Medicine 5(5):48. Peptide nucleic acids mimic DNA
and can substitute for DNA in gene therapy.

Nusslein-Volhard, C. August 1996. Gradients that organize
embryo development. Scientific American 275(2):54. Nobel Prize-
winning researcher describes how morphogens shape an
evolving embryo.

O’Brien, S. J., and Dean, M. September 1997. In search of AIDS-
resistance genes. Scientific American 277(3):44. Study of genes
that deter the AIDS virus may lead to prevention or treatment.

O’Brochta, D. A., and Atkinson, P. W. December 1998. Building a
better bug. Scientific American 279(6):90. Transgenic insect
technology could decrease pesticide use, and prevent certain
infectious diseases. Article discusses the production of a
transgenic insect. 

Packer, C. July/August 1998. Why menopause? Natural History
107(6):24. Article addresses possible reasons why menopause
occurs so early in life, compared to other aging processes.

Pennisi, E. 13 November 1998. Training viruses to attack cancers.
Science 282(5392):1244. Certain viruses can replicate in and kill
cancer cells, but leave normal tissue intact.

Perera, F. P. May 1996. Uncovering new clues to cancer risk.
Scientific American 274(5):54. Molecular epidemiology finds
biological markers that explain what makes people susceptible
to cancer. 

Further Readings for Part 5 
Alcamo, I. E. 1997. AIDS: The biological basis. 2d ed. Dubuque,

Iowa: Wm. C. Brown Publishers. This easily understood book
focuses on the biology of AIDS.

Alexander, N. J. March/April 1996. Barriers to sexually
transmitted diseases. Scientific American Science & Medicine
3(2):32. Article discusses the effectiveness of certain
contraceptives in protecting women against STDs.

Berns, M. W. April 1998. Laser scissors and tweezers. Scientific
American 278(62):4. New laser techniques allow manipulation of
chromosomes and other structures inside cells. 

Blaser, M. J. February 1996. The bacteria behind ulcers. Scientific
American 274(2):104. Acid-loving pathogens are linked to
stomach ulcers and stomach cancer. 

Borek, C. November/December 1997. Antioxidants and cancer.
Science & Medicine 4(6):52. The importance of supplemental
antioxidant vitamins depends on factors such as diet and life-
style.  

Cox, F. D. 1996. The AIDS booklet. 4th ed. Dubuque, Iowa: Brown &
Benchmark Publishers. This easy to read, informative booklet
covers the transmission, prevention, and treatment of AIDS. 

Crooks, R., and Baur, K. 1996. Our sexuality. 6th ed. Redwood City,
Calif.: Benjamin/Cummings Publishing. Introduction to the
biological, psychosocial, behavioral, and cultural aspects of
sexuality.

Curiel, T. September/October 1997. Gene therapy: AIDS-related
malignancies. Science & Medicine 4(5):4. The field of AIDS-
related gene therapies is advancing. 

Duke, R. C., et al. December 1996. Cell suicide in health and
disease. Scientific American 275(6):80. Failures in the processes of
cellular self-destruction may give rise to cancer, AIDS,
Alzheimer disease, and some genetic diseases. 

Dusenbery, D. B. 1996. Life at small scale: The behavior of microbes.
New York: Scientific American Library. This easy-to-read, well-
illustrated text describes how microbes respond to the physical
demands of their environment.

Galili, U. September/October 1998. Anti-Gal antibody prevents
xenotransplantation. Science & Medicine 5(5):28. Prevention of
interaction of the anti-Gal antibody with pig cells is necessary
to the progress of xenotransplantation.

Garnick, M. B., and Fair, W. R. December 1998. Combating
prostate cancer. Scientific American 279(6):74. Article details the
recent developments in diagnosis and treatment of prostate
cancer.  

Glausiusz, J. May 1998. The great gene escape. Discover 19(5):90.
Genes from genetically engineered plants can escape from crops
into the wild, causing resistance in the wild plant.

Goldberg, J. April 1998. A head full of hope. Discover 19(4):70.
Article discusses a new gene therapy for killing brain cancer
cells.

Greider, C. W., and Blackburn, E. H. February 1996. Telomeres,
telomerase, and cancer. Scientific American 274(2):92. The
enzyme telomerase rebuilds the chromosomes of tumor cells;
this enzyme is being researched as a target for anticancer
treatments.

Haseltine, W. A. March 1997. Discovering genes for new
medicines. Scientific American 276(3):92. New medical products
being developed are a result of recent genetic analyses of the
human genome.

Johnson, G. B. 1996. How scientists think. Dubuque, Iowa: Wm. C.
Brown Publishers. Presents the rationale behind 21 important
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Plomerin, R., and DeFries, J. C. May 1998. The genetics of
cognitive abilities and disabilities. Scientific American 278(5):62.
The search is underway for the genes involved in cognitive
abilities and disabilities, including dyslexia.  

Pool, R. May 1998. Saviors. Discover 19(5):52. Genetic engineering
may make animal organs compatible for human transplants.

Ricklefs, R. E., and Finch, C. E. 1995. Aging: A natural history. New
York: Scientific American Library. This text emphasizes the
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545

Taxonomy is the science of identi-

fying and classifying organisms.

The scientific name of an organ-

ism is a binomial that tells its

genus and species. Organisms are

grouped in ever larger categories

according to their evolutionary

history. All sorts of data such as

the fossil record, behavior, struc-

ture, and increasingly genetic sim-

ilarities are used to tell how

organisms should be classified. In

the largest category— kingdom—

organisms have just general char-

acteristics in common and are only

distantly related. This text recog-

nizes five kingdoms: the unicellu-

lar monerans, often unicellular

protistans and the multicellular

fungi, plants, and animals. 

Evolution and Diversity

27 Origin and Evolution of
Life 547

All living things are descended from the
first cell(s), and the process of evolution
has produced the many organisms on
earth. 

29 Plants 599
Plants are photosynthetic organisms
adapted to live on land. Reproduction in
seed plants does not require a watery
medium. 

31 Animals: Part II 643
The more complex animals are divided
into two major groups according to the
way they develop.  Both arthropods and
vertebrates have a jointed skeleton
suitable for locomotion on land. 

28 Microbiology 573
Viruses, bacteria, many protists, and some
fungi are microscopic in size. Unicellular
organisms have existed far longer than
multicellular forms. 

30 Animals: Part I 617
Animals are heterotrophic organisms that
differ in their organization. Animals
evolved in the water and only certain
forms live on land. 
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Paleontologists study the life of the past that is preserved in rock.
Both large bones of dinosaurs and small specimens, such as plant
parts and pollen grains, are collected to help understand how the
earth and its life have changed through time.

Taxonomists classify the enormous diversity of life into logical
categories that reflect their line of descent. Taxonomists can also
help field researchers decide if a new sample is a new species, and
if so, how it is related to known species.

Curators and conservators oversee collections in museums, zoos,
aquariums, botanical gardens, and historic sites. Curators also plan
and prepare exhibits. Conservators coordinate the activities of
workers engaged in the examination, repair, and conservation of
museum objects. This may require substantial historical and archae-
ological research.

Park and zoo staff at both natural regions, such as national parks,
and artificial locales, such as zoological parks, help protect species
living there and educate visitors about their unique value. Some
zoos actively assist the growth of endangered species populations
through breeding programs.

Horticulturists and florists grow and care for plants and flowers
for retail and wholesale marketing. On horticultural specialty
farms, operators oversee the production of ornamental plants, nurs-
ery products (such as flowers, bulbs, shrubbery, and sod), and fruits
and vegetables grown in greenhouses.

Zoologists Zoologists study the biology of animals and may spe-
cialize in a particular group of animals or in a particular discipline,
such as the anatomy, ecology, genetics, or physiology of animals.
Since there are many different types of animals and many subdis-
ciplines, the choice of specialization is very broad. Zoologists carry
out research in their area of expertise, write articles and books, and
instruct others about the biology of animals.

Paleontologists excavating a dinosaur.

Zoologists dissecting an animal.

Florist arranging flowers.

Careers in Botany and Zoology
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Origin and
Evolution of Life

Chapter Concepts

27.1 Origin of Life
• A chemical evolution proceeded from

atmospheric gases to small organic molecules to
macromolecules to protocell(s). 548

• The first cell was bounded by a membrane and
contained a replicating system, that is, DNA,
RNA, and proteins. 550

27.2 Evidence of Evolution
• Many fields of biology provide evidence that

common descent has occurred. 551

27.3 Process of Evolution
• Evolution is defined in terms of population

genetic changes. 556
• There are several agents of evolutionary change,

one of which is natural selection. 559
• Only natural selection results in adaptation to

the environment. 562

27.4 Speciation
• New species come about when populations are

reproductively isolated from other similar
populations. 565

• Species are classified into seven hierarchical
categories according to shared characteristics. At
each level above species, there are more and
more types of species in the category. 568

It’s hard to imagine a time when the earth was devoid of all living
things. The first organisms came into existence in the ocean and
only later invaded land as biological evolution occurred.
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27.1 Origin of Life
The sun and the planets, including earth, probably formed
over a 10-billion-year period from aggregates of dust parti-
cles and debris. At 4.6 billion years ago, the solar system was
in its present form. Intense heat produced by gravitational
energy and radioactivity caused the earth to become strati-
fied into several layers. Heavier atoms of iron and nickel
became the molten liquid core, and dense silicate minerals
became the semiliquid mantle. Upwellings of volcanic lava
produced the first crust.

The Primitive Atmosphere 
The size of the earth is such that the gravitational field is
strong enough to have an atmosphere. If the earth were
smaller and lighter, atmospheric gases would escape into
outer space. The earth’s primitive atmosphere was not the
same as today’s atmosphere. It is now thought that the prim-
itive atmosphere was produced by outgassing from the inte-
rior, particularly by volcanic action. In that case, the
primitive atmosphere would have consisted mostly of water
vapor (H2O), nitrogen (N2), and carbon dioxide (CO2), with
only small amounts of hydrogen (H2) and carbon monoxide
(CO). The primitive atmosphere, with little if any free
oxygen, was a reducing atmosphere as opposed to the oxidiz-
ing atmosphere of today. This was fortuitous to life because
oxygen (O2) attaches to organic molecules, preventing them
from joining to form larger molecules.

At first the earth was so hot that water was present only
as a vapor that formed dense, thick clouds. Then as the earth
cooled, water vapor condensed to liquid water, and rain
began to fall. It rained in such enormous quantity over hun-
dreds of millions of years that the oceans of the world were
produced. By chance, the distance of earth from the sun is
such that all water does not evaporate from too much heat
nor freeze because of too little heat.

Small Organic Molecules 
The atmospheric gases, dissolved in rain, were carried down
into newly forming oceans. Aleksandr Oparin, a Soviet bio-
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As lightning bolts crackle through the oxygen-poor at-
mosphere, some strike warm water on the planet’s
surface, sparking chemical reactions that transform

simple molecules into more complex ones. A few of them
have the ability to make copies of themselves. These self-
replicating molecules eventually envelop themselves in a
protective barrier, forming the first cells. Over millions of
years, descendants of those cells generate a stunning array
of life forms. Among them is an animal intelligent enough to
ponder its fundamental origins. A scenario such as this oc-
curred on earth. Has it elsewhere?

chemist, suggested as early as 1938 that organic molecules
could have been produced from the gases of the primitive
atmosphere in the presence of strong outside energy sources.
The energy sources on the primitive earth included heat
from volcanoes and meteorites, radioactivity from isotopes
in the earth’s crust, powerful electric discharges in lightning,
and solar radiation, especially ultraviolet radiation.

In 1953, Stanley Miller provided support for Oparin’s
ideas through an ingenious experiment (Fig. 27.1). Miller
placed a mixture resembling a strongly reducing atmosphere
(methane [CH4], ammonia [NH3], hydrogen [H2], and water
[H2O]) in a closed system, heated the mixture, and circulated
it past an electric spark (simulating lightning). After a week’s
run, Miller discovered that a variety of amino acids and
organic acids had been produced. Since that time, other in-
vestigators have achieved similar results by utilizing other,
less-reducing combinations of gases dissolved in water.

These experiments support the hypothesis that the
primitive gases could have reacted with one another to pro-
duce small organic compounds. Neither oxidation (there
was no free oxygen) nor decay (there were no bacteria)
would have destroyed these molecules, and they would
have accumulated in the oceans for hundreds of millions of
years. With the accumulation of these small organic com-
pounds, the oceans became a warm, organic soup contain-
ing a variety of organic molecules.

electrode

gases

cool water in

hot water out

heat

electric
spark

stopcock for
withdrawing
liquid

stopcock for
adding gases

CH4
NH3
H2
H2O

small organic
molecules

boiler
liquid droplets

condenser

Figure 27.1 Miller’s experiment.
In Miller’s experiment, gases were admitted to the apparatus,
circulated past an energy source (electric spark), and cooled to
produce a liquid that could be withdrawn. Upon chemical analysis,
the liquid was found to contain various small organic molecules.
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Macromolecules 
The newly formed organic molecules likely polymerized to
produce still larger molecules and then macromolecules.
There are three primary hypotheses concerning this stage
in the origin of life. One is the RNA-first hypothesis, which
suggests that only the macromolecule RNA (ribonucleic
acid) was needed at this time to progress toward formation
of the first cell or cells. This hypothesis was formulated
after the discovery that RNA can sometimes be both a sub-
strate and an enzyme. Such RNA molecules are called ribo-
zymes. It would seem, then, that RNA could have carried
out the processes of life commonly associated today with
DNA (deoxyribonucleic acid, the genetic material) and
proteins (enzymes). The first genes could have been com-
posed of RNA—some viruses have only RNA genes. And
the first enzymes also could have been RNA molecules,
since we now know that ribozymes exist. Those who sup-
port this hypothesis say that it was an “RNA world” some
4 billion years ago.

Another hypothesis is termed the protein-first hypothesis.
Sidney Fox has shown that amino acids polymerize abioti-
cally when exposed to dry heat. He suggests that amino
acids collected in shallow puddles along the rocky shore
and the heat of the sun caused them to form proteinoids,
small polypeptides that have some catalytic properties.
When proteinoids are returned to water, they form micro-
spheres, structures composed only of protein that have
many properties of a cell. It is possible that the first
polypeptides had enzymatic properties, and some proved
to be more capable than others. Those that led to the first
cell or cells had a selective advantage. This hypothesis as-
sumes that DNA genes came after protein enzymes arose.
After all, it is protein enzymes that are needed for DNA
replication.

The third hypothesis is put forth by Graham Cairns-
Smith. He believes that clay was especially helpful in
causing polymerization of both proteins and nucleic acids
at the same time. Clay attracts small organic molecules
and contains iron and zinc, which may have served as in-
organic catalysts for polypeptide formation. In addition,
clay has a tendency to collect energy from radioactive
decay and to discharge it when the temperature and/or
humidity changes. This could have been a source of en-
ergy for polymerization to take place. Cairns-Smith sug-
gests that RNA nucleotides and amino acids became
associated in such a way that polypeptides were ordered
by, and helped synthesize, RNA. It is clear that this
hypothesis suggests that both polypeptides and RNA
arose at the same time.

A chemical evolution produced the 
macromolecules we associate with living 
things.

The Protocell 
Before the first true cell arose, there would have been a pro-
tocell, a structure that had a lipid-protein membrane and
carried on energy metabolism (Fig. 27.2). Fox has shown that
if lipids are made available to microspheres, lipids tend to
become associated with microspheres, producing a lipid-
protein membrane.

Some researchers support the work of Oparin, who was
mentioned previously. Oparin showed that under appropri-
ate conditions of temperature, ionic composition, and pH,
concentrated mixtures of macromolecules tend to give rise
to complex units called coacervate droplets. Coacervate
droplets have a tendency to absorb and incorporate various
substances from the surrounding solution. Eventually, a
semipermeable-type boundary may form about the droplet.
In a liquid environment, phospholipid molecules automati-
cally form droplets called liposomes. Perhaps the first mem-
brane formed in this manner.
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a.

b.

Figure 27.2 Protocell anatomy.
a. Microspheres, which are composed only of protein, have a number
of cellular characteristics and could have evolved into the protocell.
b. Liposomes form automatically when phospholipid molecules are
put into water. Plasma membrane may have evolved similarly.
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The Heterotroph Hypothesis 
The protocell would have had to carry on nutrition so that it
could grow. Nutrition was no problem because the protocell
existed in the ocean, which at that time contained small
organic molecules that could have served as food. Therefore,
the protocell likely was a heterotroph, an organism that
takes in preformed food. Notice that this suggests that het-
erotrophs preceded autotrophs, organisms that make their
own food.

At first, the protocell may have used preformed ATP,
but as this supply dwindled, natural selection favored any
cells that could extract energy from carbohydrates in order
to transform ADP to ATP. Glycolysis is a common metabolic
pathway in living things, and this testifies to its early evo-
lution in the history of life. Since there was no free oxygen,
we can assume that the protocell carried on a form of
fermentation.

It seems logical that the protocell at first had limited
ability to break down organic molecules and that it took
millions of years for glycolysis to evolve completely. It is
of interest that Fox has shown that a microsphere similar
to those from which the protocell may have evolved has
some catalytic ability, and that Oparin found that coacer-
vates do incorporate enzymes if they are available in the
medium.

The protocell is hypothesized to have had a
membrane boundary and to have been a
heterotrophic fermenter with some degree of
enzymatic ability.

The True Cell
A true cell is a membrane-bounded structure that can carry
on protein synthesis needed to produce the enzymes that al-
low DNA to replicate (Fig. 27.3). The central dogma of ge-
netics states that DNA directs protein synthesis and that
there is a flow of information from DNA£ RNA£ protein.
It is possible that this sequence developed in stages.

According to the RNA-first hypothesis, RNA would
have been the first to evolve, and the first true cell would
have had RNA genes. These genes would have directed and
enzymatically carried out protein synthesis. As mentioned,
RNA enzymes called ribozymes have been discovered. Also,
today we know there are viruses that have RNA genes.
These viruses have a protein enzyme called reverse tran-
scriptase that uses RNA as a template to form DNA. Perhaps
with time, reverse transcription occurred within the proto-
cell, and this is how DNA genes arose. Once there were
DNA genes, then protein synthesis would have been carried
out in the manner dictated by the central dogma of genetics.

According to the protein-first hypothesis, proteins, or at
least polypeptides, were the first of the three (i.e., DNA,
RNA, and protein) to arise. Only after the protocell devel-

oped sophisticated enzymes did it have the ability to syn-
thesize DNA and RNA from small molecules provided by
the ocean. Researchers point out that because nucleic acid is
a very complicated molecule, the likelihood that RNA arose
de novo (on its own) is minimal. It seems more likely that
enzymes were needed to guide the synthesis of nucleotides
and then nucleic acids.

Cairns-Smith proposes that polypeptides and RNA
evolved simultaneously. Therefore, the first true cell would
have contained RNA genes that could have replicated
because of the presence of proteins. This eliminates the baf-
fling chicken-and-egg paradox: which came first, proteins or
RNA? But it does mean, however, that two unlikely events
would have to happen at the same time.

Once the protocells acquired genes that could replicate,
they became cells capable of reproducing, and evolution
began.

Once the protocell was capable of reproduction, it
became a true cell, and biological evolution began.
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Figure 27.3 A chemical evolution produced the protocell.
There was an increase in the complexity of macromolecules, leading
to a self-replicating system (DNA £ RNA £ protein) enclosed by a
plasma membrane. The protocell, a heterotrophic fermenter,
underwent biological evolution, becoming a true cell, which then
diversified.
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27.2 Evidence of Evolution
Evolution is all the changes that have occurred in living
things since the beginning of life (Table 27.1). Notice that
earth is about 4.6 billion years old and that life evolved in the
form of prokaryotes about 3.5 billion years ago. The eukary-
otic cell arose about 2.1 billion years ago, but multicellularity
didn’t begin until 700 million years ago. This means that for
80% of the time since life arose, only unicellular organisms
were present. Animal evolution didn’t begin in earnest until
the Cambrian explosion, the popular term that refers to a
burst of evolution at the start of the Cambrian period. Most
of the evolutionary events we will be discussing in future
chapters occurred in less than 20% of the history of life! 

Evolution explains the unity and the diversity of life. All
living things share the same fundamental characteristics:
they are made of cells; take chemicals and energy from the
environment, respond to external stimuli, reproduce, and
evolve. Living things are related because they are descended
from a common ancestor. Life is diverse because the various
types of living things are adapted to different ways of life.
Many fields of biology provide evidence that supports the
hypothesis of common descent. This is significant because
the more varied the evidence supporting a hypothesis, the
more certain it becomes.

Fossil Evidence
Fossils are the remains and traces of past life, or any other
direct evidence of past life. Traces include trails, footprints,
burrows, worm casts, or even preserved droppings. Usually,

when an organism dies, the soft parts are either consumed
by scavengers or undergo bacterial decomposition. Occa-
sionally, the organism is buried quickly and in such a way
that decomposition is never completed or is completed so
slowly that the soft parts leave an imprint of their structure.
Most fossils, however, consist only of hard parts such as
shells, bones, or teeth, because these are usually not con-
sumed or destroyed.

The great majority of fossils are found embedded in, or
recently eroded from, sedimentary rock. Sedimentation, a
process that has been going on since the earth was formed,
can take place on land or in bodies of water. Weathering and
erosion of rocks produces an accumulation of particles that
vary in size and nature and are called sediment. Sediment
becomes a stratum (pl., strata), a recognizable layer in a
stratigraphic sequence. Any given stratum is older than the
one above it and younger than the one immediately below
it. Paleontologists are biologists that discover and study the
fossil record and from it make decisions about the history of
life. Particularly interesting are the fossils that serve as tran-
sitional links between groups. For example, the famous fos-
sils of Archaeopteryx are intermediate between reptiles and
birds (Fig. 27.4). The dinosaur-like skeleton of this fossil has
reptilian features, including jaws with teeth and a long,
jointed tail, but Archaeopteryx also had feathers and wings.
Other transitional links among fossil vertebrates include the
amphibious fish Eustheopteron, the reptile-like amphibian
Seymouria, and the mammal-like reptiles, or therapsids.
These fossils allow us to deduce that fishes preceded am-
phibians, which preceded reptiles, which preceded both
birds and mammals in the history of life.

Chapter 27 Origin and Evolution of Life 55127-5

Figure 27.4 Transitional fossils.
a. This is Archaeopteryx, a transitional link between reptiles and birds. It had feathers and wing claws. Most likely, it was a poor flier. Perhaps it
ran over the ground on strong legs and climbed up into trees with the assistance of these claws. b. It also had a feather-covered, reptilian-type
tail that shows up well in this artist’s representation of the animal.

a. b.

tail
head wing
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Millions of
Era Period Epoch Years Ago Plant Life Animal Life

Holocene 0–0.01 Destruction of tropical rain forests by AGE OF HUMAN CIVILIZATION
humans accelerates extinctions

Neogene Significant Mammalian Extinction

Pleistocene 0.01–2 Herbaceous plants spread and diversify Modern humans appear

Pliocene 2–6 Herbaceous angiosperms flourish First hominids appear

Miocene 6–24 Grasslands spread as forests contract Apelike mammals and grazing 
mammals flourish; insects flourish

Oligocene 24–37 Many modern families of flowering Browsing mammals and monkeylike
plants evolve primates appear

Paleogene Eocene 37–58 Subtropical forests thrive with heavy All modern orders of mammals
rainfall are represented

Paleocene 58–66 Angiosperms diversify Primitive primates, herbivores,
carnivores, and insectivores appear

Mass Extinction: Dinosaurs and Most Reptiles

Cretaceous 66–144 Flowering plants spread; coniferous Placental mammals appear;
trees decline modern insect groups appear

Jurassic 144–208 Cycads and other gymnosperms flourish Dinosaurs flourish; birds appear

Mass Extinction

Triassic 208–245 Cycads and ginkgoes appear; forests of First mammals appear; first dinosaurs
gymnosperms and ferns dominate appear; corals and mollusks dominate

seas

Mass Extinction

Permian 245–286 Conifers appear Reptiles diversify; amphibians decline

Carboniferous 286–360 Age of great coal-forming forests: club Amphibians diversify; first reptiles 
mosses, horsetails, and ferns flourish appear; first great radiation of insects

Mass Extinction

Devonian 360–408 First seed ferns appear Jawed fishes diversify and dominate
the seas; first insects and first
amphibians appear

Silurian 408–438 Low-lying vascular plants First jawed fishes appear
appear on land

Mass Extinction

Ordovician 438–505 Marine algae flourish Invertebrates spread and diversify;
jawless fishes, first vertebrates appear

Cambrian 505–570 Marine algae flourish Invertebrates with skeletons are
dominant

700 Multicellular organisms appear

2,100 First complex (eukaryotic) cells appear

3,100–3,500 First prokaryotic cells in stromatolites appear

4,600 Earth forms
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Table 27.1 The Geological Time Scale: Major Divisions of Geological Time
with Some of the Major Evolutionary Events of Each Geological Period

Cenozoic*
(from the
present to
66.4 million
years ago)

Mesozoic
(from 66.4
to 245
million
years ago)

Paleozoic
(from 245
to 570
million
years ago)

*Many authorities divide the Cenozoic era into the Tertiary period (contains Paleocene, Eocene, Oligocene, Miocene, and Pliocene) and the Quaternary period (contains
Pleistocene and Holocene).

Precambrian time (from 570 to
4,600 million years ago)
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Mass Extinctions
Extinction is the death of every member of a species. Mass
extinctions are times when a large percentage of existing
species becomes extinct within a relatively short period of
time. There have been at least five mass extinctions through-
out history: at the ends of the Ordovician, Devonian, Per-
mian, Triassic, and Cretaceous periods. Mass extinctions are
usually followed by at least partial recovery in which the re-
maining groups of organisms spread out and fill the habitats
vacated by those that have become extinct.

Cretaceous clay contains an abnormally high level of
iridium, an element that is rare in the earth’s crust but more
common in meteorites. It was proposed in 1977 that the Cre-
taceous extinction, which saw the demise of the dinosaurs
(Fig. 27.5), was due to an asteroid that exploded, producing
meteorites that fell to earth. The result of a large meteorite
striking the earth could have produced a cloud of dust that
would have mushroomed into the atmosphere, blocking out
the sun and causing plants to freeze and die. Recently, a
layer of soot has also been identified in the stratum along-
side the iridium, and a huge crater that could have been
caused by a meteorite was found a few years ago in the
Caribbean-Gulf of Mexico region on the Yucatán Peninsula.

In 1984, paleontologists found that the fossil record of
marine animals shows that mass extinctions have occurred
about every 26 million years and, surprisingly, astronomers
can offer an explanation. Our solar system is in the Milky
Way, a starry galaxy that is 1,000,000 light-years1 in diameter
and 1,500 or so light-years thick. Our sun moves up and
down as it orbits in the Milky Way. Astronomers predict that
this vertical movement will cause our solar system to ap-
proach certain other members of the Milky Way every
26-33 million years, producing an unstable situation that
could lead to the occurrence of a meteorite. This evidence
suggests that mass extinctions are very often associated with
extraterrestrial events, but these events are not necessarily
the only cause of mass extinctions.
1One light-year, which is the distance light travels in a year, is about 6 trillion miles.
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Geological Time Scale
As a result of their studying strata, geologists have divided the
history of the earth into eras, then periods and epochs (Table
27.1). The fossil record has helped determine the dates given in
the table. There are two ways to date fossils. The relative dating
method determines the relative order of fossils and strata but
does not determine the actual date they were formed. The rel-
ative dating method is possible because fossil-containing sed-
imentary rocks occur in layers. Because the top layers are
usually younger than the lower layers, the fossils in each suc-
ceeding layer are older than the fossils in the layer above.

The absolute dating method relies on radioactive dating
techniques to assign an actual date to a fossil. All radioactive
isotopes have a particular half-life, the length of time it takes
for half of the radioactive isotope to change into another sta-
ble element. Carbon 14, 14C, is the only radioactive isotope
in organic matter. Assuming a fossil contains organic matter,
half of the 14C will have changed to nitrogen 14, 14N, in 5,730
years. In order to know how much 14C was in the organism
to begin with, it is reasoned that organic matter always
begins with the same amount of 14C. (In reality, it is known
that the 14C levels in the air—and therefore the amount in or-
ganisms—can vary from time to time.) Now we need only
compare the 14C radioactivity of the fossil to that of a mod-
ern sample of organic matter. The amount of radiation left
can be converted to the age of the fossil. After 50,000 years,
however, the amount of 14C radioactivity is so low it cannot
be used to measure the age of a fossil accurately.

Certain radioactive isotopes can be used to date rocks
directly, and from that, the age of a fossil contained in the rock
can be inferred. The ratio of potassium 40 (40K) to
argon 40 (40Ar) trapped in rock is often used; if the ratio hap-
pens to be 1:1, then half of the 40K has decayed and the rock is
1.3 billion years old. The ratio of isotope uranium 238 (238Ur)
to lead 207 (207Pb) can be used for rocks older than 100 mil-
lion years. This isotope has such a long half-life that no per-
ceptible decay will have occurred in a shorter length of time.

Figure 27.5 Dinosaurs.
Triceratops (left) and Tyrannosaurus rex (right) were dinosaurs of the Cretaceous period, when flowering plants were increasing in dominance.
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Biogeographical Evidence
Biogeography is the study of the distribution of plants and
animals throughout the world. Such distributions are con-
sistent with the hypothesis that related forms evolve in one
locale and then spread out into other regions. For example,
there are no rabbits in South America because rabbits origi-
nated somewhere else, and they had no means of reaching
South America.

Physical factors, such as the location of continents, often
determine where a population can spread. Continental drift
is a hypothesis that states that the continents are not fixed;
instead, their position and the position of the oceans have
changed over time (Fig. 27.6). Continental drift explains
why the coastlines of several continents are mirror images of
each other—the outline of the west coast of Africa matches
that of the east coast of South America. It also explains the
unique distribution patterns of several fossils. Fossils of the
same species of seed fern (Glossopteris) have been found on
all the southern continents. Similarly, the fossil reptile
Cynognathus is found in Africa and South America, and

Lystrosaurus, a mammal-like reptile, has now been found in
Antarctica, far from Africa and southeast Asia, where it also
occurs. With mammalian fossils, the situation is different:
Australia, South America, and Africa all have their own dis-
tinctive mammals because mammals evolved after the con-
tinents separated. The mammalian biological diversity of
today’s world is the result of isolated evolution on separate
continents.

The distribution of organisms on the earth is
explainable by assuming that related forms
evolved in one locale. They then diversified as they
spread out into other accessible areas.

Anatomical Evidence
A common descent hypothesis offers a plausible explanation
for anatomical similarities among organisms. Vertebrate
forelimbs are used for flight (birds and bats), orientation
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Figure 27.6 History of the placement of today’s continents.
a. About 200–250 million years ago, all the continents were joined into a supercontinent called Pangaea. b. When the joined continents of
Pangaea first began moving apart, there were two large continents called Laurasia and Gondwanaland. c. By 65 million years ago, all the
continents had begun to separate. This process is continuing today. d. North America and Europe are presently drifting apart at a rate of about
2 cm per year.
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from their ancestors; they are traces of an organism’s evolu-
tionary history.

The unity of plan shared by vertebrates extends to their
embryological development (Fig. 27.8). At some time during
development, all vertebrates have a supporting dorsal rod,
called a notochord, and exhibit paired pharyngeal pouches.
In fishes and some amphibian larvae, these pouches develop
into functioning gills. In humans, the first pair of pouches
becomes the cavity of the middle ear and the auditory tube.
The second pair becomes the tonsils, while the third and
fourth pairs become the thymus and parathyroid glands.
Why do pharyngeal pouches appear at all during vertebrate
development, since they later undergo modification? Fishes
are ancestral to other vertebrate groups—evolution doesn’t
start from scratch; it modifies existing structures.

Organisms share a unity of plan when they are
closely related because of common descent. This
is substantiated by comparative anatomy and
embryological development.

during swimming (whales and seals), running (horses),
climbing (arboreal lizards), or swinging from tree branches
(monkeys). Yet all vertebrate forelimbs contain the same sets
of bones organized in similar ways, despite their dissimilar
functions (Fig. 27.7). The most plausible explanation for this
unity is that the basic forelimb plan originated with a com-
mon ancestor, and then the plan was modified in the suc-
ceeding groups as each continued along its own
evolutionary pathway. Structures that are similar because
they were inherited from a common ancestor are called
homologous structures. The wing of a bird and insect are
analogous structures—they are all adaptations for flying
but are structurally unrelated.

Vestigial structures are anatomical features that are
fully developed in one group of organisms but are reduced
and may have no function in similar groups. Most birds, for
example, have well-developed wings used for flight. Some
bird species (e.g., ostrich), however, have wings that are
greatly reduced, and they do not fly. Similarly, snakes have
no use for hind limbs, and yet some have remnants of a
pelvic girdle and legs. Humans have a tailbone but no tail.
The presence of vestigial structures can be explained by the
common descent hypothesis. Vestigial structures are
thought to occur because organisms inherit their anatomy
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Figure 27.7 Bones of the vertebrate forelimbs.
Although the specific design details of the limbs are different, the
same bones are present (they are color-coded). This unity of plan is
evidence of a common ancestor.

Figure 27.8 Early developmental stages of chick and pig.
a. A chick embryo. b. A pig embryo. At these comparable early
developmental stages, the two have many features in common,
although eventually they are completely different animals. This is
evidence that they evolved from a common ancestor.

a. b.
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Biochemical Evidence
Cellular respiration is the common means by which organ-
isms acquire a supply of ATP for cellular metabolism. DNA
is the common means by which genetic information is
stored. There is no functional reason why biochemical
processes need be so similar. But their similarity can be ex-
plained by descent from a common ancestor.

From bacteria to humans and from algae to flowering
plants, cytochromes are involved in transport of electrons
and release of energy to produce ATP molecules. The amino
acid sequence of cytochrome c is so similar across organisms
that it can be used to indicate relatedness. The amino acid se-
quence of the cytochrome c in humans differs from that in a
monkey by only one amino acid; from that in a duck by 11,
and from that in Candida, a yeast, by 51 amino acids.

DNA is the carrier of genetic information in all organ-
isms on earth. Further, organisms utilize the same DNA
triplet code for the same 20 amino acids in their proteins. Or-
ganisms sometimes even share the same introns and hyper-
variable regions. When the degree of similarity in DNA base
sequences, as well as amino acid sequences of proteins, is ex-
amined, the data are as expected, assuming common de-
scent. Humans and chimpanzees have only a 2.5%
difference in DNA base sequences, while humans and
lemurs have a 42% difference in DNA base sequences. 

Classification of organisms is usually based on anatom-
ical and physiological attributes. Biochemical data such as
we have been discussing support the same groupings of or-
ganisms as do anatomical data, and therefore support the
concept of evolutionary relatedness caused by descent from
a common ancestor. 

All organisms have certain biochemical molecules
in common. The degree of similarity between DNA
base sequences and amino acid sequences is
thought to indicate the degree of relatedness.

27.3 Process of Evolution M

The study of macroevolution tells how species or higher lev-
els of classification are related to one another. Many modern
evolutionists are interested in the study of population genet-
ics because it allows us to see when and if evolution has
occurred. Microevolution, which we will now consider, is
defined as a change in gene frequencies within a population
over time.

Population Genetics
A population is all members of a single species occupying a
particular area at the same time. A population could be all
the green frogs in a frog pond, all the field mice in a barn, or
all the English daisies on a hill. The members of a population
reproduce with one another to produce the next generation.

Each member of a population is assumed to be free to re-
produce with any other member, and when reproduction oc-
curs, the genes of one generation are passed on in the
manner described by Mendel’s laws. Therefore, in this so-
called Mendelian population of sexually reproducing indi-
viduals, the various alleles of all the gene loci in all the
members make up a gene pool for the population. It is cus-
tomary to describe the gene pool of a population in terms of
allele frequencies for the various genes. Using this method-
ology, two investigators, G. H. Hardy, an English mathe-
matician, and W. Weinberg, a German physician, discovered
a law that bears their names.

Hardy-Weinberg law: As long as certain
conditions are met, allele frequencies in a sexually
reproducing population come to an equilibrium
that is maintained generation after generation. The
conditions are no mutations, random mating, no
gene flow, no genetic drift, and no natural
selection.
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Practice Problems*

1. In a certain population, 21% are homozygous dominant, 49% are heterozygous, and 30% are homozygous recessive. What
percentage of the next generation is predicted to be homozygous recessive, assuming a Hardy-Weinberg equilibrium?

2. Of the members of a population of pea plants, 1% are short. What are the frequencies of the recessive allele t and the dominant
allele T? What are the genotypic frequencies in this population?

3. A student places 600 fruit flies with the genotype Ll and 400 with the genotype ll in a culture bottle. What will the genotypic
frequencies be in the next generation and each generation thereafter, assuming a Hardy-Weinberg equilibrium?

*Answers to Practice Problems appear in Appendix A.
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The Hardy-Weinberg law predicts that sexual reproduc-
tion alone cannot alter the allele frequencies in a population.
For example, suppose it is known that one-fourth of all flies
in a Drosophila population are homozygous dominant for
long wings, one-half are heterozygous, and one-fourth are
homozygous recessive for short wings. Therefore, in a pop-
ulation of 100 individuals, we have

25 LL, 50 Ll, and 25 ll

What is the number of the allele L and the allele l in the pop-
ulation?

Number of L Alleles Number of l Alleles

LL (2 L � 25) � 50 LL (0 l) � 0
Ll (1 L � 50) � 50 Ll (1 l � 50) � 50
ll (0 L) � 0 ll (2 l � 25) � 50

100 L 100 l

To determine the frequency of each allele, calculate its
percentage of the total number of alleles in the population;
in each case, 100/200 � 50% � 0.50. The sperm and the
eggs produced by this population also contain these alleles
in these frequencies. Assuming random mating (all possible
gametes have an equal chance to combine with any other),
we can calculate the ratio of genotypes in the next genera-
tion using a Punnett square.

There is an important difference between this Punnett
square and one used for a cross between individuals. Here
the sperm and the eggs are those produced by the members
of a population—not those produced by individuals. As you
can see, the results of the Punnett square indicate that the
frequency for each allele in the next generation is still 0.50.

G. H. Hardy and W. Weinberg decided to use the bino-
mial expression (p2 + 2pq + q2) to calculate the genotypic and
allele frequencies of a population. Figure 27.9 shows you
how this is done. However, it is not necessary to do the
mathematics in order to realize that sexual reproduction in
and of itself cannot bring about a change in the allele fre-
quencies of a gene pool. Also, the dominant allele does not
necessarily increase from one generation to the next. Domi-
nance does not cause an allele to become a common allele.

Sexual reproduction alone cannot affect a Hardy-
Weinberg equilibrium, which predicts the same
gene pool frequencies generation after generation.

sperm

eggs

0.5 L

0.5 L

0.5 l

0.5 l
Results:
0.25LL + 0.5Ll + 0.25ll0.25 LL

0.25 Ll

0.25 Ll

0.25 ll   (   LL  +     Ll  +      ll)1
4

1
2

1
4
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p2 + 2 pq  + q2

p2 

p 

q2 

q 

2 pq 

Realize that p + q  = 1 (there are only 2 alleles)

p2 + 2 pq + q2 = 1 (these are the only genotypes)

Example

An investigator has determined by inspection that 16% of a human population has a straight 
hairline (recessive trait). Using this information, we can complete all the genotypic and allelic 
frequencies for the population, provided the conditions for Hardy-Weinberg equilibrium are 
met.

Given: q2 = 16% = 0.16 are homozygous recessive individuals

Therefore, q = 0.16  = 0.4 = frequency of recessive allele
p = 1.0 – 0.4 = 0.6 = frequency of dominant allele
p2 = (0.6)(0.6) = 0.36 = 36% are homozygous 
                                     dominant individuals
2 pq = 2(0.6)(0.4) = 0.48 = 48% are heterozygous

                         individuals
or                                      

      = 1.00 – 0.52 = 0.48
 

84% have the
dominant phenotype

= % homozygous dominant individuals

= frequency of dominant allele

= % homozygous recessive individuals

= frequency of recessive allele

= % heterozygous individuals

Figure 27.9 Using the Hardy-Weinberg equation.
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The Hardy-Weinberg law states that an equilibrium of
allele frequencies in a gene pool, calculated by using the ex-
pression p2 + 2pq + q2, will remain in effect in each succeed-
ing generation of a sexually reproducing population as long
as five conditions are met.

• No mutations. Allelic changes do not occur, or
changes in one direction are balanced by changes in
the opposite direction.

• No genetic drift. The population is very large, and
changes in allele frequencies due to chance alone are
insignificant.

• No gene flow. Migration of individuals, and therefore
alleles, into or out of the population does not occur.

• Random mating. Individuals pair by chance and not
according to their genotypes or phenotypes.

• No selection. No selective force favors one genotype
over another.

In real life, these conditions are rarely, if ever, met, and
allele frequencies in the gene pool of a population do change
from one generation to the next. Therefore, evolution has oc-
curred. The significance of the Hardy-Weinberg law is that it tells
us what factors cause evolution—those that violate the conditions

listed. Microevolution can be detected by noting any devia-
tion from a Hardy-Weinberg equilibrium of allele frequen-
cies in the gene pool of a population.

Figure 27.10 gives an example of microevolution in a
population of peppered moths. Peppered moths can be
dark-colored or light-colored, and the percentage of each in
the population can vary. If tree trunks are light, light-colored
moths make up most of the population, and when the tree
trunks are dark due to pollution, dark-colored moths make
up most of the population. Predatory birds are the selective
agent that causes the makeup of the population to vary.
When dark-colored moths rest on light trunks in a non-
polluted area, they are seen and eaten by these birds. With
the advent of pollution, the trunks of trees darken and it is
the light-colored moths that stand out and are eaten. We
know that evolution has occurred in Figure 27.10 because
the population changes from 10% dark-colored phenotype
to 80% dark-colored phenotype over time.

A Hardy-Weinberg equilibrium provides a baseline 
by which to judge whether evolution has occurred. 
Any change of allele frequencies in the gene pool of
a population signifies that evolution has occurred.

558 Part 6 Evolution and Diversity 27-12

Generation O Several Generations Later

10% dark-colored phenotype 80% dark-colored phenotype

Figure 27.10 Microevolution.
Microevolution has occurred when there is a change in gene pool frequencies—in this case, due to natural selection. On the far left, birds cannot
see light-colored moths on light tree trunks and, therefore, the light-colored phenotype is more frequent in the population. On the far right, birds
cannot see dark-colored moths on dark tree trunks, and the dark-colored phenotype is more frequent in the population. The percentage of the
dark-colored phenotype has increased in the population because predatory birds can see light-colored moths against tree trunks that are now
sooty due to pollution. 
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Five Agents of Evolutionary Change
The list of conditions for genetic equilibrium stated previ-
ously implies that the opposite conditions can cause evolu-
tionary change. These conditions are mutations, genetic
drift, gene flow, nonrandom mating, and natural selection.

Mutations
Mutations provide new alleles and therefore underlie all
other mechanisms that produce variation, the raw material
for evolutionary change. Investigations have demonstrated
that high levels of molecular variation are the rule in natural
populations. When various Drosophila enzymes were ex-
tracted and subjected to electrophoresis, it was found that a
fly population is polymorphic at no less than 30% of all its
gene loci and that an individual fly is likely to be heterozy-
gous at about 12% of its loci. 

Mutations alone are not likely to cause evolution—
selective agents acting on heritable variation may cause evo-
lution to occur. Even a seemingly harmful mutation can be a
source of variation that can help a population adapt to the
new surroundings. For example, the water flea Daphnia or-
dinarily thrives at temperatures around 20°C and cannot
survive temperatures of 27°C or more. There is, however, a
mutation that allows Daphnia to live at temperatures be-
tween 25°C and 30°C. The adaptive value of this mutation is
entirely dependent on environmental conditions. 

Genetic Drift
Genetic drift refers to changes in allele frequencies of a gene
pool due to chance. In nature, two situations, called founder
effect and bottleneck effect, lead to small populations in which
genetic drift drastically affects gene pool frequencies (Figure
27.11). 

The founder effect occurs when a few individuals
found a colony and only a fraction of the total genetic diver-
sity of the original gene pool is represented. Which particu-
lar alleles are carried by the founders is dictated by chance
alone. The Amish of Lancaster, Pennsylvania, is an isolated
religious sect descended from German founders. Today, as
many as one in 14 individuals in this group carries a reces-
sive allele that causes an unusual form of dwarfism (it af-
fects only lower arms and legs) and polydactylism (extra
fingers) (Fig. 27.12). In the non-Amish population, only one
in 1,000 individuals has this allele.

Sometimes a population is subjected to near extinction
because of a natural disaster (e.g., earthquake or fire) or be-
cause of human interference. The disaster acts as a bottleneck,
preventing the majority of genotypes from participating in
the production of the next generation. For example, the large
genetic similarity found in cheetahs is believed to be due to a
bottleneck effect. In a study of 47 different enzymes, each of
which can come in several different forms, all the cheetahs
had exactly the same form. This demonstrates that genetic
drift can cause certain alleles to be lost from a population.
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genetic drift
death

Figure 27.11 Genetic drift.
Genetic drift occurs when by chance only certain members of a
population (in this case, green frogs) reproduce and pass on their
genes to the next generation. The allele frequencies of the next
generation’s gene pool may be markedly different from that of the
previous generation.

Figure 27.12 Founder effect.
A member of the founding population of Amish in Pennsylvania had a
recessive allele for a rare kind of dwarfism. The percentage of the
Amish population now carrying this allele is much higher than that of
the general population.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


At the age of 22, Charles Darwin signed on as a naturalist
with the HMS Beagle, a ship that took a five-year trip
around the world in the first half of the nineteenth century.
Because the ship sailed in the tropics of the Southern Hemi-
sphere, where life forms are more abundant and varied,
Darwin encountered forms of life very different from those
in his native England.

Even though it was not his original intent, Darwin began
to realize and to gather evidence that life forms change over
time and from place to place. He read a book by Charles
Lyell, a geologist, who suggested the world is very old and
has been undergoing gradual changes for many, many
years. Darwin found the remains of a giant ground sloth
and an armadillo on the east coast of South America and
wondered if these extinct forms were related to the living
forms of these animals. When he compared the animals of
Africa to those of South America, he noted that the African
ostrich and the South American rhea, although similar in
appearance, were actually different animals. He reasoned
that they had a different line of descent because they were
on different continents. When Darwin arrived at the Galá-
pagos Islands, he began to study the diversity of finches (see
Fig. 27.17), whose adaptations could best be explained by
assuming they had diverged from a common ancestor. With
this type of evidence, Darwin concluded that species evolve
(change) with time.

When Darwin returned home, he spent the next 20 years
gathering data to support the principle of organic evolu-
tion. His most significant contribution to this principle was
his theory of natural selection, which explains how a
species becomes adapted to its environment. Before formu-
lating the theory, he read an essay on human population
growth written by Thomas Malthus. Malthus observed that
although the reproductive potential of humans is great,
there are many environmental factors, such as availability
of food and living space, that tend to keep the human pop-
ulation within bounds. Darwin applied these ideas to all
populations of organisms. For example, he calculated that a
single pair of elephants could have 19 million descendants
in 750 years. He realized that other organisms have even
greater reproductive potential than this pair of elephants;
yet, usually the number of each type of organism remains

about the same. Darwin decided there is a constant struggle
for existence, and only a few members of a population sur-
vive to reproduce. The ones that survive and contribute to
the evolutionary future of the species are by and large the
better-adapted individuals. This so-called survival of the
fittest causes the next generation to be better adapted than
the previous generation.

Darwin’s theory of natural selection was nonteleologi-
cal; that is, organisms do not strive to adapt themselves to
the environment; rather, the environment acts on them to
select those individuals that are best adapted. These are the
ones that have been “naturally selected” to pass on their
characteristics to the next generation. In order to emphasize
the nonteleological nature of Darwin’s theory, it is often
contrasted with the theory of Jean-Baptiste Lamarck, an-
other nineteenth-century naturalist (Fig. 27A). The Lamar-
ckian explanation for the long neck of the giraffe was based
on the assumption that the ancestors of the modern giraffe
were trying to reach into the trees to browse on high-grow-
ing vegetation. Continual stretching of the neck caused it to
become longer, and this acquired characteristic was passed
on to the next generation. Lamarck’s theory is teleological
because, according to him, the outcome is known ahead of
time. This type of explanation has not stood the test of time,
but Darwin’s theory of evolution by natural selection has
been fully substantiated by later investigations.

These are the critical elements of Darwin’s theory.
• Variations. Individual members of a species vary in

physical characteristics. Physical variations can be
passed from generation to generation. (Darwin was
never aware of genes, but we know today that the
inheritance of the genotype determines the
phenotype.)

• Struggle for existence. The members of all species
compete with each other for limited resources. Certain
members are able to capture these resources better
than others.

• Survival of the fittest. Humans carry on artificial
breeding programs to select which plants and animals
will reproduce. Similarly, natural selection by the
environment determines which organisms will
survive and reproduce. While Darwin emphasized the
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Charles Darwin’s Theory of Natural Selection
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importance of survival, modern
evolutionists emphasize the
importance of unequal reproduction.
In any case, however, the selection
process is nonteleological. Certain
members of the population are
selected to produce more offspring
simply because they happen to have a
variation that makes them better
suited to the environment.

• Adaptation. Natural selection causes a
population of organisms and ultimately
a species to become adapted to the
environment. The process is slow, but
each subsequent generation includes
more individuals that are better
adapted to the environment.

Can natural selection account for the
origin of new species and for the great di-
versity of life? Yes, if we are aware that life
has been evolving for a very long time and
that variously adapted populations can
arise from a common ancestor.

Darwin was prompted to publish his
findings only after he received a letter from
another naturalist, Alfred Russel Wallace,
who had come to the exact same conclu-
sions about evolution. Although both sci-
entists subsequently presented their ideas
at the same meeting of the famed Royal So-
ciety in London in 1858, only Darwin later
gathered together detailed evidence in sup-
port of his ideas. He described his experi-
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Figure 27A Mechanism of
evolution.
This diagram contrasts (a) Jean-Baptiste
Lamarck’s theory as to how evolution occurs,
called the theory of acquired characteristics,
with that of (b) Charles Darwin, called the
theory of natural selection. Only Darwin’s
theory is supported by data.

Their offspring had longer necks that
they stretched to reach food.

Eventually, the continued stretching of
the neck resulted in today's giraffe.

Eventually, only long-necked giraffes
survived the competition. 

a. Lamarck's theory

Early giraffes probably had short necks
that they stretched to reach food.

Early giraffes probably had necks of
various lengths.

Natural selection due to competition led
to survival of the longer-necked giraffes
and their offspring.

b. Darwin's theory

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Gene Flow
Gene flow is the movement of alleles between populations
by, for example, the migration of breeding individuals from
one population to the other. Adult plants are not able to mi-
grate, but their gametes are often either windblown or car-
ried by insects. The wind, in particular, can carry pollen for
long distances and can therefore be a factor in gene flow
between plant populations.

Gene flow between two populations keeps their gene
pools similar. It also prevents close adaptation to a local
environment.

Nonrandom Mating
Nonrandom mating occurs when individuals pair up, not
by chance, but according to their genotypes or phenotypes.
Inbreeding, or mating between relatives to a greater extent
than by chance, is an example of nonrandom mating.
Inbreeding decreases the proportion of heterozygotes and
increases the proportions of both homozygotes at all gene
loci. In a human population, inbreeding increases the
frequency of recessive abnormalities (see Fig. 27.12). 

Natural Selection
Natural selection is the process by which populations be-
come adapted to their environment. The reading on pages
560–61 outlines how Charles Darwin, the father of evolu-
tion, explained evolution by natural selection. Here, we
restate these steps in the context of modern evolutionary
theory. In evolution by natural selection, the fitness of an
individual is measured by how reproductively successful its
offspring are in the next generation.

Evolution by natural selection requires:

1. Variation. The members of a population differ from
one another.

2. Inheritance. Many of these differences are heritable
genetic differences.

3. Differential adaptedness. Some of these differences
affect how well an organism is adapted to its
environment.

4. Differential reproduction. Individuals that are better
adapted to their environment are more likely to
reproduce, and their fertile offspring will make up a
greater proportion of the next generation.

Random gene mutations are the ultimate source of vari-
ation because they provide new alleles. However, in sexu-
ally reproducing organisms, recombination of alleles and
chromosomes due to crossing-over during meiosis, inde-
pendent assortment of chromosomes, and fertilization con-
tribute greatly to variation. Recombination may at some
time bring a more favorable combination of alleles together.
After all, it is the combined phenotype that is subjected to
natural selection. In fact, most of the traits on which natural

selection acts are polygenic and controlled by more than one
pair of alleles. Such traits have a range of phenotypes, the
frequency distribution of which usually resembles a bell-
shaped curve.

Three types of natural selection have been described for
any particular trait. They are stabilizing selection, direc-
tional selection, and disruptive selection.

Stabilizing Selection Stabilizing selection occurs when
an intermediate phenotype is favored (Fig. 27.13). It can im-
prove adaptation of the population to those aspects of the
environment that remain constant. With stabilizing selec-
tion, extreme phenotypes are selected against, and individu-
als near the average are favored. As an example, consider
the birth weight of human infants, which ranges from
0.89–4.9 kilograms (2–10.8 lb). The death rate is higher for
infants whose birth weights are at these extremes and lowest
for babies who have a birth weight between 3.1 kilograms
and 3.5 kilograms. Most babies have a birth weight within
this range, which gives the best chance of survival. Similar
results have been found in other animals, also.

Directional Selection Directional selection occurs when
an extreme phenotype is favored and the distribution curve
shifts in that direction (Fig. 27.14). Such a shift can occur
when a population is adapting to a changing environment.
For example, the gradual increase in the size of the modern
horse, Equus, can be correlated with a change in the environ-
ment from forestlike conditions to grassland conditions.
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Figure 27.13 Stabilizing selection.
Natural selection favors the intermediate phenotype (see arrows) over
the extremes. Today, it is observed that most human babies are of
intermediate weight (about 3.2 kg, or 7 lb), and very few babies are
either very small or very large.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Hyracotherium, which was about the size of a dog, was
adapted to the forestlike environment of the Eocene, an
epoch of the Paleogene period. This animal could have hid-
den among the trees for protection, and its low-crowned
teeth were appropriate for browsing on leaves. In the
Miocene and Pliocene epochs, however, grasslands began to
replace the forests. Then the ancestors of Equus were subject
to selective pressure for the development of strength, intelli-
gence, speed, and durable grinding teeth. A larger size pro-
vided the strength needed for combat, a larger skull made
room for a larger brain, elongated legs ending in hooves
gave speed to escape enemies, and the durable grinding
teeth enabled the animals to feed efficiently on grasses.
Nevertheless, the evolution of the horse should not be
viewed as a straight line of descent; there were many side
branches that became extinct.

Industrial melanism is another good example of direc-
tional selection in which the selective agent is known. Moths
rest on the trunks of trees during the day; if they are seen by
predatory birds, they are eaten. As long as the tree trunks in
the environment are light in color, the light-colored moths
live to reproduce. But if the tree trunks turn black from
industrial pollution, the dark-colored moths survive and re-
produce to a greater extent than the light-colored moths. The
dark-colored phenotype then becomes the more frequent
one in the population (see Fig. 27.10). However, if pollution
is reduced and the trunks of the trees regain their normal
color, the light-colored moths again increase in number.

Pesticides and antibiotics are selective agents for insects
and bacteria, respectively. The forms that survive exposure
to these agents give rise to future generations that are resis-
tant to these toxic substances.

Chapter 27 Origin and Evolution of Life 56327-17

initial
distribution

after 
time

after
more 
time

N
u

m
b

er
 o

f 
In

d
iv

id
u

al
s 

Directional Selection

body size          

body size

Hyracotherium

Merychippus   

Equus

Figure 27.14 Directional selection.
This occurs when natural selection favors one extreme phenotype (see arrows), resulting in a shift in the distribution curve. Equus, the modern-
day horse, which is adapted to a grassland habitat, evolved from Hyracotherium, which was adapted to a forest habitat.
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Disruptive Selection In disruptive selection, two or more
extreme phenotypes are favored over any intermediate phe-
notype (Fig. 27.15). For example, British land snails (Cepaea
nemoralis) have a wide habitat range that includes low-
vegetation areas (grass fields and hedgerows) and forest
areas. In low-vegetation areas, thrushes feed mainly on
snails with dark shells that lack light bands, and in forest ar-
eas, they feed mainly on snails with light-banded shells.
Therefore, the two different habitats have resulted in two
different phenotypes in the population.

The agents of evolutionary change are mutations,
genetic drift, gene flow, nonrandom mating, and
natural selection. These processes cause changes
in the gene pool frequencies of a population. Only
natural selection results in adaptation to the
environment.

Maintenance of Variations
Sickle-cell disease shows how genetic variation is sometimes
maintained in a population. Persons with sickle-cell disease
have sickle-shaped red blood cells, leading to hemorrhaging
and organ destruction. In parts of Africa, there is a high inci-
dence of malaria caused by a parasite that lives in and de-
stroys red blood cells. Sickle-cell disease tends to be more

common in such areas. A study of the three genotypes and
phenotypes involved explains why.

Persons with sickle-cell trait are more likely to survive
to reproduce for two reasons. Most of the time they do not
have circulatory problems because their red blood cells have
a normal shape. Even so, the malarial parasite cannot sur-
vive in their red blood cells. When the cells are sickled, they
lose potassium and the parasite dies.

The frequency of the sickle-cell allele in some parts of
Africa is 0.40, while among African-Americans it is only 0.05
due to reduced malaria in the United States. The ability of
the heterozygote to survive accounts for the greater
frequency of the sickle-cell allele in Africa. The favored
heterozygote keeps the two homozygotes present in the
population; when the ratio of two or more phenotypes
remains the same in each generation, it is called balanced
polymorphism.

HbAHbA

HbAHbS

HbSHbS

Genotype Phenotype Result

Normal
Dies due to
malarial infection

Lives due to
protection from both

Dies due to
sickle-cell disease

Sickle-cell
disease

Sickle-cell trait
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Figure 27.15 Disruptive selection.
Natural selection favors two extreme phenotypes (see arrows). Today, it is observed that British land snails comprise mainly two different
phenotypes, each adapted to a particular habitat.
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27.4 Speciation M

Usually, a species occupies a certain geographical range,
within which there are several subpopulations. For our
present discussion, species is defined as a group of inter-
breeding subpopulations that share a gene pool and that are
isolated reproductively from other species. The subpopula-
tions of the same species exchange genes, but different
species do not exchange genes. Reproductive isolation of
the gene pools of similar species is accomplished by such
mechanisms as those listed in Table 27.2. If premating iso-
lating mechanisms are in place, reproduction is never at-
tempted. If postmating isolating mechanisms are in place,
reproduction may take place, but it does not produce fertile
offspring.

Process of Speciation
Whenever reproductive isolation develops, speciation has
occurred. Figure 27.16 outlines how it is believed that re-
productive isolation usually comes about. In the first
frame, a species is represented by two populations which
are experiencing gene flow. However, when the popula-
tions become separated by a geographic barrier, gene flow is
no longer possible. A geographic barrier could be a new
canal recently built by humans, or an upheaval caused by
an earthquake, and so forth. Now different variations arise
in the two populations due to independent mutations,
drift, and selection so that first postmating, and then, if
enough time passes, premating reproductive isolation

occurs. Even if the geographic barrier is now removed, the
two populations will not be able to reproduce with one an-
other, and therefore, what was one species has become
two species. This model of speciation is called allopatric
speciation.

It is also possible that a single population could sud-
denly divide into two reproductively isolated groups with-
out the need for geographic isolation. The best evidence for
this type of speciation, called sympatric speciation, is
found among plants, where multiplication of the chromo-
some number in one plant prevents it from successfully re-
producing with others of its kind. But self-reproduction
could lead to a number of offspring with the new chromo-
some number.

Speciation is the origin of species. This usually
requires geographic isolation followed by
reproductive isolation.
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Isolating Mechanism Example

Premating

Habitat isolation Species at same locale occupy different 
habitats

Temporal isolation Species reproduce at different seasons or
different times of day

Behavioral isolation In animals, courtship behavior differs or 
they respond to different songs, calls,
pheromones, or other signals

Mechanical isolation Genitalia unsuitable for one another

Postmating

Gamete isolation Sperm cannot reach or fertilize egg

Zygote mortality Fertilization occurs, but zygote does not 
survive

Hybrid sterility Hybrid survives but is sterile and cannot 
reproduce

F2 fitness Hybrid is fertile but F2 hybrid has 
reduced fitness

Table 27.2 Reproductive Isolating Mechanisms

Two populations
experience
gene flow.

Gene flow is
interrupted by
geographic
barrier.  Variant
types appear.

Drift and
selection cause
divergence between
isolated gene
pools.

Reproductive
isolation is
present even
though geographic
barrier has been
removed.  Speciation
is complete.

gene

flow

population 1 population 2

variant type variant type

individual of
species 1

individual of
species 2
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Figure 27.16 Allopatric speciation.
Allopatric speciation occurs after a geographic barrier prevents gene
flow between populations that originally belonged to a single species.
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Tree Finches

warbler-type
finch

medium
insectivorous
tree finch

small
insectivorous
tree finch

large
insectivorous
tree finch

woodpecker-type
finch

vegetarian
tree finch

mangrove
finch

medium ground
finch

Ground Finches

large
cactus
ground
finch small 

ground
finch

cactus
ground
finch

sharp-beaked ground finch large ground finch

Figure 27.17 The Galápagos finches.
Each of these finches is adapted to gathering and eating a different type of food. Tree finches have beaks largely adapted to eating insects and,
at times, plants. The woodpecker-type finch, a tool-user, uses a cactus spine or twig to probe in the bark of a tree for insects. Ground finches
have beaks adapted to eating prickly-pear cactus or different size seeds.
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Adaptive Radiation
One of the best examples of speciation is provided by the
finches on the Galápagos Islands, which are often called Dar-
win’s finches because Darwin first realized their significance
as an example of how evolution works. The Galápagos Is-
lands, located 600 miles west of Ecuador, South America, are
volcanic but do have forest regions at higher elevations. The
13 species of finches (Fig. 27.17), placed in three genera, are be-
lieved to be descended from mainland finches that migrated
to one of the islands. Therefore, Darwin’s finches are an exam-
ple of adaptive radiation, or the proliferation of a species by
adaptation to different ways of life. We can imagine that after
the original population of a single island increased, some in-
dividuals dispersed to other islands. The islands are ecologi-
cally different enough to have promoted divergent feeding
habits. This is apparent because although the birds physically
resemble each other in many respects, they have different
beaks, each of which is adapted to gathering and eating a dif-
ferent type of food. There are seed-eating ground finches, with
beaks appropriate to cracking small-, medium-, or large-sized
seeds; cactus-eating ground finches, with beaks appropriate
for eating prickly-pear cacti; insect-eating tree finches, also
with different-sized beaks; and a warbler-type tree finch, with
a beak adapted to insect eating and nectar gathering. Among
the tree finches, there is a woodpecker type, which lacks the
long tongue of a true woodpecker but makes up for this by
using a cactus spine or a twig to ferret out insects.

The evolution of several species of finches on the
Galápagos Islands is an example of adaptive
radiation.

The Pace of Speciation
The fossil Archaeopteryx (see Fig. 27.4) is a transitional form
that can be used to link one major group of organisms to
another. The expression “missing link,” which is some-
times used, is suitable because few such transitional forms
have been found. Some of today’s organisms are called liv-
ing fossils because they are so similar to their original an-
cestors. Horseshoe crabs, crocodiles and coelacanth fish are
animals that still resemble their earliest ancestors. A time of
limited change in a lineage (evolutionary line) is called
stasis.

Currently there are two hypotheses about the pace of
speciation and therefore evolution (Fig. 27.18). Traditionally,
evolutionists have supported a model called phyletic grad-
ualism, which says that change is very slow but steady
within a lineage before and after a divergence (splitting of
the line of descent). Therefore, it is not surprising that few
transitional links have been found. Indeed, the fossil record,
even if it were complete, may be unable to show when spe-
ciation has occurred. A species is defined on the basis of
reproductive isolation, and reproductive isolation cannot be
detected in the fossil record!

In recent years, a new model of evolution called punc-
tuated equilibrium has been proposed. It says that stasis, a
period of equilibrium, is punctuated by speciation. With ref-
erence to the length of the fossil record (about 3.5 billion
years), speciation occurs relatively rapidly, and this explains
why few transitional links ever became fossils. Indeed, spe-
ciation most likely involves only an isolated population at
one locale. Only when a new species evolves and displaces
the existing species is the new species likely to show up in
the fossil record.
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Figure 27.18 Modes of evolutionary change.
The differences between phyletic gradualism (a) and punctuated equilibrium (b) are reflected in these two patterns of time versus structure.
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Classification
As mentioned, macroevolution concerns the relationship be-
tween groups of organisms above the species level. The study
of macroevolution is related to the science of taxonomy.

Taxonomy
Taxonomy, the discipline of describing and classifying or-
ganisms, begins when each is assigned a name. In the bino-
mial system, names have two parts. For example, Homo
sapiens and Homo erectus (now extinct) are two different
species of humans. The first word, Homo, is the genus (pl.,
genera), a classification category that can contain many
species. The second word is the specific epithet which may
tell something descriptive about the organism. Sapiens refers
to a large brain, and erectus refers to the ability to walk erect.
The scientific name is in italics; the genus is capitalized
while the specific epithet is not. The species is designated by
the full name; the genus name can be used alone to refer to a
group of related species.

Taxonomists group species into ever larger categories.
Today there are at least seven obligatory categories, often
called taxa: species, genus, family, order, class, phylum
(called divisions in the plant kingdom), and kingdom. All
species in the same genus have many characteristics in com-
mon. We would expect, for example, all species of oak trees
in the genus Quercus to be very similar. Just as there can be
several species within a genus, there can be several genera
within a family, and so forth—the higher the category the
more inclusive it is. Organisms in the same kingdom have
general characteristics in common despite
their having a different appearance. In the
plant kingdom, rose bushes are easily distin-
guishable from pine trees although both carry
on photosynthesis.

This text recognizes five kingdoms: king-
doms Monera, Protista, Fungi, Plantae, and
Animalia. Figure 27.19 describes and Table
27.3 lists the characteristics of each kingdom.
Figure 27.20 depicts an organism from each
kingdom. It is customary to show the relation-
ship of organisms in the form of an evolution-
ary tree; Figure 27.19 gives an evolutionary
tree to show how the five kingdoms might be
related. In an evolutionary tree, a branching
point represents a common ancestor that gave
rise to other lineages.

Systematics
Taxonomy is a part of the broader field of systematics, which
is the study of the diversity of organisms. One goal of sys-
tematics is to determine phylogeny, or the evolutionary his-
tory of a group of organisms. In recent years cladistics,
which is a relatively new school of systematics, has been
faulting the long-accepted traditional school. The tradi-
tional school classifies organisms according to both com-
mon ancestry and the degree of difference among evolved
groups. On this basis, birds are not reptiles because birds
have feathers and fly. Cladistics classifies organisms accord-
ing to shared, specialized characteristics. On this basis, birds
are reptiles because the two groups of animals have many
derived characteristics in common. Cladists develop dia-
grams called cladograms (instead of evolutionary trees)
based solely on shared characteristics.

Another area of controversy today concerns the possible
need to introduce a higher level of classification called a do-
main. Ribosomal RNA sequencing data have been inter-
preted to mean that archaea (types of bacteria living in
extreme habitats, possibly resembling those of the primitive
earth) and bacteria (all the other types of prokaryotes)
should be in separate domains, appropriately called
Archaea and Bacteria. All the eukaryotes (protists, fungi,
plants, and animals) would be in the domain Eukarya. 
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Figure 27.19 The five-kingdom system of
classification.
Representatives of each kingdom are depicted in the
ovals, and an evolutionary tree roughly indicates the
lines of descent.
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Monera Protista Fungi Plantae Animalia

Type of cell Prokaryotic Eukaryotic Eukaryotic Eukaryotic Eukaryotic

Complexity Unicellular Unicellular Unicellular or multicellular Multicellular Multicellular

Type of nutrition Autotrophic by various Photosynthetic Heterotrophic saprotrophs Photosynthetic Heterotrophic by 
or heterotrophic or heterotrophic ingestion
by various by various

Motility Sometimes by flagella Sometimes by Nonmotile Nonmotile Motile by con-
flagella (or cilia) tractile fibers

Reproduction Asexual usual Asexual/sexual Sexual usual Sexual usual Sexual usual

Internal protection No No No Yes Yes
of zygote

Nervous system None Conduction of None None Present
stimuli in
some forms

Table 27.3 Classification Criteria for the Five-Kingdom System

Figure 27.20 The five-kingdom system—a pictorial representation. 

100 µm 500 µm

Grey wolf, Canis
Kingdom Animalia

Black-eyed Susan, Rudbeckia
Kingdom Plantae

Paramecium, Paramecium
Kingdom Protista

Mushroom, Hygrocybe
Kingdom Fungi

Bacteria, Escherichia
Kingdom Monera
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27.3 Process of Evolution
Evolution is described as a process that involves a change in gene fre-
quencies within the gene pool of a sexually reproducing population.
The Hardy-Weinberg law states that the gene pool frequencies arrive at
an equilibrium that is maintained generation after generation unless
disrupted by mutations, genetic drift, gene flow, nonrandom mating,
or natural selection. Any change from the initial allele frequencies in
the gene pool of a population signifies that evolution has occurred.

27.4 Speciation
Speciation is the origin of species. This usually requires geographic iso-
lation, followed by reproductive isolation.

The evolution of several species of finches on the Galápagos Is-
lands is an example of adaptive radiation because each species has a
different way of life, but all species came from one common ancestor.

Currently, there are two hypotheses about the pace of speciation.
Traditionalists support phyletic gradualism—slow, steady change
leading to speciation. A new model, punctuated equilibrium, says that
a long period of stasis is interrupted by speciation.

Classification involves the assignment of species to categories.
There are seven obligatory categories of classification: species, genus,
family, order, class, phylum, and kingdom. Each higher category is
more inclusive; members of the same kingdom share general charac-
teristics, and members of the same species share quite specific charac-
teristics. The five-kingdom system of classification recognizes these
kingdoms: Monera (the bacteria), Protista (e.g. algae, protozoa), Fungi,
Plantae, Animalia. 
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Evolution is a scientific theory. So is the
cell theory, which says that all organ-

isms are composed of cells, and so is the
atomic theory that says all matter is com-
posed of atoms. Yet, no one argues that
schools should teach alternatives to the
cell theory or the subatomic theory. Confu-
sion reigns over the use of the expression,
“the theory of evolution.” But the term
theory in science is reserved for those
ideas that scientists have found to be all
encompassing because they are based on
data collected in a number of different
fields. 

No wonder most scientists in our
country are dismayed when state legisla-
tures or school boards rule that teachers
must put forward a variety of “theories”
on the origin of life, including one that
runs contrary to the mass of data that sup-
ports the theory of evolution. An institute
in California called the Institute for Cre-
ation Research advocates that students be
taught an “intelligent-design theory”

which says that DNA could never have
arisen without the involvement of an “in-
telligent agent,” and that gaps in the fossil
record mean that species arose fully devel-
oped with no antecedents. 

Since our country forbids the min-
gling of church and state—no purely reli-
gious ideas can be taught in the
schools—the advocates for an “intelligent-
design theory” are careful to never men-
tion the Bible nor any ideas like God
created the world in seven days. Still,
teachers who have a good scientific back-
ground do not feel comfortable teaching
an “intelligent-design theory” because it
does not meet the test of a scientific theory.
Science is based on hypotheses that have
been tested by observation and/or experi-
mentation. A scientific theory has stood
the test of time—no hypotheses have been
supported by observation and/or experi-
mentation that run contrary to the theory.
On the contrary, the theory of evolution is
supported by data collected in such wide-

ranging fields as development, anatomy,
geology, biochemistry, and so forth. 

The polls consistently show that
nearly half of all Americans prefer to be-
lieve the Old Testament account of how
God created the world in seven days. That,
of course, is their right, but should schools
be required to teach an “intelligent-design
theory” that traces its roots back to the Old
Testament, and is not supported by obser-
vation and experimentation?

Questions
1. Should teachers be required to teach an

“intelligent-design theory” of the origin
of life in schools? Why or why not?

2. Should schools rightly teach that science
is based on data collected by the testing
of hypotheses by observation and
experimentation? Why or why not?

3. Should schools be required to show that
the “intelligent-design theory” does not
meet the test of being scientific? Why or
why not? 

Summarizing the Concepts

27.1 Origin of Life
In the presence of an outside energy source, such as ultraviolet radiation,
the primitive atmospheric gases reacted with one another to produce
small organic molecules.

Next, macromolecules evolved and interacted. The RNA-first hy-
pothesis is supported by the discovery of ribozymes, RNA enzymes.
The protein-first hypothesis is supported by the observation that
amino acids polymerize abiotically when exposed to dry heat. The
Cairns-Smith hypothesis suggests that macromolecules could have
originated in clay. The protocell must have been a heterotrophic fer-
menter living on the preformed organic molecules in the organic soup.
Eventually the DNA £ RNA £ protein self-replicating system
evolved, and a true cell came into being.

27.2 Evidence of Evolution
The fossil record and biogeography, as well as comparative anatomy,
development, and biochemistry, all give evidence of evolution. The fos-
sil record gives us the history of life in general and allows us to trace
the descent of a particular group. Biogeography shows that the distri-
bution of organisms on earth is explainable by assuming organisms
evolved in one locale. Comparing the anatomy and the development of
organisms reveals a unity of plan among those that are closely related.
All organisms have certain biochemical molecules in common, and
similarities indicate the degree of relatedness.

http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Chapter 27 Origin and Evolution of Life 57127-25

Studying the Concepts

1. Contrast the RNA-first hypothesis with the protein-first
hypothesis. If polymerization occurred in clay, what macro-
molecules would have resulted? 549

2. Trace the steps by which a chemical evolution may have
produced a protocell. 549–50

3. Why is it likely the protocell was a heterotrophic fermenter?
550

4. How did the protocell become a true cell? 550
5. Show that the fossil record and biogeography, as well as

comparative anatomy, development, and biochemistry, all
give evidence of common descent. 551–56

6. What is the Hardy-Weinberg law? What is its significance?
556–58

7. Name and discuss the agents of evolutionary change. 559,
562

8. What are the four requirements for evolution by natural
selection? 560–62

9. Name and give an example for each type of selection.
560–64

10. Define a species. How do new species originate? 565
11. When is adaptive radiation apt to take place? 567
12. Contrast the basic tenets of phyletic gradualism and punctu-

ated equilibrium with regard to speciation. 567
13. Describe the five-kingdom system of classification, and give

examples of each kingdom. 568

Testing Yourself

Choose the best answer for each question.
1. Which of these did Stanley Miller place in his experimental

system to show that organic molecules could have arisen
from inorganic molecules on the primitive earth?
a. microspheres
b. clay and water
c. purines and pyrimidines
d. the primitive gases
e. All of these are correct.

2. Which of these is the chief reason the protocell was probably
a fermenter?
a. It didn’t have any enzymes.
b. It didn’t have a nucleus.
c. The atmosphere didn’t have any oxygen.
d. Fermentation provides the greatest amount of energy.
e. All of these are correct.

3. Evolution of the DNA£ RNA£ protein system was a mile-
stone because the protocell
a. was a heterotrophic fermenter.
b. could now reproduce.
c. lived in the ocean.
d. needed energy to grow.
e. All of these are correct. 

4. Continental drift helps explain the
a. occurrence of mass extinctions.
b. distribution of fossils on earth.
c. geological upheavals like earthquakes.
d. Only a and b are correct.
e. All of these are correct.

5. If evolution occurs, we would expect different biogeographi-
cal regions with similar environments to 
a. all contain the same mix of plants and animals.
b. have all land masses connected.
c. each have its own specific mix of plants and animals.
d. have plants and animals that have similar adaptations.
e. Both c and d are correct.

6. The fossil record offers direct evidence for common descent
because you can
a. see that the types of fossils change over time.
b. sometimes find common ancestors.
c. trace the ancestry of a particular group.
d. Only b and c are correct.
e. All of these are correct.

7. Organisms adapted to the same way of life will 
a. have structures that show they share a unity of plan.
b. have similarities that need not indicate a unity of plan.
c. always live in the same biogeographical region.
d. Both a and c are correct.
e. Both b and c are correct.

8. Assuming a Hardy-Weinberg equilibrium, 21% of a popula-
tion is homozygous dominant, 50% is heterozygous, and 29%
is homozygous recessive. What percentage of the next gener-
ation is predicted to be homozygous recessive?
a. 21% d. 25%
b. 50% e. 42%
c. 29%

9. A human population has a higher-than-usual percentage of
individuals with a genetic disease. The most likely explana-
tion is
a. gene flow. d. genetic drift.
b. stabilizing selection. e. All of these are correct. 
c. directional selection.

10. Which of these is/are necessary to natural selection?
a. variations d. Only b and c are correct.
b. differential reproduction e. All of these are correct.
c. inheritance of differences

11. Which of these is a premating isolating mechanism?
a. habitat isolation d. hybrid sterility
b. temporal isolation e. Both a and b are correct. 
c. gamete isolation

12. Allopatric but not sympatric speciation requires
a. reproductive isolation. d. prior hybridization.
b. geographic isolation. e. rapid rate of mutation.
c. spontaneous differences in males and females.

13. The many species of Galápagos finches were each adapted to
eating different foods. This is an example of
a. gene flow. d. Only b and c are correct.
b. adaptive radiation. e. All of these are correct.
c. sympatric speciation.

14. The classification category below the level of family is
a. class. d. phylum.
b. order. e. genus.
c. species.

15. Which kingdom is mismatched?
a. Monera—fungi
b. Protista—multicellular algae
c. Plantae—flowers and mosses
d. Animalia—arthropods and humans
e. Fungi—molds and mushrooms
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16. The following diagrams represent a distribution of genotypes
(phenotypes) in a population. Superimpose on the diagram in
(a) another diagram to show that disruptive selection has
occurred; in (b) to show that stabilizing selection has
occurred; and in (c) to show that directional selection has
occurred.
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Understanding the Terms

allopatric speciation 565
analogous structure 555
Archaea 568
autotroph 550
Bacteria 568
biogeography 554
bottleneck effect 559
cladistics 568
class 568
continental drift 554
directional selection 562
disruptive selection 564
Eukarya 568

evolution 551
family 568
fitness 562
fossil 551
founder effect 559
gene flow 562
gene pool 556
genetic drift 559
genus 568
heterotroph 550
homologous structure 555
kingdom 568
kingdom Animalia 568

Match the terms to these definitions:
a. Process by which populations become adapted to

their environment. 
b. Natural selection in which an extreme phenotype

is favored, usually in a changing environment. 
c. An evolutionary model that proposes there are

periods of rapid change dependent on speciation followed by
long periods of stasis. 

d. Structure that is similar in two or more species
because of common ancestry. 

e. Movement of genes from one population to
another via sexual reproduction between members of the
populations. 

a. Disruptive selection b. Stabilizing selection c. Directional selection

Thinking Scientifically

1. Considering the origin of life:
a. Why did Fox show that polymerization of amino acids can

occur with enzymes? (page 549)
b. Why do investigators believe that proteins alone could not

form a cell? What property do they lack?
c. By what mechanism would it be possible for RNA to repli-

cate in the first cell?
d. Why was it necessary for this RNA to have enzymatic

properties?

2. A scientist observes that members of a particular plant
species are shorter at the top of a mountain that at the
bottom.
a. Give an explanation based on natural selection.
b. The scientist gathers seeds from the plants at the top of the

mountain and plants them at the base of the mountain. If
your explanation is correct, what will be the appearance of
the plants?

c. Using Figure 27.16, explain these experimental results.

kingdom Fungi 568
kingdom Monera 568
kingdom Plantae 568
kingdom Protista 568
liposome 549
microevolution 556
microsphere 549
natural selection 562
nonrandom mating 562
order 568
phyletic gradualism 567
phylum 568
population 556
postmating isolating

mechanism 565

premating isolating
mechanism 565

proteinoid 549
protocell 549
punctuated equilibrium 567
species 565
specific epithet 568
stabilizing selection 562
sympatric speciation 565
taxonomy 568
traditional school 568
vestigial structure 555
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ments and reasonings at great length in The Origin of Species by
Means of Natural Selection, a book still studied by many biologists
today.
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Microbiology

Chapter Concepts

28.1 Viruses
• Viruses are noncellular. Viruses do reproduce,

but may live inside living cells. 574
• Viruses are obligate intracellular parasites

because they must reproduce inside host 
cells. 574

28.2 Kingdom Monera
• The monera are prokaryotes of small size but are

very diverse metabolically. 577
• Most bacteria are heterotrophic by absorption

but the cyanobacteria are important
photosynthesizers. 578

28.3 Kingdom Protista
• The protists include eukaryotic unicellular

organisms and some related multicellular 
forms. 583

• Among protists, algae are the plantlike protists;
protozoans are the animal-like protists; slime
molds and water molds are the funguslike
protists. 583

28.4 Kingdom Fungi
• Fungi are multicellular eukaryotes with a

filamentous body. 591
• Fungi are the most complex organisms to rely on

saprotrophic nutrition. 591
Most bacteria don’t cause illness, but Salmonella typhimurium
is responsible for food poisoning. Poultry, eggs, pork, beef, and oys-
ters are all carriers of this bacterium.
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28.1 Viruses
Viruses are not included in the classification table found in
Appendix B because they are noncellular and should not be
classified with cellular organisms. Viruses are generally
smaller than 200 nm in diameter and therefore are compara-
ble in size to that of a large protein macromolecule. Many
can be purified and crystallized, and the crystals can be
stored just as chemicals are stored.

Structure of Viruses
A virus always has at least two parts: an outer capsid com-
posed of protein units, and an inner core of nucleic acid—
either DNA or RNA (Fig. 28.1). The viral genome has at most
several hundred genes; a human cell contains thousands of
genes. A virus may also contain various enzymes for nucleic
acid replication. The capsid is often surrounded by an outer
membranous envelope, which is actually partially composed
of the host’s plasma membrane. The classification of viruses
is based on (1) type of nucleic acid, including whether it is
single stranded or double stranded, (2) viral size and shape,
and (3) the presence or absence of an outer envelope.

Parasitic Nature
Viruses are obligate intracellular parasites. In order to have a
ready supply of animal viruses in the laboratory, they are
sometimes injected into live chick embryos. Today, however,
it is more customary to infect cells that are maintained in tis-
sue culture. Viruses infect all sorts of cells—from bacterial
cells to human cells—but each type is very specific. For ex-

ample, bacteriophages infect only bacteria, the tobacco
mosaic virus infects only plants, and the rabies virus infects
only mammals. Some human viruses even specialize in a
particular tissue. Human immunodeficiency viruses (HIV)
enter specific types of blood cells, the polio virus reproduces
in spinal nerve cells, the hepatitis viruses infect only liver
cells. What could cause this remarkable parasite-host cell re-
lationship? It is now believed that viruses are derived from
the very cell they infect; the nucleic acid of viruses came
from their host cell genomes! Therefore, viruses must have
evolved after cells came into existence, and new viruses are
probably evolving even now.

Viruses, like other organisms, can mutate, and this habit
can be quite troublesome because a vaccine that is effective
today may not be effective tomorrow. Flu viruses are well
known for mutating, and this is why you have to have a flu
shot every year—antibodies generated from last year’s shot
are not expected to be effective this year.

Viruses are nonliving particles that reproduce only
inside specific host cells.
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Place a single drop of pond water under a microscope
and you can see an amazing menagerie of unicellular
organisms, such as protozoans and algae. Fungi and

bacteria also abound in nature. Fungi feed on organic mat-
ter in the soil, but bacteria are even found in inorganic 
environments—in water boiling out of the ocean’s volcanic
vents and within rocks miles below the surface of the earth,
for example. Closer to home, microbes can live in the
crevices of your kitchen cutting board or within the food
you’re eating. Set a loaf of bread, free of preservatives, on
the counter and you’ll observe colonies of bacteria and fungi
in no time.

Most microbes are harmless to people, and many are
beneficial. Some viruses, bacteria, and fungi, however, make
a home inside the tissues or cells of people. To combat
these microbial invaders, researchers desperately hunt for
drugs, such as antiviral agents, and antibiotics, which kill
bacteria and fungi. Some antibiotics are extracted from mi-
crobes themselves, and scientists are now hopeful of reviv-
ing the decades-old idea of using bacteria-destroying
viruses against bacteria. 

This chapter will introduce you to the myriad of
organisms that inhabit the microscopic world.

DNA

protein unit

capsid

fiber

Figure 28.1 Adenovirus.
An adenovirus is a DNA virus with a polyhedral capsid and a fiber at
each corner.
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Replication of Viruses
Viruses are specific to a particular host cell be-
cause portions of the capsid (or the spikes of
the envelope) bind in a lock-and-key manner
with a receptor on the host cell plasma mem-
brane. After viral nucleic acid enters the cell, it
takes over the metabolic machinery of the host cell
so that more viruses are produced.

Replication of Bacteriophages
Bacteriophages, or simply phages, are viruses
that parasitize bacteria; the bacterium in 
Figure 28.2 could be Escherichia coli, which
lives in our intestines. In the lytic cycle, the
host cell undergoes lysis, a breaking open of
the cell to release new viruses. In the lysogenic
cycle, viral replication does not immediately
occur, but replication may take place sometime
in the future. The bacteriophage, termed
lambda, is capable of carrying out both cycles.

Lytic Cycle The lytic cycle may be divided
into five stages: attachment, penetration,
biosynthesis, maturation, and release. During
attachment, portions of the capsid combine
with a receptor on the rigid bacterial cell wall
in a lock-and-key manner. During penetration,
a viral enzyme digests away part of the cell
wall, and viral DNA is injected into the bacter-
ial cell. Biosynthesis of viral components be-
gins after the virus brings about inactivation of
host genes not necessary to viral replication.
The virus takes over the machinery of the cell
in order to carry out viral DNA replication and
production of multiple copies of the capsid pro-
tein subunits. During maturation, viral DNA and
capsids are assembled to produce several hun-
dred viral particles. Lysozyme, an enzyme coded
for by a viral gene, is produced; this disrupts the
cell wall, and the release of new viruses occurs.
The bacterial cell dies as a result.

viral DNA is called a prophage. The prophage is replicated
along with the host DNA, and all subsequent cells, called
lysogenic cells, carry a copy of the prophage. Certain envi-
ronmental factors, such as ultraviolet radiation, can induce
the prophage to enter the lytic stage of biosynthesis, fol-
lowed by maturation and release.

During the lysogenic cycle, the phage becomes a
prophage that is integrated into the host genome.
At a later time, the phage may reenter the lytic
cycle and replicate itself.
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prophage

Integration:
Viral DNA passed on
when bacteria reproduce.

b. Lysogenic Cycle

a. Lytic Cycle

Penetration:
Viral DNA
enters host.

2.

Attachment:
Capsid
combines
with receptor.

bacterial
chromosome

bacterial
cell wall

capsid
nucleic acid

1.

Release:
New viruses
leave host cell.

5.

Maturation:
Assembly of
viral 
components.

4.

Biosynthesis:
Viral components
are synthesized.

3.

Figure 28.2 Lytic and lysogenic cycles.
a. In the lytic cycle, viral particles escape when the cell is lysed (broken open).
b. In the lysogenic cycle, viral DNA is integrated into host DNA. At some time in
the future, the lysogenic cycle can be followed by the lytic cycle.

During the lytic cycle, a bacteriophage takes over
the machinery of the cell so that viral replication
and release occur.

Lysogenic Cycle In the lysogenic cycle, the infected bac-
terium does not immediately produce viruses but may do so
sometime in the future. In the meantime the phage is
latent—not actively replicating. Following attachment and
penetration, viral DNA becomes integrated into bacterial
DNA with no destruction of host DNA. While latent, the
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Replication of Animal Viruses
Animal viruses replicate in a manner similar to bacterio-
phages, but there are modifications. If the virus has an enve-
lope, its glycoprotein spikes allow the virus to adhere to
plasma membrane receptors. Then the capsid and viral
genome penetrate a host cell. Once inside, the virus is un-
coated as the capsid is removed. The viral genome, either
DNA or RNA, is now free of its coverings and biosynthesis
proceeds. Another difference among enveloped viruses is
that viral release occurs by budding. As the virus buds from
the cell, it acquires an envelope partially consisting of host
plasma membrane. Certain envelope components, such as
the glycoproteins that allow the virus to enter a host cell,
were coded for by viral genes. Budding does not necessarily
result in the death of the host cell.

After animal viruses enter the host cell, uncoating
releases viral DNA or RNA, and replication occurs.
If release is by budding, the viral particle acquires
a membranous envelope.

Retroviruses Retroviruses are RNA animal viruses that
have a DNA stage (Fig. 28.3). A retrovirus contains a special
enzyme called reverse transcriptase, which carries out
RNA £ cDNA transcription. The DNA is called cDNA be-
cause it is a DNA copy of the viral genome. Following repli-
cation, the resulting double-stranded cDNA is integrated into
the host genome. The viral DNA remains in the host genome
and is replicated when host DNA is replicated. When and if
this DNA is transcribed, new viruses are produced by the
steps we have already cited: biosynthesis, maturation, and re-
lease—not by destruction of the cell, but by budding.

The enzyme reverse transcriptase allows
retroviruses to produce a cDNA copy of their genes
which become integrated into the host genome.

Viral Infections 
Viruses are best known for causing infectious diseases in
plants and animals, including humans. Some animal viruses
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Figure 28.3 Reproduction of the retrovirus HIV-1. 
HIV-1 utilizes reverse transcription to produce cDNA (DNA copy of RNA genes). cDNA integrates into the cell’s chromosomes before it
reproduces and buds from the cell.
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are specific to human cells. Of special concern are those such
as the papillomavirus, the herpes viruses, the hepatitis
viruses, and the adenoviruses, which can cause specific
types of cancer. Retroviruses are of interest because human
immunodeficiency viruses (HIV), which cause AIDS, are
retroviruses. Retroviruses also cause certain forms of cancer.

At least a thousand different viruses cause diseases in
plants. About a dozen crop diseases have been attributed
not to viruses but to viroids, which are naked strands of
RNA not covered by a capsid. Like viruses, though, viroids
direct the cell to produce more viroids. 

Some diseases in humans have been attributed to pri-
ons, which are protein particles that possibly can convert
other proteins in the cell to become prions. It seems that pri-
ons may have a misshapen tertiary structure and can cause
other similar proteins to convert to this shape also. Prions
are believe to cause Creutzfeldt-Jakob disease (CJD) a men-
tal disorder that over a decade can lead to loss of vision and
speech before paralysis and death occur. Recently, prions
have been linked to a serious outbreak in Great Britain of
bovine spongiform encephalopathy (BSE), better known as
mad cow disease. Cattle feed had been supplemented with
the remains of sheep that had died of scrapie, another prion
disease. In an effort to prevent an outbreak of BSE in this
country, the importation of cattle feed, meat products, and
live cattle from Great Britain and any other BSE-affected
country has been banned since 1989.

Viruses, viroids, and prions are all known to cause
diseases in humans.
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28.2 Kingdom Monera
Kingdom Monera contains the bacteria (Fig. 28.4), which are
prokaryotes. Prokaryotic cells do not have a nucleus as do
eukaryotic cells.

Structure of Bacteria
Prokaryotic cells are very small (1–10 µm in length and
0.7–1.5 µm in width), and except for ribosomes, they do not
have the cytoplasmic organelles found in eukaryotic cells.
They do have a chromosome, but it is contained within a nu-
cleoid, which has no nuclear envelope; therefore, bacteria
are said to lack a nucleus. Many bacteria have extrachromo-
somal rings of DNA called plasmids, which are often ex-
tracted and used as vectors to carry foreign DNA into other
bacteria during genetic engineering. 

Bacteria have a cell wall containing unique amino sug-
ars cross-linked by peptide chains. The cell wall may be sur-
rounded by a capsule. Some bacteria move by means of
flagella, and some adhere to surfaces by means of short, fine,
hairlike appendages called fimbriae.

Prokaryotic cells lack a nucleus and most of the
other organelles found in eukaryotic cells.

Metabolism of Bacteria
Some bacteria are obligate anaerobes, unable to grow in the
presence of oxygen. A few serious illnesses, such as botu-
lism and tetanus, are caused by anaerobic bacteria. Some
other bacteria, called facultative anaerobes, are able to grow
in either the presence or the absence of oxygen. Most
bacteria, however, are aerobic and, like animals and plants,
require a constant supply of oxygen to carry out cellular
respiration.

Figure 28.4 Typical bacterial cell.
The plasma membrane of a bacterium is usually surrounded by
a cell wall and often a capsule. Note there are no organelles
except ribosomes.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Every type of nutrition is found among bacteria except
heterotrophism by ingestion. Some bacteria are autotrophic
by photosynthesis; they use light as a source of energy to pro-
duce their own food. Cyanobacteria (see Fig. 28.6), which
photosynthesize in the same manner as plants, also give off
oxygen. Some bacteria are autotrophic by chemosynthesis;
they oxidize inorganic compounds to obtain the necessary
energy to produce their own food. Such bacteria are very im-
portant to the cycling of nitrogen in ecosystems.

Most types of bacteria are heterotrophic by absorption.
They are saprotrophs, organisms that carry on external di-
gestion of organic matter and absorb the resulting nutrients
across the plasma membrane. In ecosystems, bacteria are
called decomposers because they break down organic mat-
ter and make inorganic nutrients available to photosynthe-
sizers. The metabolic capabilities of bacteria are utilized for
the digestion of sewage and oil and also for the production
of such products as alcohol, vitamins, and even antibiotics.
By means of genetic engineering, bacteria are now used to
produce useful substances, such as human insulin and
growth hormone.

Bacteria are often symbiotic; they live in association
with other organisms. The nitrogen-fixing bacteria in the
nodules of legumes are mutualistic, as are the bacteria that
live within our own intestinal tract. We provide a home for
the bacteria, and they provide us with certain vitamins.
Commensalistic bacteria reside on our skin, where they usu-
ally cause no problems. Parasitic bacteria are responsible for
a wide variety of plant and animal diseases.

The majority of bacteria are heterotrophic by
absorption (saprotrophic decomposers) and
contribute significantly to recycling matter through
ecosystems. 

Classification of Bacteria
Bacteria are found in three basic shapes. (Fig. 28.5): rod
(bacillus, pl., bacilli); round or spherical (coccus, pl., cocci);
and spiral or helical-shaped (spirillum, pl., spirilli). These
three basic shapes may occur in particular arrangements. For
example, cocci may form clusters (staphylococci, diplococci)
or chains (streptococci). Rod-shaped bacteria may appear as
very short rods (coccobacilli) or as very long filaments.

Traditionally bacteria are classified as either Gram-positive
or Gram-negative. Gram-positive bacteria retain a dye-iodine
complex and appear purple under the light microscope, while
Gram-negative bacteria do not retain the complex and appear
pink. Gram-positive bacteria have a thick layer of peptidogly-
can on their cell wall, whereas Gram-negative bacteria have
only a thin layer. For the past 75 years bacterial taxonomy has
been compiled in Bergey’s Manual of Determinative Bacteriology.
The most recent edition of Bergey’s Manual divided the bacteria
into 10 major groups, which were further subdivided into or-
der, families, genera, and species. The names of the groups—
for example, “Nonmotile, Gram-negative, curved bacteria” or
“Nonsporeforming Gram-positive rods”—reflect the pheno-
typic way the manual groups the bacteria. 

A new way of classifying bacteria on the basis of rRNA
(ribosomal RNA) sequences was introduced in the 1980s.
Bacteria that share the same sequence of rRNA bases are put
into the same group. Some of the new groups, such as Spiro-
chetes, are essentially identical to early classification systems.
However, other groups contain a diverse assortment of bacte-
ria that appear to be phenotypically distant from one another.
Gram-negative bacteria and Gram-positive bacteria are placed
in the same group as long as they share the same rRNA se-
quence of bases. The reading on the next page describes how
this methodology has led to the suggestion that there are three
domains of life, one of which includes the archaea, which were
formerly considered to be a type of bacteria.
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a. Bacilli in pairs b. Cocci in chains c. A spirillum with flagella

Figure 28.5 Diversity of bacteria.
a. Bacillus (rod-shaped) bacterium. b. Coccus (round) bacterium. c. Spirillum (spiral-shaped) bacterium.
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Carl Woese at the University of Illinois has championed the hy-
pothesis that sequencing of rRNA (ribosomal RNA) can be used
to classify organisms. He chose rRNA because of its involve-
ment in protein synthesis—it’s just possible that any changes 
in rRNA sequence occur in a slow, steady manner as evolution
occurs. 

On the basis of rRNA sequencing, Woese and his colleagues
concluded that there are three domains of life. A domain is a
higher classification category than the category kingdom. The
first two domains, they maintain, are the Archaea and the Bacte-
ria, both of which contain only unicellular prokaryotes. The
third domain, called Eukarya, contains all the eukaryotes (pro-
tists, fungi, plants, and animals).

Woese’s hypothesis is remarkable because it suggests that
the archaea, long considered to be bacteria, should be consid-
ered as different from bacteria as bacteria are from eukaryotes.
The archaea are found in extreme environments thought to be
similar to those of the primitive earth (Figure 28A). The archaea
include the methanogens which live in anaerobic environments
such as swamps, marshes, and intestinal tracts of animals where
they produce methane (CH4) by a process that gives them en-
ergy for ATP formation. Methane produced by methanogenic
archaea is believed to contribute significantly to global warm-
ing. The halophiles, another type of archaea, are salt lovers that
can be isolated from bodies of water like the Great Salt Lake in
Utah, the Dead Sea, solar salt ponds, and hypersalty soils. These
organisms pump chloride into their cells and synthesize ATP
only in the presence of light. The third major type of archaea are
the thermoacidophiles, which are both temperature and acid
loving. These archaea live in extremely hot, acidic environments
such as hot springs, geysers, submarine thermal vents, and
around volcanoes. They survive best at temperatures of about
80°C, and some can grow even at 105°C (remember that water
boils at 100°C)! Many of the thermoacidophiles use sulfate as a
source of energy to make ATP and are found in natural environ-
ments with high sulfate concentrations. 

Woese and his colleagues also went on to propose a new tree
of life. According to their rRNA-based tree, a universal common
ancestor gave rise to the Archaea and Bacteria and later, the Ar-
chaea gave rise to the Eukarya. This conclusion was based on
the finding that archaea have base sequences that are closer to
eukaryotic sequences than to bacterial sequences. But in science,
as you know, new information, often available because of new
technologies, may call into question former beliefs and hy-
potheses. Recently, new and more powerful sequencing instru-
ments have allowed scientists to sequence the entire genomes of
bacteria and eukaryotic genomes, such as those of yeast. And
the whole genome data has called into question the tree of life
based on rRNA sequencing. The DNA genome data shows, to a
surprising degree, a mixture of DNA sequences from both ar-
chaea and bacteria in eukaryotes. For example, Russell Doolittle
who is with the Canadian Institute for Advanced Research in

Halifax, Nova Scotia, has found that 17 of 34 families of eukary-
otic proteins look as if they came from bacteria and only eight
show a greater similarity to archaea, the supposed ancestor of
Eukarya. Even worse, some DNA data show a close relation be-
tween archaea and bacteria. Ron Swanson and Robert Feldman
of Diversa Corporation in San Diego found that the gene for an
enzyme involved in the synthesis of tryptophan , an amino acid,
is just about the same in Aquifex, domain Archaea, and Bacillus
subtilus, domain Bacteria. Robert Feldman has said, “I think it’s
open whether the three domains [of life] will hold up.”

Others have gone on to suggest the possibility of widespread
gene swapping among the first organisms to evolve. In explana-
tion, Doolittle says, “You are what you eat,” meaning that as
early unicellular organisms fed on one another they incorpo-
rated each other’s genes into their genomes. If gene swapping
occurred, Woese agrees that it will make it difficult to draw a
correct tree of life, but he still has faith that rRNA sequencing
data is sufficient to conclude that there are three domains of life:
Archaea, Bacteria, and Eukarya. 
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Archaea

Figure 28A Habitats of archaea.
a. Halophiles turn the water red in salt collection ponds in
California near San Francisco Bay. b. The scientific submarine
Alvin captures methanogen-containing material around a deep-
sea vent. 

a.

b.
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Figure 28.6 Diversity of the cyanobacteria.
a. In Gloeocapsa, single cells are grouped in a common gelatinous
sheath. b. Filaments of cells occur in Oscillatoria. c. One cell of
Oscillatoria as it appears through the electron microscope.

Cyanobacteria Cyanobacteria are gram-negative rods
with a number of unusual traits. They photosynthesize in
the same manner as plants and are believed to be responsi-
ble for first introducing oxygen into the primitive atmo-
sphere. Formerly, the cyanobacteria were called blue-green
algae and were classified with eukaryotic algae, but now we
know that they are prokaryotes. They can have other pig-
ments that mask the color of chlorophyll, so that they ap-
pear, for example, not only blue-green but also red, yellow,
brown, or black.

Cyanobacterial cells are rather large and range in size
from 1 µm to 50 µm in length. They can be unicellular, colo-
nial, or filamentous (Fig. 28.6). Cyanobacteria lack any visi-
ble means of locomotion, although some glide when in
contact with a solid surface and others oscillate (sway back
and forth). Some cyanobacteria have a special advantage

because they possess heterocysts, which are thick-walled
cells without nuclei, where nitrogen fixation occurs. The
ability to photosynthesize and also to fix atmospheric nitro-
gen (N2) means they can obtain their nutritional require-
ments from the environment. They serve as food for
heterotrophs in aquatic ecosystems.

Cyanobacteria are common in fresh water, in soil, and
on moist surfaces, but they are also found in harsh habitats,
such as hot springs. They are symbiotic with a number of
organisms, such as liverworts, ferns, and even at times in-
vertebrates like corals. In association with fungi, they form
lichens that can grow on rocks. Lichens help transform
rocks into soil. Other forms of life may then follow. The
first moneran fossil dated to be 3.5 billion years old is be-
lieved to be a cyanobacterium, and there is evidence that
cyanobacteria were the first colonizers of land during the
course of evolution.

Cyanobacteria are ecologically important in still
another way. If care is not taken in the disposal of nutrient-
rich industrial, agricultural, and human wastes, phos-
phates and nitrates drain into lakes and ponds, resulting in
a “bloom” of these organisms. The surface of the water be-
comes turbid, and light cannot penetrate to lower levels.
When a portion of the cyanobacteria die off, the decompos-
ing bacteria use up the available oxygen, causing fishes to
die from lack of oxygen.

Cyanobacteria are photosynthesizers that
sometimes can also fix atmospheric nitrogen. In
association with fungi, they form lichens, which are
important soil formers.
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Reproduction of Bacteria
The singular circular chromosome of bac-
teria consists only of double-stranded
DNA. Bacteria reproduce asexually by
means of binary fission. First, the chromo-
some duplicates; then there are two chro-
mosomes attached to the inside of the
plasma membrane. The chromosomes are
separated by an elongation of the cell,
which pushes the chromosomes apart.
Then the plasma membrane grows inward
and the cell wall forms, dividing the cell
into two daughter cells, each of which
now has its own chromosome (Fig. 28.7).

Sexual exchange of DNA occurs
among bacteria in three ways. Conjugation
takes place when the so-called male cell
passes DNA to the female cell by way of a
sex pilus. Transformation occurs when a
bacterium binds to and then takes up
DNA released into the medium by dead
bacteria. During transduction, bacterio-
phages carry portions of DNA from one
bacterium to another.

When faced with unfavorable envi-
ronmental conditions, some bacteria form
endospores (Fig. 28.8). A portion of the cyto-
plasm and a copy of the chromosome de-
hydrate and are then encased by three
heavy, protective spore coats. The rest of
the bacterial cell deteriorates and the en-
dospore is released. When environmental
conditions are again suitable for growth,
the endospore absorbs water and grows
out of the spore coats. In time, it becomes a
typical bacterial cell, capable of reproduc-
ing once again by binary fission.
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Figure 28.7 Binary fission.
In electron micrographs, it is possible to observe a bacterium dividing to become two
bacteria. First DNA replicates, and as the plasma membrane lengthens, the two
chromosomes separate. Upon fission, each bacterium has its own chromosome.

Figure 28.8 The endospore.
An endospore is resistant to extreme
environmental conditions. Sterilization, a process
that kills all living organisms—even endospores—
can be achieved by using an autoclave, a
container that maintains steam under pressure.
This bacterium, Bacillus subtilis, contains an
endospore.
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Viruses and bacteria are microbes that cause diseases in hu-
mans (Tables 28A and 28B). The development of drugs to kill
viruses has lagged far behind the development of those to kill
bacteria. Viruses lack most enzymes and, instead, utilize the
metabolic machinery of the host cell. Rarely has it been possible
to find a drug that successfully interferes with viral reproduc-
tion without also interfering with host metabolism. One such
drug, however, called vidarabine, was approved in 1978 for
treatment of viral encephalitis, an infection of the nervous sys-
tem. Acyclovir (ACV) seems to be helpful in treating genital her-
pes, and there are now various drugs (e.g., AZT) for the
treatment of AIDS. Since viral drugs are difficult to develop,
there is much concern about the possibility of other worldwide
epidemics as well as AIDS. The Ebola virus, which begins with
flulike symptoms and ends with vomiting and hemorrhaging, is
especially feared. Spread by direct contact with a victim’s blood
or other body fluids, the disease is controllable only via strict
hygienic and sanitary controls.

An antibiotic is a drug that selectively kills bacteria. Most
antibiotics are produced naturally by soil microorganisms.
Penicillin is made by the fungus Penicillium, and strepto-
mycin, tetracycline, and erythromycin are all produced by the
bacterium Streptomyces. Sulfa, a chemotherapeutic agent, is
produced in the laboratory. Antibiotics poison bacterial en-
zymes without harming host enzymes. Penicillin blocks the
synthesis of the bacterial cell wall; streptomycin, tetracycline,
and erythromycin block protein synthesis; and sulfa prevents
the production of a coenzyme. New antibiotics are being de-
veloped, but it will be some time before they are ready for
general use.

There are problems associated with antibiotic therapy. Some
patients are allergic to antibiotics, and the reaction can be fatal.
Antibiotics not only kill off disease-causing bacteria, they also
reduce the number of beneficial bacteria in the intestinal tract
and other locations. These beneficial bacteria hold in check the
growth of certain microbes that now begin to flourish. Diarrhea
can result, as can a vaginal yeast infection. The use of antibiotics
can also prevent natural immunity from occurring, leading to
the need for recurring antibiotic therapy. Most important, per-
haps, is the growing resistance of certain strains of bacteria to
antibiotics. While penicillin used to be 100% effective against
hospital strains of Staphylococcus aureus, today it is far less effec-
tive. Tetracycline and penicillin, long used to cure gonorrhea,
now have a failure rate of more than 20% against certain strains
of gonococcus. Pulmonary tuberculosis is on the rise, particu-
larly among AIDS patients, the homeless, and the rural poor,
and the new strains are resistant to the usual combined antibi-
otic therapy. A virulent streptococcal infection is now believed
to be the cause of the much publicized “flesh-eating” condition
more properly called necrotizing fasciitis. About 30% of the peo-
ple in the U. S. who develop fasciitis usually die.

To keep antibiotics effective, most physicians believe that they
should be administered only when absolutely necessary. Some
believe that if antibiotic use is not strictly limited, resistant strains
of bacteria will completely replace present strains and antibiotic
therapy will no longer be effective. They are much opposed to the
current practice of adding antibiotics to livestock feed in order to
make animals grow fatter. Bacteria that become resistant are eas-
ily transferred from animals to humans. Antibiotics have been a
boon to humans, but they should be used with care.
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Killing Microorganisms

Category Disease

Sexually transmitted AIDS (HIV), genital warts, genital herpes
diseases 

Childhood diseases Mumps, measles, chicken pox, German
measles 

Respiratory diseases Common cold, influenza, acute
respiratory infection 

Skin diseases Warts, fever blisters, shingles 

Digestive tract diseases Gastroenteritis, diarrhea 

Nervous system Poliomyelitis, rabies, encephalitis
diseases

Other diseases Cancer, hepatitis 

Table 28A Viral Diseases in Humans

Category Disease

Sexually transmitted Syphilis, gonorrhea, chlamydia
diseases

Respiratory diseases Strep throat, scarlet fever, tuberculosis,
pneumonia, Legionnaires’ disease,
whooping cough

Skin diseases Erysipelas, boils, carbuncles,
impetigo, infections of surgical or
accidental wounds and burns, acne

Digestive tract diseases Gastroenteritis, food poisoning, 
dysentery, cholera

Nervous system diseases Botulism, tetanus, spinal meningitis,
leprosy 

Systemic diseases Plague, typhoid fever, diphtheria 

Other diseases Gas gangrene, puerperal fever, toxic
shock syndrome, Lyme disease

Table 28B Bacterial Diseases in Humans
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28.3 Kingdom Protista
The protists are eukaryotes; their cells have a nucleus and all
of the various organelles. Unicellular organisms are pre-
dominant in kingdom Protista, and even the multicellular
forms lack the tissue differentiation that is seen in more
complex organisms. The protists are grouped according to
their mode of nutrition and other characteristics into the cat-
egories shown in the classification box. Three different types
of life cycles are typical of eukaryotes, and all three are seen
in kingdom Protista (Fig. 28.9). In the haplontic cycle, which
is typical of protists and fungi, the zygote is the only diploid
phase, and it undergoes meiosis to produce haploid spores.
In the alternation of generations cycle, which is typical of
plants, the sporophyte is a diploid individual that produces
spores by meiosis. In the diplontic cycle, which is typical of
animals, the diploid adult produces gametes by meiosis, and
the only haploid phase consists of the gametes. 

Algae 
Algae are autotrophic by photosynthesis like plants. How-
ever, algae are aquatic, so they do not need to protect the zy-
gote and embryo from drying out. Algae produce the food
that maintains communities of organisms in both the oceans
and bodies of fresh water. They are commonly named for the
type of pigment they contain; therefore, there are green,
golden brown, brown, and red algae. All algae contain chloro-
phyll, but they may also contain other pigments that mask the
color of the chlorophyll. Algae are grouped according to their
color and biochemical differences, such as the chemistry of
the cell wall and the way they store reserve food.
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Figure 28.9 Common life cycles.

Kingdom Protista

Eukaryotic; unicellular organisms and their immediate
multicellular descendants; sexual reproduction; flagella and
cilia with 9 � 2 microtubules

Algae*

Phylum Chlorophyta: green algae

Phylum Phaeophyta: brown algae

Phylum Chrysophyta: diatoms and allies

Phylum Dinoflagella: dinoflagellates

Phylum Euglenophyta: euglenoids

Phylum Rhodophyta: red algae

Protozoans*

Phylum Sarcodina: amoebas and allies

Phylum Ciliophora: ciliates

Phylum Zoomastigophora: zooflagellates

Phylum Sporozoa: sporozoa

Slime Molds*

Phylum Gymnomycota: slime molds

Water Molds*

Phylum Oomycota: water molds

*Categories which are not used in the classification of organisms, but added
here for clarity.
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Green Algae 
Green algae (phylum Chlorophyta, 7,000 species) live in the
ocean, but they are more likely found in fresh water and can
even be found on land, especially if moisture is available.
Some, however, have modifications that allow them to live
on tree trunks, even in bright sun. Green algae are believed
to be closely related to the first plants because both of these
groups (1) have a cell wall that contains cellulose, (2) possess
chlorophylls a and b, and (3) store reserve food as starch in-
side the chloroplast. (Other types of algae store reserve food
outside the chloroplast.) Green algae are not always green
because some have pigments that give them an orange, red,
or rust color.

Unicellular Green Algae Chlamydomonas is a unicellular
green alga usually less than 25 mm long that has two
whiplash flagella (Fig. 28.10). A single, cup-shaped chloro-

plast contains a pyrenoid, where starch is synthesized. A
red-pigmented eyespot (stigma) is sensitive to light and
helps the organism detect light, which is necessary for pho-
tosynthesis. 

When growth conditions are favorable, Chlamydomonas
reproduces asexually; the adult divides, forming zoospores
(flagellated spores) that resemble the parent cell. A spore is a
reproductive cell that develops into a haploid individual
when environmental conditions permit. When growth con-
ditions are unfavorable, Chlamydomonas reproduces sexually
according to the haplontic life cycle (see Fig. 28.9a). In most
species, the gametes are identical and are therefore called
isogametes. A heavy wall forms around the zygote, and it be-
comes a resistant zygospore able to survive until conditions
are favorable for germination. When a zygospore germi-
nates, it produces four zoospores by meiosis. 

Colonial Green Algae Volvox is a colony (loose association
of cells) in which thousands of flagellated cells are arranged
in a single layer surrounding a watery interior. (Each cell of
a Volvox colony resembles a Chlamydomonas cell.) In Volvox,
the cells cooperate in that the flagella beat in a coordinated
fashion. Cells that are specialized for reproduction divide
asexually to form a new daughter colony (Fig. 28.11). This
daughter colony resides for a time within the parental
colony, but then an enzyme that dissolves away a portion of
the parental colony allows it to escape. Sexual reproduction
among these algae involves heterogametes, that is, a definite
sperm and egg. 
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Figure 28.10 Chlamydomonas, a flagellated green alga.
During asexual reproduction, all structures are haploid. During sexual
reproduction, meiosis follows the zygote stage, which is the only
diploid part of the cycle. This is a haplontic life cycle (see Fig. 28.9a).

Figure 28.11 Volvox, a colonial green alga.
The adult Volvox colony often contains daughter colonies, which are
asexually produced by specialized cells. During sexual reproduction,
colonies produce a definite sperm and egg.
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Filamentous Green Algae Filaments are end-to-end
chains of cells that form after cell division occurs in only one
plane. Spirogyra, a filamentous green alga, is found in green
masses on the surfaces of ponds and streams. It has chloro-
plasts that are ribbonlike and are arranged in a spiral within
the cell (Fig. 28.12). Conjugation, the temporary union of
two individuals during which there is an exchange of ge-
netic material, occurs during sexual reproduction. The two
filaments line up next to each other, and the cell contents of
one filament move into the cells of the other filament, form-
ing diploid zygotes. These zygotes survive the winter, and
in the spring they undergo meiosis to produce new haploid
filaments.

Multicellular Green Algae Multicellular Ulva is com-
monly called sea lettuce because of its leafy appearance (Fig.
28.13). The thallus is two cells thick and can be a meter long.
Ulva has an alternation of generations life cycle (see Fig.
28.9b) like that of plants, except that both generations look
exactly alike, the gametes look alike (isogametes), and the
spores are flagellated.

Green algae can be unicellular, colonial,
filamentous, or multicellular. During sexual
reproduction, the zygote usually undergoes
meiosis and the adult is always haploid. Ulva has
an alternation of generations like plants do.

Brown and Golden Brown Algae
Brown and golden brown algae have chlorophylls a and c in
their chloroplasts and a type of carotenoid pigment (fuco-
xanthin) that gives them their color.

Brown algae (phylum Phaeophyta, 1,500 species) range
from small forms with simple filaments to large blade forms
between 50 meters and 100 meters in length (Fig. 28.14).
Large brown algae, often called seaweeds, are observed along
the rocky shoreline in the north temperate zone. These
plants are firmly anchored by holdfasts, and when the tide is
in, their broad flattened blades are buoyed by air bladders.
When the tide is out, they do not dry up because their cell
walls contain a mucilaginous, water-retaining material.
Most brown algae have an alternation of generations life cy-
cle, but some species of rockweed (Fucus) are unique in that
they have the diplontic life cycle (see Fig. 28.9c), in which
meiosis produces gametes and the adult is always diploid,
as in animals.

Brown algae provide food and habitat for marine organ-
isms, and in several parts of the world they have been har-
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Figure 28.12 Spirogyra, a filamentous green alga.
During conjugation the cell contents of one filament enter the cells of
another filament. Zygote formation follows.

Figure 28.13 Ulva, a multicellular green alga.
The sporophyte and gametophyte have the same appearance, and
the gametophyte produces isogametes. Ulva has an alternation of
generations life cycle, as do plants (see Fig. 28.9b).
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vested for human food and for fertilizer. They are also a
source of algin, a pectinlike material that is added to ice
cream, sherbet, cream cheese, and other products to give
them a stable, smooth consistency.

Diatoms are a type of unicellular golden brown algae
(phylum Chrysophyta, 11,000 species). The structure of a di-
atom is often compared to a box because the cell wall has
two halves, or valves, with the larger valve acting as a “lid”
for the smaller valve (Fig. 28.15a). When diatoms reproduce,
each receives only one old valve. The new valve fits inside
the old one.

The cell wall of a diatom has an outer layer
of silica, a common ingredient of glass. The
valves are covered with a great variety of stria-
tions and markings, which form beautiful pat-
terns when observed under the microscope.
Diatoms are among the most numerous of all
unicellular algae in the oceans. As such, they
serve as an important source of food for other
organisms. In addition, they produce a major
portion of earth’s oxygen supply. In ancient
times, diatoms were also present in astronomi-
cal numbers. Their remains, raised above sea
level by geological upheavals, are now mined
as diatomaceous earth for use as filtering agents,
soundproofing materials, and scouring powders.

Dinoflagellates
Many dinoflagellates (phylum Dinoflagella,
1,000 species) are bounded by protective cellu-
lose plates (Fig. 28.15b). Most have two flagella;
one is free, but the other is located in a trans-
verse groove. The beating of the flagella causes
the organism to spin like a top. Occasionally,

when surface waters are warm and nutrients are high, there
are so many of these unicellular organisms in the ocean that
they cause a condition called “red tide.” Toxins in red tides
cause widespread fish kills and can paralyze humans who
eat shellfish that have fed on the dinoflagellates.

Dinoflagellates are an important source of food for small
animals in the ocean. They also live as symbiotes within the
bodies of some invertebrates. For example, because corals
usually contain large numbers of dinoflagellates, corals
grow much faster than they would otherwise.
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Figure 28.14 Diversification among the brown algae.
Laminaria and Fucus are seaweeds known as kelps. They live along rocky coasts of the
north temperate zone. Sargassum, the other brown alga shown, lives at sea where
floating masses form a home for many organisms.

Figure 28.15 Diatoms and dinoflagellates.
a. Diatoms may be variously colored, but their chloroplasts contain a unique golden brown pigment in addition to chlorophylls a and c. 
The beautiful pattern results from markings on the silica-embedded wall. b. Dinoflagellates have cellulose plates; these belong to Gonyaulax, 
the dinoflagellate that contains a red pigment and is responsible for occasional “red tides.”
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Euglenoids
Euglenoids (phylum Euglenophyta, 1,000 species) are small
(10–500 µm) freshwater unicellular organisms that typify
the problem of classifying protists. One-third of all genera
have chloroplasts; the rest do not. Those that lack chloro-
plasts ingest or absorb their food. Euglenoids grown in the
absence of light have been known to lose their chloroplasts
and become heterotrophic. The chloroplasts are surrounded
by three rather than two membranes. The pyrenoid pro-
duces an unusual type of carbohydrate polymer (paramy-
lon) not seen in green algae.

Euglenoids have two flagella, one of which typically is
much longer than the other and projects out of an anterior
vase-shaped invagination (Fig. 28.16). It is called a tinsel fla-
gellum because it has hairs on it. Near the base of this flagel-
lum is an eyespot, which shades a photoreceptor for
detecting light. Because euglenoids are bounded by a flexi-
ble pellicle composed of protein strips lying side by side, they
can assume different shapes as the underlying cytoplasm

undulates and contracts. As in certain protozoans, there is a
contractile vacuole for ridding the body of excess water. Eu-
glenoids reproduce by longitudinal cell division, and sexual
reproduction is not known to occur.

Euglenoids have both plant- and animal-like
characteristics. They have chloroplasts but lack a
cell wall and swim by flagella.

Red Algae
Like the brown algae, red algae (phylum Rhodophyta, 4,000
species) are multicellular, but they live chiefly in warmer sea-
water, growing in both shallow and deep waters. Red algae
are usually much smaller and more delicate than the brown
algae, although they can be up to a meter long. Some forms of
red algae are simple filaments, but more often they are com-
plexly branched, with the branches having a feathery, flat, or
expanded ribbonlike appearance (Fig. 28.17). Coralline algae
are red algae that have cell walls impregnated with calcium
carbonate. In some instances, they contribute as much to the
growth of coral reefs as do coral animals.

Like brown algae, red algae are seaweeds of economic
importance. The mucilaginous material in the cell walls of
certain genera of red algae is a source of agar used commer-
cially to make capsules for vitamins and drugs, as a material
for making dental impressions, and as a base for cosmetics.
In the laboratory, agar is a culture medium for bacteria.
When purified, it becomes the gel for electrophoresis, a pro-
cedure that separates proteins and nucleotides. Agar is also
used in food preparation—as an antidrying agent for baked
goods and to make jellies and desserts set rapidly.

Many red algae have filamentous branches or are
multicellular.
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Figure 28.16 Euglena.
A very long flagellum propels the body, which is enveloped by a
flexible pellicle. A photoreceptor shaded by an eyespot allows
Euglena to find light, after which photosynthesis can occur in the
numerous chloroplasts. Pyrenoids synthesize a reserve carbohydrate,
which is stored in the chloroplasts and also in the cytoplasm.

Figure 28.17 Red alga.
Red algae are smaller and more delicate than brown algae.
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Protozoans
Protozoans are typically heterotrophic, motile, unicellular
organisms of small size (2–1,000 µm). They are not animals
because animals in the classification used by this text are
multicellular and undergo embryonic development.

Protozoans usually live in water, but they can also be
found in moist soil or inside other organisms. Some proto-
zoans engulf whole food and are termed holozoic; others are
saprotrophic, and they absorb nutrient molecules across the
plasma membrane. Still others are parasitic and are respon-
sible for several significant human infections.

Most protozoans are unicellular, but they should not be
considered simple organisms. Each cell alone must carry out
all the functions performed by specialized tissues and or-
gans in more complex organisms. They have organelles for
purposes we have not seen before. Their food is digested in-
side food vacuoles, and freshwater protozoans have “con-
tractile” vacuoles for the elimination of water. Although
asexual reproduction involving binary fission and mitosis is
the rule, many protozoans also reproduce sexually during
some part of their life cycle. The protozoans we will study
can be placed in four groups according to their type of loco-
motor organelle:

Name Locomotion Example

Amoeboids Pseudopods Amoeba
Ciliates Cilia Paramecium
Zooflagellates Flagella Trypanosoma
Sporozoa No locomotion Plasmodium

Amoeboids
The amoeboids (phylum Sarcodina, 40,000 species) are
protists that move and engulf their prey with
pseudopods. Amoeba proteus is a commonly studied fresh-
water member of this group (Fig. 28.18a). When amoe-
boids feed, they phagocytize; the pseudopods surround
and engulf the prey, which may be algae, bacteria, or other
protozoans. Digestion then occurs within a food vacuole.
Some white blood cells in humans are amoeboid, and they
phagocytize debris, parasites, and worn-out cells. Fresh-
water amoeboids, including Amoeba proteus, have contrac-
tile vacuoles where excess water from the cytoplasm
collects before the vacuole appears to “contract,” releasing
the water through a temporary opening in the plasma
membrane.

Entamoeba histolytica is a parasite that can infect the hu-
man intestine and cause amoebic dysentery. Complications
arise when this parasite invades the intestinal lining and re-
produces there. If the parasites enter the body proper, liver
and brain impairment can be fatal. 

The foraminifera, which are largely marine, have an ex-
ternal calcareous shell (made up of calcium carbonate)
with foramina, holes through which long, thin
pseudopods extend (Fig. 28.18b). The pseudopods branch
and join to form a net where the prey is digested.
Foraminifera live in the sediment of the ocean floor in in-
credible numbers—there may be as many as 50,000 shells
in a single gram of sediment. Deposits for millions of
years, followed by a geological upheaval, formed the
White Cliffs of Dover along the southern coast of England.
Also, the great Egyptian pyramids are built of
foraminiferan limestone. Today, oil geologists look for
foraminifera in sedimentary rock as an indicator of or-
ganic deposits, which are necessary for the formation of
oil.

588 Part 6 Evolution and Diversity 28-16

contractile
vacuole

 nucleus pseudopod

cytoplasm

food vacuole

a.

b.

Figure 28.18 Amoeboid protozoans.
a. Amoeba proteus is common in freshwater ponds. Bacteria and
other microorganisms are digested in food vacuoles, and contractile
vacuoles rid the body of excess water. b. Pseudopods of a live
foraminiferan project through holes in the calcium carbonate shell.
These shells were so numerous that they became a large part of the
White Cliffs of Dover when a geological upheaval occurred.
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Ciliates
The ciliates (phylum Ciliophora, 8,000 species) such as those
in the genus Paramecium are the most complex of the proto-
zoans (Fig. 28.19). Hundreds of cilia, which beat in a coordi-
nated rhythmic manner, project through tiny holes in a
semirigid outer covering, or pellicle. Numerous oval capsules
lying in the cytoplasm just beneath the pellicle contain tricho-
cysts. Upon mechanical or chemical stimulation, trichocysts
discharge long, barbed threads, useful for defense and for cap-
turing prey. When a paramecium feeds, food is swept down a
gullet, below which food vacuoles form. Following digestion,
the soluble nutrients are absorbed by the cytoplasm, and the
indigestible residue is eliminated at the anal pore.

During asexual reproduction, ciliates divide by transverse
binary fission. Ciliates have two types of nuclei: a large
macronucleus and one or more small micronuclei. The macronu-
cleus controls the normal metabolism of the cell; during sex-
ual reproduction, two ciliates exchange a micronucleus.

The diversity of ciliates is quite remarkable. Barrel-
shaped didinia expand to consume paramecia much larger
than themselves. Suctoria have tentacles they use like straws

to suck their prey dry. Stentor looks like a blue vase deco-
rated with stripes.

Zooflagellates
Protozoans that move by means of flagella are called zoofla-
gellates (phylum Zoomastigophora, 1,500 species) to distin-
guish them from unicellular algae that also have flagella.
Many zooflagellates enter into symbiotic relationships. Tricho-
nympha collaris lives in the gut of termites; it contains a bac-
terium that enzymatically converts the cellulose of wood to
soluble carbohydrates that are easily digested by the insect.
Giardia lamblia, whose cysts are transmitted through contami-
nated water, causes severe diarrhea. Trichomonas vaginalis, a
sexually transmitted organism, infects the vagina and urethra
of women and the prostate, seminal vesicles, and urethra of
men. A trypanosome, Trypanosoma brucei, transmitted by the
bite of the tsetse fly, is the cause of African sleeping sickness
(Fig. 28.20). The white blood cells in an infected animal accu-
mulate around the blood vessels leading to the brain and cut
off circulation. The lethargy characteristic of the disease is
caused by an inadequate supply of oxygen to the brain.
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Figure 28.19 Ciliated protozoans.
Structure of Paramecium, adjacent to an electron micrograph.
Ciliates are the most complex of the protozoans. Note the oral
groove, the gullet, and the anal pore.

Figure 28.20 Zooflagellates.
a. Photograph of Trypanosoma brucei, the cause of African sleeping
sickness, among red blood cells. b. The drawing shows its general
structure.
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Sporozoa
Sporozoa (phylum Sporozoa, 3,600 species) are nonmotile
parasites of animals. Their name recognizes that these or-
ganisms form spores at some point in their life cycle.

Pneumocystis carinii causes the type of pneumonia seen
primarily in AIDS patients. The most widespread human
parasite is Plasmodium vivax, the cause of one type of
malaria. When a human is bitten by an infected female
Anopheles mosquito, the parasite eventually invades the red
blood cells. The chills and fever of malaria appear when the
infected cells burst and release toxic substances into the
blood (Fig. 28.21). Malaria is still a major killer of humans,
despite extensive efforts to control it. A resurgence of the
disease was caused primarily by the development of
insecticide-resistant strains of mosquitoes and by parasites
resistant to current antimalarial drugs.

The protozoans are the animal-like protists—they
ingest their food and are motile. Protozoans are
classified according to the type of locomotor
organelle employed.
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Slime Molds and Water Molds
Slime molds (phylum Gymnomycota, 560 species) might
look like molds, but their vegetative state is amoeboid,
whereas fungi are filamentous. Fungi are saprotrophic,
whereas slime molds are heterotrophic by ingestion. When
conditions are unfavorable to growth, however, slime molds
produce and release spores that are resistant to environmen-
tal extremes. Fungi also produce such spores.

Usually plasmodial slime molds exist as a plasmodium, a
diploid multinucleated cytoplasmic mass enveloped by a
slime sheath that creeps along, phagocytizing decaying
plant material in a forest or agricultural field (Fig. 28.22).
Under unfavorable conditions, the plasmodium forms spo-
rangia, structures that produce spores which are dispersed
by the wind. The spores germinate to produce gametes that
join to form a zygote. This zygote begins the cycle again. Cel-
lular slime molds, as you might expect, exist as individual
amoeboid cells. Each lives by phagocytizing bacteria and
yeast. As the food supply runs out, the cells release a chemi-
cal that causes them to aggregate into a pseudoplasmodium
that produces spores within sporangia.

1. In the gut of female
Anopheles mosquito,
gametes fuse, and the
zygote undergoes many
divisions to produce
sporozoites, which
migrate to her salivary
gland.

2. When the mosquito
 bites a human,
 the sporozoites pass
 from the mosquito
 salivary glands into
 the bloodstream and
 then the liver of the host.

3. Asexual spores
(merozoites) produced in
liver cells enter the 
bloodstream and then
the red blood cells.

4. When the red blood
 cells rupture, spores
 invade and reproduce
 asexually inside new
 red blood cells.

5. Spores and toxins pour
 into the bloodstream
 when the red blood cells
 rupture.

6. 
female gametocytes, which enter
the bloodstream. If taken up by a
mosquito, they become gametes.

 zygote

female gamete

male gametes

sporozoite

salivary glands

food canal

salivary duct

Chills and
fever occur

Liver
cell

Some spores become male and

Figure 28.21 Life cycle of Plasmodium
vivax.
Asexual reproduction of Plasmodium occurs in
humans, while sexual reproduction takes place
within the Anopheles mosquito.
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Water molds (phylum Oomycota, 580 species) live in the
water, where they parasitize fish, forming furry growths on
their gills. Others live on land and parasitize insects and
plants; a water mold was responsible for the 1840s potato
famine in Ireland. Most water molds, like fungi, are sapro-
trophic and have a filamentous body, but they have the
diplontic life cycle (see Fig. 28.9c), whereas fungi have the
haplontic cycle (see Fig. 28.9a).

28.4 Kingdom Fungi
Fungi are multicellular eukaryotes that are heterotrophic by
absorption. They send out digestive enzymes into the im-
mediate environment, and then, when organic matter is bro-
ken down, they absorb nutrient molecules. Like bacteria,
most fungi are saprotrophic decomposers that break down the
waste products and dead remains of plants and animals.
Some fungi parasitize both plants and animals; in humans,
they cause ringworm, athlete’s foot, and yeast infections.

Although yeast are unicellular fungi, the body of a fun-
gus is usually a multicellular structure known as a
mycelium. A mycelium is a network of filaments called hy-
phae (sing., hypha):

Hypha

septum

nuclei

cell wall

Chapter 28 Microbiology 59128-19

meiosis

zygote

gametes
sp

or
es

Figure 28.22 Plasmodium and life cycle of a yellow slime
mold, Hemitrichia stipitata.

Kingdom Fungi

Multicellular eukaryote; heterotrophic by absorption; lack
flagella; nonmotile spores form during both asexual and
sexual reproduction

Division Zygomycota: zygospore fungi

Soil and dung molds, black bread molds (Rhizopus).

Division Ascomycota: sac fungi

Many small wood-decaying fungi, yeasts (Saccaromyces),
molds (Neurospora), morels, cup fungi, truffles; plant
parasites: powdery mildews, ergots.

Division Basidiomycota: club fungi

Mushrooms, stinkhorns, puffballs, bracket and shelf fungi,
coral fungi; plant parasites: rusts, smuts.

Division Deuteromycota: imperfect fungi (i.e., means of
sexual reproduction not known)

Athlete’s foot, ringworm, candidiasis.

Fungal cells are quite different from plant cells not only by
lacking chloroplasts but also by having a cell wall that con-
tains chitin and not cellulose. Chitin is a polymer of glucose,
but each glucose molecule has an amino group attached to
it. (Chitin is also found in the external skeleton of insects and
all arthropods.) How can a nonmotile terrestrial organism
ensure that the species will be dispersed to new locations?
Fungi produce nonflagellate spores during both sexual and
asexual reproduction, which are dispersed by the wind.
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Zygospore Fungi 
The zygospore fungi (phylum Zygomycota, 600 species) live
off plant and animal remains in the soil and also bakery
goods in our kitchens. Some, however, are parasites of small
soil protists or worms, and even insects such as the housefly.

In Rhizopus stolonifer, black bread mold, stolons are hori-
zontal hyphae that exist on the surface of the bread; rhizoids
grow into the bread, and sporangiophores are stalks that bear
sporangia (Fig. 28.23). A sporangium is a capsule that pro-
duces spores, more properly called sporangiospores. During
asexual reproduction all structures involved are haploid;
during sexual reproduction there is a diploid zygospore for
which the phylum is named. Hyphae of opposite mating

types, termed plus (�) and minus (�), grow toward each
other until they touch. Gametangia form and merge, produc-
ing a large cell in which nuclei of the two mating types pair
and then fuse. A thick wall develops around the cell, which
is now called a zygospore. Upon germination, sporangio-
phores develop, and many spores are produced by meiosis.
By now, you will have no trouble in identifying this cycle as
a haplontic life cycle (see Fig. 28.9a).

Zygospore fungi produce spores within sporangia.
During sexual reproduction, a zygospore forms
prior to meiosis and production of spores.
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Figure 28.23 Black bread mold, Rhizopus stolonifer.
Asexual reproduction is the norm. During sexual reproduction, two compatible mating types make contact: first gametangia fuse, and then nuclei
fuse. The zygospore is a resting stage that can survive unfavorable growing conditions. Meiosis occurs when the zygote germinates and spores
are released from a sporangium.
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Sac Fungi 
Sac fungi (division Ascomycota, 30,000 species) include red
bread molds (e.g., Neurospora) and cup fungi (Fig. 28.24a).
Also, morels and truffles are sac fungi highly prized as
gourmet delicacies. A large number of sac fungi are parasitic
on plants; powdery mildews grow on leaves, as do leaf curl
fungi; chestnut blight and Dutch elm disease destroy the
trees named. Ergot is a parasitic sac fungus that infects rye
and (less commonly) other grains.

The division name for sac fungi, Ascomycota, refers to
the ascus, a fingerlike sac that develops after hyphae from
two mating strains merge, producing dikaryotic (each cell
has two nuclei) hyphae. In an ascus, a zygote forms and un-
dergoes meiosis to produce eight haploid nuclei that become
eight ascospores.

The asci are usually surrounded and protected by sterile
hyphae within a fruiting body. Asexual reproduction,
which is the norm among ascomycetes, involves the produc-
tion of spores called conidiospores (see Fig. 28.26).

ascusascospore

Yeasts 
Yeasts are unicellular sac fungi that reproduce asexually ei-
ther by mitosis or by budding (Fig. 28.24b). When yeasts fer-
ment, they produce ethanol and carbon dioxide. In the wild,
yeasts grow on fruits, and historically the yeasts already pre-
sent on grapes were used to produce wine. Today selected
yeasts are added to relatively sterile grape juice in order to
make wine. Also, yeasts are added to prepared grains to
make beer. Both the ethanol and the carbon dioxide are re-
tained for beers and sparkling wines; carbon dixoide is re-
leased for still wines. In baking, the carbon dioxide given off
by yeast is the leavening agent that causes bread to rise.

Yeasts are serviceable to humans in another way. They
have become the material of choice in genetic engineering
experiments requiring a eukaryote. Escherichia coli, the usual
experimental material, is a prokaryote and does not function
during protein synthesis as a eukaryote would.

When sac fungi reproduce sexually, they produce
ascospores within asci, usually within a fruiting
body.
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Figure 28.24 Sac fungi.
a. Fruiting body of a cup
fungus. Nuclear fusion and
zygote formation lead to a
mature ascus, where
ascospores are produced. b.
Although yeast on occasion
produce ascospores, they
usually reproduce by budding,
as shown here.
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Club Fungi 
Club fungi (phylum Basidiomycota, 16,000 species) include
shelf or bracket fungi on dead trees and mushrooms in
lawns and forests. Less well known are puffballs, bird’s nest
fungi, and stinkhorns. These structures are all fruiting bod-
ies that contain basidia, club-shaped structures that give
this phylum its name.

Club fungi usually reproduce sexually (Fig. 28.25). Hy-
phae from two different mating types meet, and cytoplasmic
fusion occurs. The resulting dikaryotic mycelium periodi-
cally produces fruiting bodies, which are composed of
tightly packed hyphae. The fruiting body of a mushroom

has a stalk and a cap. The cap of a gilled mushroom contains
radiating lamellae lined by basidia where nuclear fusion,
meiosis, and spore production occur. A basidium has four
projections into which cytoplasm and a haploid nucleus en-
ter. The spores are windblown and germinate to give a hap-
loid mycelium.

Club fungi usually reproduce sexually. The
dikaryotic stage is prolonged and periodically
produces fruiting bodies where spores are
produced in basidia.
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Figure 28.25 Club fungi.
a. Life cycle of a mushroom in which sexual reproduction is the norm. After hyphae from two compatible mating types fuse, the dikaryotic
mycelium is long-lasting. Nuclear fusion results in zygotes within basidia on the gills of the fruiting body shown. Meiosis occurs and
basidiospores are released. b. Fairy ring. Mushrooms develop in a ring on the outer living fringes of a dikaryotic mycelium. The center has used
up its nutrients and is no longer living. 
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Imperfect Fungi 
The imperfect fungi (phylum Deuteromycota, 25,000
species) always reproduce asexually by forming conidio-
spores (Fig. 28.26). These fungi are “imperfect” in the sense
that no sexual stage has yet been observed and may not ex-
ist. Without knowing the sexual stage, it is often difficult to
classify a fungus as belonging to one of the other phyla. 

Several imperfect fungi are serviceable to humans.
Some species of the mold Penicillium are sources of the an-
tibiotic penicillin, while other species give the characteris-
tic flavor and aroma to cheeses such as Roquefort and
Camembert. The bluish streaks in blue cheese are patches
of conidiospores. The drug cyclosporine, which is adminis-
tered to suppress the immune system following an organ
transplant operation, is derived from an imperfect fungus
found in soil.

Unfortunately, some imperfect fungi cause disease in
humans. Certain dust-borne spores can cause infections of
the respiratory tract, while athlete’s foot and ringworm are
spread by direct contact. Candida albicans is a yeastlike or-
ganism that causes infections of the vagina, especially in
women on the birth-control pill. This organism also causes
thrush, an inflammation of the mouth and throat.

The imperfect fungi cannot be classified into one
of the other phyla because their mode of sexual
reproduction is unknown. 

Fungal Relationships
We have already mentioned several instances in which fungi
are parasites of plants and animals. Two other associations
are of interest.

Lichens are a symbiotic relationship between a fungus
and a cyanobacterium or a green alga. The body of a lichen
has three layers: the fungus forms a thin, tough upper layer
and a loosely packed lower layer that shield the photosyn-
thetic cells in the middle layer (Fig. 28.27a). In the past,
lichens were assumed to be a relationship of mutual benefit:
the fungus received nutrients from the algal cells, and the al-
gal cells were protected from desiccation by the fungus. Ac-
tually, lichens may involve a controlled form of parasitism of
the algal cells by the fungus and algae may not benefit at all
from these associations. This is supported by experiments in
which the fungal and algal components are removed and
grown separately. It is difficult to cultivate the fungus,
which does not usually grow alone. 

Three types of lichens are recognized. Compact crustose
lichens (Fig. 28.27b) are often seen on bare rocks or on tree
bark; foliose lichens are leaflike; and fruticose lichens are
shrublike. Lichens can live in areas of extreme environmental
conditions and are important soil formers. In Arctic ecosys-
tems, a lichen called reindeer moss is a common photosyn-
thetic organism and an important food source for animals.
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reproductive unit

Figure 28.26 Conidiospores.
Sac fungi and imperfect fungi reproduce asexually by producing
spores called conidiospores at the ends of certain hyphae. The
organism shown here is Penicillium, an imperfect fungus.

Figure 28.27 Lichen morphology.
a. A section of a lichen shows the placement of the algal cells and
the fungal hyphae, which encircle and penetrate the algal cells.
b. Mixture of compact crustose lichens.
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Summarizing the Concepts

28.1 Viruses
Viruses are noncellular obligate parasites that have a protein coat
called a capsid and a nucleic acid core. Viral DNA must enter a host cell
before reproduction is possible. In the lytic cycle, a bacteriophage im-
mediately reproduces, and in the lysogenic cycle, viral DNA integrates
into the host genome and may eventually reproduce.

28.2 Kingdom Monera
The kingdom Monera includes prokaryotic unicellular organisms,
namely the bacteria. Most bacteria are saprotrophs (heterotrophic by
absorption), and along with fungi, fulfill the role of decomposers
in ecosystems. The cyanobacteria are photosynthetic in the same
manner as plants. Reproduction of bacteria is by binary fission, but
sexual exchange occasionally takes place. Some bacteria form
endospores, which can survive the harshest of treatment except
sterilization.

28.3 Kingdom Protista
Kingdom Protista includes eukaryotic unicellular organisms and some
multicellular forms. Algae are aquatic autotrophs by photosynthesis;
protozoans are aquatic heterotrophs by ingestion. Slime molds, which
are terrestrial, and water molds, which are aquatic, have some charac-
teristics of fungi.

Algae are classified according to their pigments (colors). Green al-
gae are diverse: some are unicellular or colonial flagellates, some are
filamentous, and some are multicellular sheets. Diatoms and dinofla-
gellates are unicellular producers in oceans; brown and red algae are
seaweeds; euglenoids are unicellular with both plant and animal char-
acteristics. Every type of life cycle is seen among the algae.

Protozoans are classified according to the type of locomotor or-
ganelle. The amoebas phagocytize, the ciliates are very complex, and
sporozoa are all animal parasites. Malaria is a significant disease
caused by a sporozoan.

Slime molds have an amoeboid stage and then form fruiting bod-
ies, which produce spores that are dispersed by the wind. Water molds
have threadlike bodies.

28.4 Kingdom Fungi
Kingdom Fungi includes eukaryotic multicellular organisms that are
saprotrophs. Fungi are composed of hyphae, which form a mycelium.
Along with heterotrophic bacteria, they are decomposers. The fungi
produce windblown spores during both sexual and asexual reproduc-
tion. The major groups of fungi are distinguished by type of sexual
spore and fruiting body. Zygospore fungi produce spores in sporangia;
sac fungi produce ascospores in asci; and club fungi form ba-
sidiospores in basidia. 

Fungi form two symbiotic associations of interest. Lichens contain
both a fungus and an alga; mycorrhizae is a symbiotic relationship of
mutual benefit between soil fungi and roots of plants.
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Carriers of disease are persons who do
not appear to be ill but who can

nonetheless pass on an infectious disease.
Carriers of sexually transmitted diseases
can pass on an infection to their partners,
and even sometimes to people who have
never had sexual relations with them. He-
patitis C and HIV are transmitted by blood
to blood contact, as when drug abusers
share needles. 

The only way society can protect itself
is to identify carriers and remove them
from areas or activities where transmis-
sion of the pathogen is most likely. Some-
times it’s difficult to identify activities that
might pass on a pathogen like HIV. A few
people believe that they have acquired
HIV from their dentists, and while this is
generally believed to be unlikely, medical
personnel are still required to identify

themselves when they are carriers of HIV.
Magic Johnson is a famous basketball star
who is HIV positive. When he made it
known that he was a carrier, some of his
teammates refused to play basketball with
him and he had no choice but to retire.
Later, Johnson did play again for a while.
There are other sports in which transmis-
sion of HIV is more likely. The Centers for
Disease Control did a statistical study to
try to figure the odds of acquiring HIV
from another football player. They figured
that the odds were 1 in 85 million. 

The odds might be higher for boxing,
a bloody sport. When two brothers, one of
whom had AIDS, got into a vicious fight,
the infected brother repeatedly bashed his
head against his brother’s. Both men bled
profusely and soon after, the previously
uninfected brother tested positive for the

virus. The possibility of transmission of
HIV in the boxing ring has caused several
states to require boxers to undergo routine
HIV testing. If they are HIV positive, they
can’t fight.

Questions
1. Should all people who are HIV positive

identify themselves? Why or why not? By
what method would they identify
themselves at school, at work, and other
places?

2. What type of contact would you have
with an HIV positive individual? Would
you play on the same team? Would you
have sexual relations with an HIV positive
individual if a condom was used?
Discuss.

3. Is it ethical to make an HIV positive
individual feel stigmatized? Discuss.

Mycorrhizae (fungus roots) are symbiotic relationships
of mutual benefit between soil fungi and the roots of most
plants. The fungus provides the plants with inorganic nutri-
ents, and the plant provides the fungus with organic nutri-
ents. Plants whose roots are infected with mycorrhizae grow

more successfully in poor soils—particularly soils deficient
in phosphates—than do plants without mycorrhizae. The
fungal partner may enter the cortex of roots but does not en-
ter plant cells.
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Studying the Concepts

1. Describe the structure of viruses and the manner of reproduc-
tion of bacteriophages, including the lytic and lysogenic
cycles. 574–75

2. Describe the life cycle of a retrovirus and explain why retro-
viruses are of interest today. 576

3. In general, describe the structure of prokaryotic cells. 577
4. Describe the metabolic diversity of bacteria and how they are

classified. 577–80
5. Describe the manner in which bacteria reproduce, exchange

genetic material, and form endospores. 581
6. What are the three groups of protists and how is each group

distinguishable? 583
7. Describe the different types of green algae and how their

means of sexual reproduction differ. Show that the life cycle
of Chlamydomonas is an example of the haplontic cycle and
that the life cycle of Ulva is an example of the alternation of
generations life cycle. 584–85

8. In what ways are brown and red algae similar? How are they
different? 585–87

9. In what ways are diatoms and dinoflagellates similar? How
are they different? 586

10. What are the animal-like characteristics of euglenoids? The
plantlike characteristics? 587

11. Why are the slime molds and the water molds sometimes
called the funguslike protists? 590–91

12. Describe the anatomical features of fungi, and tell how fungi
are classified. 591

13. Describe the life cycles of black bread mold and a
mushroom. 592, 594

14. Describe the structure of lichens and the importance of both
lichens and mycorrhizae. 595–96

Testing Yourself

Choose the best answer for each question.
1. Which of these are found in all viruses?

a. envelope, nucleic acid, capsid
b. hyphae and cilia
c. DNA, RNA, and proteins
d. proteins and a nucleic acid
e. proteins, nucleic acids, carbohydrates, and lipids

2. Which step in the lytic cycle follows attachment of the virus
and release of DNA into the cell?
a. production of lysozyme
b. biosynthesis of viral components
c. assemblage
d. integration of viral DNA into host DNA
e. host DNA replication

3. RNA retroviruses have a special enzyme that
a. disintegrates host DNA. d. translates host DNA.
b. polymerizes host DNA. e. repairs viral DNA.
c. transcribes viral RNA to cDNA.

4. Facultative anaerobes
a. require a constant supply of oxygen.
b. are killed in an oxygenated environment.
c. do not always need oxygen.
d. are photosynthetic. 
e. are chemosynthetic.

5. Cyanobacteria, unlike other types of bacteria that photosyn-
thesize, do
a. not give off oxygen. d. not have a cell wall.
b. give off oxygen. e. form plasmodia.
c. not have chlorophyll.

6. Chemosynthetic bacteria
a. are autotrophic.
b. use the rays of the sun to acquire energy.
c. oxidize inorganic compounds to acquire energy.
d. Both a and c are correct.
e. Both a and b are correct.

7. Which is mismatched?
a. red algae—multicellular, delicate, seaweed
b. diatoms—silica shell, boxlike, golden brown
c. euglenoids—flagella, pellicle, eyespot
d. Fucus—adult is diploid, seaweed, chlorophylls a and c
e. Paramecium—cilia, calcium carbonate shell, gullet

8. Which is a false statement?
a. Slime molds and water molds are protists.
b. There are flagellated algae and flagellated protozoans.
c. Among protozoans, both flagellates and sporozoans are

symbiotic.
d. Among protists, only green algae have a sexual life 

cycle. 
e. Ciliates exchange genetic material during 

conjugation. 
9. Which is mismatched?

a. water mold—potato famine
b. trypanosome—African sleeping sickness
c. Plasmodium vivax—malaria
d. amoeboid—severe diarrhea
e. AIDS—Giardia lamblia

10. Which is found in slime molds but not fungi?
a. nonmotile spores d. photosynthesis
b. amoeboid adult e. All of these are correct.
c. zygote formation

11. The taxonomy of fungi is based on 
a. sexual reproductive structures.
b. shape of the sporocarp.
c. mode of nutrition.
d. type of cell wall.
e. All of these are correct.

12. In the life cycle of black bread mold, the zygospore
a. undergoes meiosis and produces zoospores.
b. produces spores as a part of asexual reproduction.
c. is a thick-walled dormant stage.
d. is equivalent to asci and basidia.
e. Both a and c are correct.

13. When sac fungi and club fungi reproduce sexually, they
produce
a. a fruiting body.
b. spores.
c. conidiospores.
d. hyphae.
e. Both a and b are correct.

14. Lichens
a. are comprised of bacteria and fungi.
b. cannot reproduce.
c. need a nitrogen source to live.
d. are parasitic on trees.
e. are able to live in extreme environments.
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15. Label this diagram of the Chlamydomonas life cycle. 

n. Give two reasons why each portion of the cycle is either
asexual or sexual.

Thinking Scientifically

1. In reference to the life cycles (Figure 28.9):
a. The timing of what one element determines whether or not

a diploid adult results?
b. Hypothesize how the haplontic life cycle may have given

rise to the alternation of generations life cycle.
c. Hypothesize how the alternation of generations life cycle

may have given rise to the diplontic life cycle.

2. Members of the kingdom Fungi are adapted to living on land.
a. What characteristic of fungi would make you think that

other organisms (such as plants and animals) must have
been present on land before fungi?

b. Both Chlamydomonas and fungi follow the haplontic life
cycle. What elements in the cycle show that the former is
adapted to living in the water and the latter is adapted to
living on land?

c. The mycelia of sac fungi and club fungi are found in the
ground, and the fruiting bodies usually appear after a rain.
What does this tell you about the adaptation of fungi to
living on land?
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f.

b.

diploid (2n)

haploid (n)
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formationzoospore (n)

e.

j.

(n)(n)

fertilization

a.

Understanding the Terms

alga (pl., algae) 583
alternation of

generations 585
archaea 578
ascus 593
bacteriophage 575
bacterium 577
basidium 594
binary fission 581
ciliate 589
conidiospore 593
conjugation 585
cyanobacterium 580
decomposer 578
diatom 586
dinoflagellate 586
diplontic life cycle 585
filament 585
fruiting body 593
fungus (pl., fungi) 591
haplontic life cycle 584
hypha 591

lichen 595
lysogenic cycle 575
lytic cycle 575
mad cow disease 577
mycelium 591
mycorrhiza 596
nucleoid 577
phagocytize 588
plasmodium 590
prion 577
protozoan 588
pseudopod 588
retrovirus 576
saprotroph 578
sporangium 592
spore 584
symbiotic 578
trypanosome 589
viroid 577
virus 574
zooflagellate 589
zygospore 592

Match the terms to these definitions:
a. Portion of the bacterial cell that contains its

genetic material.
b. Relationship that occurs when two different

species live together in a unique way; it may be beneficial,
neutral, or detrimental to one and/or the other species.

c. Splitting of a parent cell into two daughter cells;
serves as an asexual form of reproduction in bacteria. 

d. Organism that secretes digestive enzymes and
absorbs the resulting nutrients back across the plasma mem-
brane. 

e. Symbiotic relationship between certain fungi and
algae, in which the fungi possibly provide inorganic food or
water and the algae provide organic food. 

Using Technology

Your study of microbiology is supported by these available
technologies.

Essential Study Partner CD-ROM
Evolution & Diversity ££ Viruses

££ Bacteria
££ Protists
££ Fungi

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader
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Plants

Chapter Concepts

29.1 Characteristics of Plants
• Plants, unlike algae, protect the embryo. This is

an adaptation that facilitates a land existence.
600

• The presence of vascular tissue and reproductive
strategy are used to compare plants. 601

29.2 Nonvascular Plants
• The nonvascular plants, which are low-growing,

lack a means of water transport and internal
support. 602

29.3 Seedless Vascular Plants 
• Vascular plants have a system that not only

transports water but also provides internal
support. 604

• In nonseed plants, spores disperse the species,
and in seed plants, seeds disperse the 
species. 604

29.4 Seed Plants
• In seed plants, a germinating pollen grain

transports sperm to the egg. 608

Not all plants produce flowers. This is Equisetum sylvaticum, a
type of horsetail. Spores borne in strobili (conelike structures), not
seeds, disperse the species.

599
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29.1 Characteristics of Plants
Plants (Kingdom Plantae) are multicellular eukaryotes with
well-developed tissues (Fig. 29.1). Most likely plants share a
common ancestor with green algae. Both utilize chloro-
phylls a and b as well as carotenoid pigments during photo-
synthesis. The primary food reserve is starch, which can be
stored inside chloroplasts. Both have a cell wall that contains
cellulose and form a cell plate when cell division occurs. Un-
like algae, plants live in a wide variety of terrestrial environ-
ments, from lush forest to dry desert or frozen tundra. One
advantage of a land existence is the greater availability of
light for photosynthesis—water, even if clear, filters light.
Also, carbon dioxide diffuses more readily in air than in
water.

The land environment requires adaptations to deal with
the constant threat of drying out, and this accounts for many
of the characteristics of plants. Plants, but not green algae,
protect reproductive cells and later the embryo within the
body of the plant. Most plants can obtain water from soil by
means of roots. To conserve water, leaves and stems are cov-
ered by a waxy cuticle that is impervious to water. Many
plants have a vascular system that transports water up to,
and nutrients down from, the leaves. 

600 Part 6 Evolution and Diversity 29-2

Sally was quite disgruntled as she followed along behind
her class. They were on a botanical field trip, and she
wasn’t much interested in plants in the first place. She

was a pre-med student and had only signed up for this
course because it offered four hours of general education
credit. The professor kept pointing out different types of
plants, and Sally felt a certain sense of satisfaction when no
one seemed interested. Then he pointed to a plant he called
“wild ginger” and explained how early settlers had used the
ground-up root for seasoning food. Next he had them break
and smell a mint leaf. “This plant is still used by some,” he
said, “to make mint tea.” He then pulled a piece of bark off a
willow tree, and while chewing it, he explained that the bark
contains salicylic acid, the chemical found in aspirin. In days
past, people chewed willow bark when they had a toothache.
The professor asked them if they knew any present-day
medications that were extracted from plants. One student
mentioned that taxol from the yew tree is now used in the
treatment of cancer, and the professor added that digitalis, a
heart medicine, comes from foxglove, and codeine for pain
comes from poppies. Sally noticed that by now everyone
seemed interested, and realized that she was, too! 

Kingdom Plantae

Multicellular; primarily terrestrial eukaryotes with well-
developed tissues; autotrophic by photosynthesis; alternation
of generations life cycle.

Nonvascular plants*

Division Hepatophyta: liverworts

Division Bryophyta: mosses

Division Anthocerotophyta: hornworts

Seedless Vascular Plants*

Division Psilotophyta: whisk ferns

Division Lycopodophyta: club mosses

Division Equisetophyta: horsetails

Division Pteridophyta: ferns

Gymnosperms*

Division Pinophyta: conifers

Division Cycadophyta: cycads

Division Ginkgophyta: maidenhair tree

Division Gnetophyta: gnetophytes

Angiosperms*

Division Magnoliophyta: flowering plants

Class Magnoliopsida: dicots

Class Liliopsida: monocots

*Category not in the classification of organisms, but added here for clarity.
Notice the use of division rather than phylum in the plant kingdom.

Figure 29.1 Common plants today.

Moss,
a bryophyte

Fern,
a seedless
vascular plant

Conifer,
a gymnosperm

Flowering plant,
an angiosperm
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Life Cycle of Plants 
Plants have a two-generation life cycle, called alternation of
generations. (1) The sporophyte, the diploid (2n) genera-
tion, produces spores by meiosis within structures called
sporangia (sing., sporangium). Spores are reproductive
cells that develop directly into gametophytes. (2) The
gametophyte, the haploid (n) generation, produces gametes
(egg and sperm) that unite to form a zygote. The zygote
develops into the sporophyte.

In plants, one generation, either the gametophyte or the
sporophyte, is dominant over the other generation: the dom-
inant generation lasts longer, is larger, and is more conspicu-
ous. In mosses, a type of nonvascular plant, the haploid
gametophyte is the dominant generation; therefore more
space is allotted to this generation in Figure 29.2a. In ferns,
the separate sporophyte which has vascular tissue is domi-
nant, so more space is allotted to this generation in Figure
29.2b. In nonvascular and seedless vascular plants, flagel-
lated sperm require outside moisture to reach the egg.

Seed plants (Figure 29.2c) are well adapted to reproduce
on land. They produce heterospores: microspores and
megaspores. A microspore develops into a pollen grain
which is carried by wind or insect to the vicinity of the
ovule. The megaspore develops into an egg-producing
gametophyte within an ovule that is still protected by the
sporophyte. The ovule becomes a seed, which contains an
embryonic sporophyte and stored food enclosed by a
protective seed coat.

Plants are adapted to living on land; they all have
means of preventing drying out and protecting the
embryo during a life cycle called alternation of
generations. 

Chapter 29 Plants 60129-3

sporangium

fertilization
diploid (2n)

haploid (n)
meiosis

zygote

sperm

egg

spore

sporophyte (2n) sporophyte (2n)

gametophyte (n) gametophyte (n)

 a.  Nonvascular Plants

Dominant gametophyte
Flagellated sperm
Dependent sporophyte
Homospores disperse the species
in mosses

sporangium

fertilization
diploid (2n)

haploid (n)
meiosis

embryo

zygote

sperm

egg

spore

gametophyte (n)

sporophyte (2n)
sporophyte (2n)

gametophyte (n)

b.   Seedless Vascular Plants

Dominant sporophyte
Flagellated sperm
Homospores disperse the species
Independent gametophyte

fertilization
diploid (2n)

haploid (n)

microgametophyte
(pollen grain - n)

megagametophyte
(in ovule - n)

meiosis

embryo
in seed

microsporangium

microspore

megaspore

megasporangium

zygote

sperm

egg

sporophyte (2n)

sporophyte (2n)
archegonium

megagametophyte
(n)

microgametophyte
(n)

pollen
core

pollen
grains

seed
cone

c.   Seed Vascular Plants

Dominant sporophyte
Pollen grains
Heterosporous
Seeds disperse the species
Dependent micro-,mega-
gametophytes

Figure 29.2 Plant life 
cycles.
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29.2 Nonvascular Plants
Only the nonvascular plants lack vascular tissue during their
entire life cycle. The nonvascular plants consist of three divi-
sions—one each for hornworts, liverworts, and mosses. The
placement of these plants in separate divisions reflects cur-
rent thinking that they are not closely related. The liverworts
and mosses will serve as examples of the nonvascular plants.

Although the nonvascular plants often have a “leafy”
appearance, these plants do not have true roots, stems, and
leaves—which by definition must contain true vascular tis-
sue. Therefore, the nonvascular plants are said to have root-
like, stemlike, and leaflike structures.

The gametophyte is the dominant generation in bryophytes—
it is the generation we recognize as the plant. Further, flagel-
lated sperm swim in a continuous film of water to the
vicinity of the egg. The sporophyte, which develops from
the zygote, is attached to, and derives its nourishment from,
the gametophyte shoot.

Liverworts 
Liverworts (division Hepatophyta, 10,000 species) that have
a flat, lobed thallus (body) are more familiar than the more
numerous leafy liverworts. Marchantia, which is often used
as an example of this group (Fig. 29.3), has a smooth upper
surface. The lower surface bears numerous rhizoids (rootlike
hairs) that project into the soil. Marchantia reproduces both
asexually and sexually. Gemmae cups on the upper surface
of the thallus contain gemmae, groups of cells that detach
from the thallus and can start a new plant. Sexual reproduc-
tion involves male and female umbrella-like structures called
gametophores, so-called because they produce the gametes.

Mosses 
Mosses (division Bryophyta, 12,000 species) can be found
from the Arctic through the tropics to parts of the Antarctic.

Although most prefer damp, shaded locations in the tem-
perate zone, some survive in deserts and others inhabit bogs
and streams. In forests, they frequently form a mat that cov-
ers the ground and rotting logs. Mosses can store large
quantities of water in their cells, but if a dry spell continues
for long, they become dormant until it rains. 

Most mosses can reproduce asexually by fragmentation.
Just about any part of the plant is able to grow and eventu-
ally produce leafy shoots. Figure 29.4 describes the life cycle
of a typical temperate-zone moss. The gametophyte of
mosses has two stages. First, there is the algalike protonema,
a branching filament of cells. After about three days of fa-
vorable growing conditions, upright leafy shoots are seen at
intervals along the protonema. Rhizoids anchor the shoots,
which bear antheridia and archegonia. An antheridium con-
sists of a short stalk, an outer layer of sterile cells, and an in-
ner mass of cells that become the flagellated sperm. An
archegonium, which looks like a vase with a long neck, has
a single egg located inside the base.

The dependent sporophyte consists of a foot, which
grows down into the gametophyte tissue, a stalk, and an up-
per capsule, or sporangium, where spores are produced. At
first the sporophyte is green and photosynthetic; at maturity
it is brown and nonphotosynthetic. Since the gametophyte is
the dominant generation, it seems consistent for spores to
disperse the species—that is, when the haploid spores ger-
minate, the gametophyte is in a new location.

Adaptations and Uses of Nonvascular Plants
Nonvascular plants are quite small and low lying. This char-
acteristic is linked to the lack of an efficient means to trans-
port water to any height. And because sexual reproduction
involves flagellated sperm that must swim, bryophytes are
usually found in moist habitats. Nevertheless, mosses are
better than flowering plants at living on stone walls and on
fences and even in the shady cracks of hot, exposed rocks.
For these particular microhabitats, there seems to be a selec-
tive advantage to being small and simple. When bryophytes
help colonize bare rock, they help to convert the rocks to soil
that can be used for the growth of other organisms.

Sphagnum, also called bog or peat moss, has commercial
importance. This moss has special nonliving cells that can
absorb moisture, which is why peat moss is often used in
gardens to improve the water-holding capacity of the soil. In
some areas, like bogs, where the ground is wet and acidic,
dead mosses, especially sphagnum, do not decay. The accu-
mulated moss, called peat, can be used as fuel.

The nonvascular plants include the inconspicuous
liverworts and the mosses, plants that have a
dominant gametophyte. Fertilization requires an
outside source of moisture; windblown spores
disperse the species.
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gemmae

gemmae cup thallus with gemmae cups

Figure 29.3 Liverwort, Marchantia.
Marchantia can reproduce asexually by means of gemmae—minute
bodies that give rise to new plants. As shown here, gemmae are
located in cuplike structures called gemmae cups.
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Figure 29.4 Moss life cycle.
The gametophyte is dominant in bryophytes, such as mosses. 1� The leafy shoots bear separate antheridia and archegonia.
2� Flagellated sperm are produced in antheridia, and these swim in external water to an archegonium that contains a single

egg.  3� When the egg is fertilized, the zygote and developing sporophyte are retained within the archegonium. The
drawings show only an enlarged portion of the archegonium.  4� The mature sporophyte growing atop a gametophyte shoot
consists of a foot that grows down into the gametophyte tissue, a stalk, and an upper capsule, or sporangium, where meiosis
occurs and spores are produced. 5� When the covering and capsule lid (operculum) fall off, the spores are mature and are
ready to escape. The release of spores is controlled by one or two rings of “teeth” that line the margin of the capsule. The
teeth close the opening when the weather is wet but project outward to free the spores when the weather is dry. 6� Spores are
released at times when they are most likely to be dispersed by air currents. 7� When a spore lands on an appropriate site, it
germinates into a protonema, the first stage of the gametophyte.
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29.3 Seedless
Vascular Plants
All the other plants we will
study are vascular plants.
Vascular tissue in these plants
consists of xylem, which con-
ducts water and minerals up
from the soil, and phloem,
which transports organic nu-
trients from one part of the
plant to another. The vascular
plants usually have true roots,
stems, and leaves. The roots
absorb water from the soil
and the stem conducts water
to the leaves. Xylem, with its
strong-walled cells, supports
the body of the plant against
the pull of gravity. The leaves
are fully covered by a waxy
cuticle except where it is in-
terrupted by stomates, little
pores whose size can be regu-
lated to control water loss.

The sporophyte is the dominant generation in vascular plants.
This is advantageous because the sporophyte is the genera-
tion with vascular tissue. Another advantage of having a
dominant sporophyte relates to its being diploid. If a faulty
gene is present, it can be masked by a functional gene. Then,
too, the greater the amount of genetic material, the greater
the possibility of mutations that will lead to increased vari-
ety and complexity. Indeed, vascular plants are complex, ex-
tremely varied, and widely distributed.

Ferns and Their Allies
Some vascular plants do not produce seeds. Seedless vascu-
lar plants include whisk ferns, club mosses, horsetails, and
ferns, which disperse the species by producing windblown
spores. When the spores germinate, they will produce a rel-
atively large gametophyte that is independent of the sporo-
phyte for its nutrition. In these plants, flagellated sperm are
released by antheridia and swim in a film of external water
to the archegonia, where fertilization occurs. Because spores
disperse the species and the nonvascular gametophyte is in-
dependent of the sporophyte, these plants cannot wholly
benefit from the adaptations of the sporophyte to a terres-
trial environment.

The seedless vascular plants formed the great swamp
forests of the Carboniferous period (Fig. 29.5). A large number
of these plants died but did not decompose completely. In-
stead, they were compressed to form the coal that we still mine
and burn. (Oil has a similar origin but most likely formed in
marine sedimentary rocks and included animal remains.)

Whisk Ferns
The psilotophytes (division Psilotophyta, several species)
are represented by Psilotum, a whisk fern (Fig. 29.6). Whisk
ferns, named for their resemblance to whisk brooms, are
found in Arizona, Texas, Louisiana, and Florida, as well as
Hawaii and Puerto Rico. Psilotum looks like a rhyniophyte, a
vascular plant that is known only from the fossil record. An
erect stem forks repeatedly and is attached to a rhizome, a
fleshy horizontal stem that lies underground. There are no
leaves, and the branches carry on photosynthesis. Sporangia
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sporangia

scale

aerial
stem

rhizome

Figure 29.5 The Carboniferous period.
In the swamp forests of the Carboniferous period, there were treelike club mosses (left), treelike horsetails
(right), and fernlike foliage (left). When the trees fell, they were covered by water and did not decompose
well. Sediment built up and turned to rock, whose pressure caused the organic material to become coal, a
fossil fuel which still helps run our industrialized society today.

Figure 29.6 Whisk fern, Psilotum. 
Whisk ferns have no roots or leaves—the branches carry on
photosynthesis. The sporangia are yellow.
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located at the ends of short branches produce spores that
disperse the species. The independent gametophyte, which
is found underground and is penetrated by a mycorrhizal
fungus, produces flagellated sperm.

Club Mosses 
The club mosses (division Lycopodophyta, 1,000 species)
are common in moist woodlands of the temperate zone
where they are known as ground pines. Typically, a branch-
ing rhizome sends up aerial stems less than 30 cm tall.
Tightly packed, scalelike leaves cover stems and branches,
giving the plant a mossy look (Fig. 29.7). In club mosses, the
sporangia are borne on terminal clusters of leaves, called
strobili (sing., strobilus), which are club shaped.

The majority of club mosses live in the tropics and sub-
tropics where many of them are epiphytes—plants that live
on, but are not parasitic on, trees. The closely related spike
mosses (Selaginella) are extremely varied and include the
resurrection plant, which curls up into a tight ball when dry
but unfurls as if by magic when moistened.

Horsetails 
Horsetails (division Equisetophyta, 15 species), which
thrive in moist habitats around the globe, are represented by
Equisetum, the only genus in existence today (Fig. 29.8). A
rhizome produces aerial stems that stand about 1.3 meters.
In some species, the whorls of slender green side branches at
the joints (nodes) of the stem make the plant bear a fanciful
resemblance to a horse’s tail. The leaves are small and scale-
like. Many horsetails have strobili at the tips of the stems
that bear branches; others send up special buff-colored,
naked stems that bear the strobili.

The stems are tough and rigid because of silica deposited
in cell walls. Early Americans, in particular, used horsetails
for scouring pots and called them “scouring rushes.” Today
they are still used as ingredients in a few abrasive powders.

Ferns
Ferns (division Pteridophyta, 12,000 species) are a wide-
spread group of plants. They are most abundant in warm,
moist, tropical regions, but they are also found in northern
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Figure 29.7 Club moss, Lycopodium. 
Green photosynthetic stems are covered by scalelike leaves, and
sporangia are found on leaves arranged as strobili.

Figure 29.8 Horsetail, Equisetum. 
There are whorls of branches and tiny leaves at the joints of the stem.
The sporangia are borne in strobili.
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regions and in dry, rocky places. They range in size from
those that are low growing and resemble mosses to those
that are tall trees. The fronds (leaves) that grow from a
rhizome in particular can vary. The royal fern has fronds that
stand 6 feet tall; those of the maidenhair fern are branched
with broad leaflets. And those of the hart’s tongue fern are
straplike and leathery. In nearly all ferns, the leaves first ap-
pear in a curled-up form called a fiddlehead, which unrolls
as it grows. Figure 29.9 gives examples of fern diversity, and
Figure 29.10 shows the life cycle of a typical temperate fern.

The fronds may have evolved in the following way:

Adaptations and Uses of Ferns Ferns have true roots,
stems, and leaves; that is, they contain vascular tissue. The
well-developed leaves fan out, capture solar energy, and
photosynthesize. The water-dependent gametophyte, which
lacks vascular tissue, is separate from the sporophyte. Fla-
gellated sperm require an outside source of moisture in
which to swim to the eggs in the archegonia. Once estab-
lished, some ferns, like the bracken fern Pteridium aquilinum,
can spread into drier areas by means of vegetative (asexual)
reproduction. Ferns also spread by means of the rhizomes
growing horizontally in the soil, producing the fiddleheads
that grow up as new fronds.

At first it may seem that ferns do not have much eco-
nomic value, but they are much used by florists in decora-
tive bouquets and as ornamental plants in the home and
garden. Wood from tropical tree ferns is often used as a
building material because it resists decay, particularly by
termites. Ferns, especially the ostrich fern, are used as food
and in the Northeast many restaurants feature fiddleheads
as a special treat.

The seedless vascular plants include ferns and
their allies. The sporophyte is dominant, and the
species is dispersed by spores. The independent,
nonvascular gametophyte produces flagellated
sperm.

606 Part 6 Evolution and Diversity 29-8

Figure 29.9 Fern diversity.

branch forks
evenly

branch forks
unevenly

later
still
later

leaves with
many veins

frond

Maidenhair fern, 
Adiantum pedatum

Hart's tongue fern, 
Campyloneurum scolopendrium

Royal fern, 
Osmunda regalis

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Chapter 29 Plants 60729-9

1

fronds

sporophyte

sori

leaflet

indusiumsorus
cross
section

annulus

meiosis

sporangium

spores

germinating
spore

gametophyte

sperm

antheridium

egg

archegonium

haploid (n)

prothallus
(underside)

diploid (2n)

wood fern, Dryopterus

rootsrhizome

young
sporophyte
on gametophyte

zygote

66

fertilization

fiddlehead

6

1
2

33

4

5

7

Figure 29.10 Fern life cycle.
1� The sporophyte is dominant in ferns. 2� In the fern shown here, sori (sing., sorus), which contain many sporangia, are

located on the underside of the leaflets. Within a sporangium, meiosis occurs and spores are produced. 3� As a band of
thickened cells on the rim of a sporangium (the annulus) dries out, it moves backward, pulling the sporangium open, and
the spores are released. 4� A spore germinates into a prothallus, which bears antheridia and archegonia on the underside.
Typically, the archegonia are at the notch and antheridia are toward the tip, between the rhizoids.  5� Fertilization takes place
when moisture is present, because the flagellated sperm must swim in a film of water from the antheridia to the egg within
the archegonium.  6� The resulting zygote begins its development inside an archegonium, but the embryo soon outgrows the
available space. As a distinctive first leaf appears above the prothallus, and as the roots develop below it, the sporophyte
becomes visible. Often the sporophyte tissues and the gametophyte tissues are distinctly different shades of green.  7� The
young sporophyte develops a root-bearing rhizome from which the fronds project.
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29.4 Seed Plants
Gymnosperms and angiosperms are plants that disperse the
species by means of seeds. A seed has a protective seed
coat and contains an embryonic sporophyte and stored
food that supports growth when the seed germinates. This
is advantageous because the generation that is best
adapted to survival on land is being dispersed. The seeds
produced by gymnosperms are uncovered (i.e., naked) and
are often exposed on the surface of scales within cones. In
angiosperms, the flowering plants, seeds are covered by a
fruit.

Gymnosperms 
There are four divisions of gymnosperms, but only three
of these are considered here. Cycads (division Cycado-
phyta, 100 species) are palmlike plants found mainly in
tropical and subtropical regions (Fig. 29.11a). Cycads flour-
ished at the time of dinosaurs, and the Mesozoic era is
sometimes referred to as the Age of Cycads and Dinosaurs.
Only one species of ginkgo (division Ginkgophyta),
known as the maidenhair tree (Fig. 29.11b), survives today.
The maidenhair tree, which has a stout trunk with many
branches, is planted in Chinese and Japanese ornamental
gardens, and is valued for its ability to do well in polluted
areas. Because female trees produce rather smelly seeds,
it is customary to use only male trees, propagated vegeta-
tively, in city parks.

The largest group of gymnosperms is the conifers (divi-
sion Pinophyta, 550 species) (Fig. 29.11c), which include the
cone-bearing pine, cedar, spruce, fir, and redwood trees.
These trees have needlelike leaves, which are well adapted
not only to hot summers but also to cold winters and high
winds. Most gymnosperms, and therefore most conifers, are
evergreen trees—they continuously lose leaves throughout
the year rather than lose all their leaves within a short pe-

riod of time like the deciduous trees. In this way they have
leaves all year long.

Life Cycle of a Conifer
The success of the gymnosperms is largely due to the adap-
tations they have made to a land existence. Gymnosperms
have well-developed roots and stems. Many are tall trees
that can withstand temperature extremes and dryness.
Conifers, as exemplified by a pine tree, produce het-
erospores within cones (Fig. 29.12). In a pollen cone, the mi-
crospore develops into a pollen grain that resists drying out
and is the microgametophyte (male gametophyte). Pollina-
tion, that is, the transfer of pollen grains by wind, and
growth of the pollen tube mean that no external water is
needed for the purpose of fertilization. Ovules located on
seed cone scales protect the megagametophyte (female ga-
metophyte) and shelter the developing zygote as well. In the
pine tree life cycle, ovules become winged seeds that are dis-
persed by wind. 

Adaptations and Uses of Conifers
Conifers grow on large areas of the earth’s surface and are
economically important. They supply much of the wood
used for construction of buildings and production of paper.
They also produce many valuable chemicals, such as those
extracted from resin, a substance that protects conifers from
attack by fungi and insects.

Perhaps the oldest and largest trees in the world are
conifers. Bristlecone pines in the Nevada mountains are
known to be more than 4,500 years old, and a number of red-
wood trees in California are 2,000 years old and more than
90 meters tall.

In the life cycle of a conifer, pollen grains and
seeds are dispersed by wind. The seed develops
from an ovule, a structure that lies uncovered on
the scale of a seed cone. 
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Figure 29.11 Gymnosperm diversity.
a. Cycads resemble palm trees, but are gymnosperms that produce cones. b. Ginkgoes exist only as a single species—the maidenhair tree.
c. Conifers are the most common gymnosperms.

a.  Kaffir bread cycad, Encephalartos altensteinii  b.  Maidenhair tree, Ginkgo biloba  c.  Eastern hemlock, Tsuga canadensis
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Figure 29.12 Pine life cycle.
1� The sporophyte is dominant and its sporangia are borne in cones. 2� There are two types of cones: pollen cones and seed

cones. Typically, the pollen cones are quite small and develop near the tips of lower branches. 3� Each scale of a pollen cone
has two or more microsporangia on the underside. 4� Within these sporangia, each microsporocyte (microspore mother cell)
undergoes meiosis and produces four microspores. 5� Each microspore develops into a microgametophyte, which is the
pollen grain. The pollen grain has two wings and is carried by the wind to the seed cone during pollination. The seed cones
are larger than the pollen cones and are located near the branch tips on the higher branches. 3� Each scale of the seed cone
has two ovules that lie on the upper surface. Each ovule is surrounded by a thick, layered integument, having an opening at
one end. 4� The megasporangium is within the ovule, where a megasporocyte (megaspore mother cell) undergoes meiosis,
producing four megaspores. 5� Only one of these spores develops into a megagametophyte, with two to six archegonia,
each containing a single large egg lying near the ovule opening. 6� Once a pollen grain is enclosed within the seed cone, it
develops a pollen tube that digests its way slowly toward a megagametophyte. The pollen tube discharges two
nonflagellated sperm. One of these fertilizes an egg in an archegonium and the other degenerates. Fertilization, which takes
place one year after pollination, is an entirely separate event from pollination. 7� After fertilization, the ovule matures and
becomes the seed, composed of the embryo, the reserve food, and the seed coat. Finally, in the fall of the second season, the
seed cone, by now woody and hard, opens to release winged seeds. When a seed germinates, the sporophyte embryo
develops into a new pine tree, and the cycle is complete.
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Plants define and are the producers in most ecosystems. Hu-
mans derive most of their sustenance from three flowering
plants: wheat, corn, and rice. All three of these plants are of the
grass family and are collectively, along with other species, called
grains. Most of the earth’s 5.6 billion people live a simple way of
life, growing their food on family plots. The continued growth
of these plants is essential to human existence. A virus or other
disease could hit any one of these three plants and cause mas-
sive loss of life from starvation.

Corn, wheat, and rice originated and were first cultivated in
different parts of the globe. Corn, or what is properly called
maize, was first cultivated in Central America about 7,000 years
ago. Disagreement still exists as to exactly what the wild plant
looked like and where it originally grew. The most recent theory
is that maize was developed from a plant called teosinte, which
grows in the highlands of central Mexico. By the time Euro-
peans were exploring Central America, over 300 varieties were
already in existence—growing from Canada to Chile. We now
commonly grow six major varieties of corn: sweet, pop, flour,
dent, pod, and flint. Rice had its origin in southeastern Asia sev-
eral thousand years ago, where it grew in swamps. Today we
are familiar with white and brown rice, which differ in the
extent of processing. Brown rice results when the seeds are
thrashed to remove the hulls—the seed coat and complete em-
bryo remain. If the seed coat and embryo are removed leaving
only the starchy endosperm, white rice results. Unfortunately, it
is the seed coat and embryo that contain the greatest nutritional
value. Today rice is grown throughout the tropics and sub-
tropics where water is abundant. It is also grown in some of our
Western states by flooding diked fields with irrigation water.
Wheat is commonly used in the United States to produce flour
and bread. It was first cultivated in the Near East (Iran, Iraq, and
neighboring countries) about 8,000 B.C.; hence, it is thought to be
one of the earliest cultivated plants. Wheat was brought to
North America in 1520 with early settlers; now the United States
is one of the world’s largest producers of wheat.

Many of us have an “addiction” to sugar. This nifty carbohy-
drate comes almost exclusively from two plants—sugarcane

(grown in South America, Africa, Asia, and the Caribbean) and
sugar beets (grown mostly in Europe). Each provides about 50%
of the world’s sugar.

Numerous other foods are bland or tasteless without spices.
In the Middle Ages, wealthy Europeans spared no cost to obtain
spices from the Near and Far East. In the fifteenth and sixteenth
centuries, major expeditions were launched in an attempt to
find better and cheaper routes for spice importation. The queen
of Portugal became convinced that Columbus would actually
find a shorter route to the Far East by traveling west by ocean
rather than east by land. Columbus’s idea was sound, but he en-
countered a little barrier, the New World. This later provided
Europe with a wealth of new crops, including corn, potatoes,
peppers, and tobacco.

Our most popular drinks—coffee, tea, and cola—also come
from flowering plants. Coffee has its origin in Ethiopia, where it
was first used (along with animal fat) during long trips for sus-
tenance and to relieve fatigue. Coffee as a drink was not devel-
oped until the thirteenth century in Arabia and Turkey, and it
did not catch on in Europe until the seventeenth century. Tea is
thought to have been developed somewhere in central Asia. Its
earlier uses were almost exclusively medicinal, especially
among the Chinese, who still drink tea for medical reasons. The
drink as we now know it was not developed until the fourth cen-
tury. By the mid-seventeenth century it became popular in Eu-
rope. Cola is a common ingredient in tropical drinks and was

used around the turn of the cen-
tury, along with the drug coca
(used to make cocaine), in the
“original” Coca-Cola.

Until a few decades ago, cot-
ton and other natural fibers were

Plants: Could We Do Without Them?

Figure 29A Cereal grains.
These cereal grains are the principle source of calories and protein for our civilization.

Wheat, Triticum Corn, Zea Rice, Oryza
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our only source of clothing. China is now the largest producer of
cotton. Over thirty species of native cotton grow around the
world. In the United States, cotton grows as a one-to-two meter
annual, but in the tropics, woody shrubs up to 6 meters are not
uncommon. The cotton fiber itself comes from filaments that
grow on the seed. In sixteenth-century Europe, cotton was a
little-understood fiber known only from stories brought back
from Asia. Columbus and other explorers were amazed to see
the elaborately woven cotton fabrics in the New World. But by
1800 Liverpool was the world’s center of cotton trade. Interest-
ingly, when Levi Strauss wanted to make a tough pair of jeans,
he needed a stronger fiber than cotton, so he used hemp. No
longer used for clothes, hemp (marijuana) is now known pri-
marily as a hallucinogenic drug.

Rubber is another plant that has many uses today. The prod-
uct had its origin in Brazil from the thick, white sap of the rubber
tree. Once collected, the sap is placed in a large vat, where acid is
added to coagulate the latex. When the water is pressed out, the
product is formed into sheets or crumbled and placed into bales.

Much stronger rubber,
such as that in tires, was
made by adding sulfur and
heating in a process called
vulcanization; this pro-
duces a flexible material
less sensitive to tempera-
ture changes. Today, though,
much rubber is syntheti-
cally produced.

Beyond these uses,
plants have been used for
centuries for a number of
important household items,
including the house itself.
We are most familiar with

lumber being used as the major structural portion in buildings.
This wood comes mostly from a variety of conifers: pine, fir, and
spruce, among others. In the tropics, trees and even herbs pro-
vide important components for houses. In rural parts of Central
and South America, palm leaves are preferable to tin for roofs,
since they last as long as ten years and are quieter during a rain-
storm. In the Near East, numerous houses along rivers are made
entirely of reeds.

An actively researched area of plant use today is that of med-
icinal plants. Currently about 50% of all pharmaceutical drugs
have their origins from plants. The treatment of cancers appears
to rest in the discovery of miracle plants. Indeed, the National
Cancer Institute (NCI) and most pharmaceutical companies
have spent millions (or, more likely, billions) of dollars to send
botanists out to collect and test plant samples from around the
world. Tribal medicine men, or shamans, of South America and
Africa have already been of great importance in developing nu-
merous drugs.

Over the centuries, malaria has caused far more human deaths
than any other disease. After European scientists became aware
that malaria can be cured by quinine, which comes from the bark
of the cinchona tree, a synthetic form of the drug, chloroquine,
was developed. But by the late 1960s, it was found that some of
the malaria parasites, which live in red blood cells, had become
resistant to the synthetically produced drug. Resistant parasites
were first seen in Africa but now are showing up in Asia and the
Amazon. Today the only 100% effective drug for malaria treat-
ment must come directly from the cinchona tree, common to
northeastern South America.

Numerous plant extracts continue to be misused for their
hallucinogenic or other effects on the human body; coca for co-

caine and crack, opium
poppy for morphine, and
yam for steroids.

In addition to all
these uses of plants, we
should not forget nor
neglect the aesthetic
value of plants. Flowers
brighten any yard; orna-
mental plants accent
landscaping, and trees
provide cooling shade
during the summer and
break the wind of winter
days. Plants also produce
oxygen, which is so nec-
essary for all plants and
animals.
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a.  Dwarf fan palms, Chamaerops

b.  Cotton, Gossypium c.  Rubber, Hevea

Figure 29B Uses of plants. 
a. Dwarf fan palms can be used to make baskets. b. Cotton becomes clothing worn by all. c. A rubber plant provides latex for making tires.
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Angiosperms 
Angiosperms (division Magnoliophyta) are the flowering
plants; their seeds are covered by fruits. With 235,000
species, they are an exceptionally large and successful group
of plants. This is six times the number of species of all other
plant groups combined. All hardwood trees, including all
the deciduous trees of the temperate zone and the broad-
leaved evergreen trees of the tropical zone, are angiosperms,
although sometimes the flowers are inconspicuous. All
herbaceous (nonwoody) plants common to our everyday ex-
perience, such as grasses and most garden plants, are flow-
ering plants. Angiosperms provide us with clothing, food,
medicines, and commercially valuable products, as dis-
cussed in the reading on page 610.

Angiosperms are classified into two groups: dicotyle-
dons and monocotyledons. The dicotyledons (or dicots) are
either woody or herbaceous, and they have flower parts,
usually in fours and fives, net-veined leaves, vascular bun-
dles arranged in a circle within the stem, and two cotyle-
dons, or seed leaves. Dicot families include many familiar
plant groups, such as the buttercup, mustard, maple, cactus,
pea, and rose families. The monocotyledons (or monocots)
are almost always herbaceous and have flower parts in
threes, parallel-veined leaves, scattered vascular bundles in
the stem, and one cotyledon, or seed leaf. Monocot families
include the lily, palm, orchid, iris, and grass families. The
grass family includes wheat, rice, corn (maize), and other
agriculturally important plants.

Life Cycle of Angiosperms
Angiosperms produce heterospores within their flowers.
The microspores develop into pollen grains within the

pollen sacs, and the megaspore develops into an embryo sac
within an ovule (Fig. 29.13). Although some flowers dis-
perse their pollen by wind, many flowers attract pollinators
such as bees, wasps, flies, butterflies, moths, and even bats,
which carry pollen from flower to flower. 

The pollinator and the flower have coevolved and,
therefore, they are specific to one another. For example, bee-
pollinated flowers are usually blue or yellow and have ul-
traviolet shadings that lead the pollinator to seek nectar at
the base of the flower. The mouthparts of bees are fused into
a long tube, through which the bee is able to obtain nectar
from this location. As the bee collects nectar, pollen is de-
posited on its body, which it then inadvertently carries to the
next flower.

The angiosperm life cycle includes double fertilization
in which one sperm joins with the egg, and another joins
with the polar nuclei, forming a 3n endosperm nucleus. En-
dosperm is stored food for the developing embryo. In di-
cots, the endosperm is later absorbed by the cotyledons
(seed leaves) of the embryo.

As in gymnosperms, an ovule eventually becomes a
seed. Unlike gymnosperms, the seeds are covered by a fruit
derived from the ovary and possibly from adjacent struc-
tures as well. Fruits include such structures as milkweed
pods; peas and beans, which are legumes; pecans and other
nuts; and grains such as rice and wheat. Tomatoes, oranges,
and watermelons are examples of fleshy fruits. Fruits aid in
the dispersal of seeds. There are fruits that utilize wind, grav-
ity, water, and animals for dispersal. Because animals live in
particular habitats and/or have particular migration pat-
terns, they are apt to deliver the fruit-enclosed seeds to a suit-
able location for germination (when the embryo begins to
grow again) and development of the adult sporophyte plant.

29-14

Figure 29.13 Flowering plant life cycle.
1� The parts of the flower involved in reproduction are the stamens and the pistil. Reproduction has been divided into

development of the megagametophyte, development of the microgametophyte, double fertilization, and the seed.
Development of the megagametophyte. The ovary at the base of the pistil contains one or more ovules. 2� Within an ovule, a
megasporocyte (megaspore mother cell) undergoes meiosis to produce four haploid megaspores. 3� Three of these
megaspores disintegrate, leaving one functional megaspore, which divides mitotically. 4� The result is the
megagametophyte, or embryo sac, which typically consists of eight haploid nuclei embedded in a mass of cytoplasm. The
cytoplasm differentiates into cells, one of which is an egg and another of which is the endosperm cell with two nuclei (called
the polar nuclei). Development of the microgametophyte. 1� The anther at the top of the stamen has pollen sacs, which contain
numerous microsporocytes (microspore mother cells). 2� Each microsporocyte undergoes meiosis to produce four haploid
cells called microspores. When the microspores separate, each one becomes a microgametophyte, or pollen grain. 3� At this
point, the young microgametophyte contains two nuclei: the generative cell and the tube cell. Pollination occurs when pollen
is windblown or carried by insects, birds, or bats to the stigma of the same type of plant. 4� Only then does a pollen grain
germinate and produce a long pollen tube. This pollen tube grows within the style until it reaches an ovule in the ovary.
Before fertilization occurs, the generative nucleus divides, producing two sperm, which have no flagella. This germinated
pollen grain with its pollen tube and two sperm is the mature microgametophyte. Double fertilization. 5� On reaching the
ovule, the pollen tube discharges the sperm. One of the two sperm migrates to and fertilizes the egg, forming a zygote; the
other unites with the two polar nuclei, producing a 3n (triploid) endosperm nucleus. The endosperm nucleus divides to
form endosperm, food for the developing plant. This so-called double fertilization is unique to angiosperms. The seed. 6� The
ovule now develops into the seed, which contains an embryo and food enclosed by a protective seed coat. The wall of the
ovary and sometimes adjacent parts develop into a fruit that surrounds the seeds. Therefore, angiosperms are said to have
covered seeds.
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The Flower Why are angiosperms so successful? The evo-
lution of the flower, which contains the reproductive struc-
tures, can be associated with features not seen in the plants
studied so far.

In a flower (Fig. 29.14) the sepals, most often green, form
a whorl about the petals, the color of which accounts for the
attractiveness of many flowers. In the center of the flower is
a small, vaselike structure, the pistil, which usually has three
parts: the stigma, an enlarged sticky knob; the style, a slender
stalk; and the ovary, which is an enlarged base that contains
a number of ovules. Grouped about the pistil are a number of
stamens, each of which has two parts: the filament, a slender
stalk, and the anther, which has two pollen sacs.

Angiosperms are the flowering plants. The flower
both attracts animals (e.g., insects) that aid in
pollination and produces seeds enclosed by fruits,
which aid dispersal.

29-16
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Figure 29.14 Flower structure.

How far should you go to save an en-
dangered species? As a society we

seem to have answered that any amount of
time, energy, and money is worth the sav-
ing of certain species. Think of all the ef-
fort to preserve the condor, a magnificent
bird that now graces the California skies
once more. Would we put so much effort
into preserving any animal? any plant?

Largely because of human encroach-
ment, dozens of American plant species
are disappearing from their native habitat
each year. Botanists estimate that some
3,000 of the 22,000 species of flowering
plants in the U.S. may be facing extinction.
Enter the Center for Plant Conservation,
which has its headquarters at Harvard
University’s Arnold Arboretum. The cen-
ter aims to preserve every kind of threat-

ened plant in the U.S. through a network
of 18 affiliated botanical gardens and hor-
ticultural research facilities in 14 states.
Aside from growing the plants in green-
houses and other protected environments,
the center stockpiles seeds of most species
at the Department of Agriculture’s Fort
Collins, Colorado, seed storage facility. In
that way, despite any disaster that may
wipe out a particular greenhouse or gar-
den, the seeds would be available for
propagation.

Should we spend money to save the
frostweed or the small whorled pogonia?
Some say yes because of possible medical
benefits. They point out, for example, that
antitumor alkaloids found in the Mada-
gascar periwinkle are now used in the
treatment of childhood leukemia and

Hodgkin’s disease. Also, some of the
plants resist disease or can survive
droughts, characteristics that could be im-
portant to agriculture. Through biotech-
nology techniques, it may be possible to
transfer these traits from wild plants to
crop species some day. 

Questions
1. Are you in favor of putting a financial

limit on the preservation of a particular
animal species? a particular plant species? 

2. Are you in favor of preserving every
native plant in America in hopes that any
one of them might contain a drug useful
to humans?

3. Are you in favor of preserving the habitat
of an animal or a plant if, in so doing, it
means giving up jobs for humans? 
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Summarizing the Concepts

29.1 Characteristics of Plants
Plants are multicellular, photosynthetic organisms adapted to a land ex-
istence. Among the various adaptations, all plants protect the develop-
ing embryo from drying out. Plants have an alternation of generations
life cycle, but some have a dominant gametophyte (haploid generation)
and others have a dominant sporophyte (diploid generation).

29.2 Nonvascular Plants
The nonvascular plants, which include the liverworts and the
mosses, lack true roots, stems, and leaves; that is, these structures
do not have vascular tissue. In the moss life cycle, antheridia pro-
duce swimming sperm that use external water to reach the eggs in
the archegonia. Following fertilization, the dependent moss sporo-
phyte consists of a foot, stalk, and a capsule within which wind-
blown spores are produced by meiosis. Each spore germinates to
produce a gametophyte. 

29.3 Seedless Vascular Plants  
Vascular plants have vascular tissue, that is, xylem and phloem. In the
life cycle of vascular plants, the sporophyte is dominant. Whisk ferns,
club mosses, horsetails, and ferns are the seedless vascular plants that
were prominent in swamp forests during the Carboniferous period. In
the life cycle of seedless plants, spores disperse the species, and the
separate gametophyte produces flagellated sperm. Vegetative (asexual)
reproduction is used to a degree to disperse ferns in dry habitats.

29.4 Seed Plants
Seed plants have a life cycle in which there are microgametophytes
(male gametophytes) and megagametophytes (female gametophytes).
The microgametophyte is the pollen grain, which produces nonflagel-
lated sperm, and the megagametophyte, which is located within an
ovule, produces an egg. The pollen grain replaces the flagellated sperm
of seedless vascular plants.

Gymnosperms produce seeds that are uncovered. In gym-
nosperms, the microgametophytes develop in pollen cones. The
megagametophyte develops within an ovule located on the scales of
seed cones. Following pollination and fertilization, the ovule becomes
a winged seed that is dispersed by wind.

Angiosperms produce seeds that are covered by fruits. The petals
of flowers attract pollinators, and the ovary develops into a fruit, which
aids dispersal of seeds. Angiosperms provide most of the food that sus-
tains terrestrial animals, and they are the source of many products used
by humans.

Studying the Concepts

1. What characteristics define plants? 600
2. What are the three types of bryophytes? Mosses are found in

varied habitats. Explain. 602
3. Describe the moss life cycle, and point out significant features

of this cycle. What is the significance of spores dispersing the
species? 603

4. Describe the plants that are included in the seedlesss vascular
plants. Include in your discussion their evolutionary signifi-
cance and their usefulness to humans. 604–06

5. Describe the fern life cycle, and point out significant features
of this cycle. Discuss the significance of spores dispersing the
species. 607

6. Describe three types of gymnosperms. 608
7. Describe the pine life cycle, and point out significant features

of this cycle. Discuss the significance of seeds dispersing the
species. 609

8. What are the two classes of angiosperms? Name several types
of plants in each class. 612

9. How did the evolution of the flower contribute to the
angiosperms’ dominance of the terrestrial
environment? 612–14

10. Contrast the reproductive adaptations of the nonvascular
plants, ferns and their allies, gymnosperms, and angiosperms
to a land environment. 602, 604, 608–09, 612–14.

Testing Yourself

Choose the best answer for each question.
1. Which of these are characteristics of plants?

a. multicellular with specialized tissues and organs
b. photosynthetic and contain chlorophylls a and b
c. protect the developing embryo from desiccation
d. have an alternation of generations life cycle
e. All of these are correct.

2. In the moss life cycle, the sporophyte 
a. consists of leafy green shoots.
b. is microscopic.
c. is the heart-shaped prothallus.
d. consists of a foot, a stalk, and a capsule.
e. is the dominant generation.

3. The rhyniophytes
a. are a flourishing group of plants today.
b. had large leaves like today’s ferns.
c. had sporangia at the tips of their branches.
d. only lived in dry areas.
e. All of these are correct.

4. You are apt to find ferns in a moist location because they have
a. a water-dependent sporophyte generation.
b. flagellated spores.
c. flagellated sperm.
d. large, leafy fronds.
e. All of these are correct.

5. Which of these is mismatched?
a. pollen grain—microgametophyte
b. ovule—megagametophyte
c. flowering plant—mature sporophyte
d. seed—immature sporophyte
e. pollen tube—spores

6. In the life cycle of the pine tree, the ovules are found on the
a. needlelike leaves. d. pollen cones.
b. seed cones. e. All of these are correct.
c. root hairs

7. Which of these is mismatched?
a. anther—produces microsporangia
b. pistil—produces pollen
c. stigma—enlarged sticky knob
d. ovule—becomes seed
e. ovary—becomes fruit
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8. Which of these plants contributed the most to our present-
day supply of coal?
a. nonvascular plants
b. seedless vascular plants
c. rhyniophytes
d. conifers
e. angiosperms

9. Which of these is found in seed plants?
a. complex vascular tissue
b. megaspores and microspores
c. pollen grains replace swimming sperm
d. retention of megagametophyte within the ovule
e. All of these are correct.

10. Label this diagram of the alternation of generations life cycle.

Thinking Scientifically

1. A student has learned that a plant sporophyte has vascular
tissue.
a. Do you expect the student to find vascular tissue in the

moss sporophyte?
b. How could you test that bryophytes are adapted to moist

locations?
c. Why would you expect any mutations in bryophytes to be

tested immediately by the environment?
d. Would diversification be promoted if the rudiments of

vascular tissue evolved in bryophytes? Explain.

2. Terrestrial organisms have similar adaptations.
a. Most terrestrial organisms protect the gametes and the

embryo from dying out. Compare the reproductive adap-
tations of humans to that of trees.

b. Most terrestrial organisms have a transport system. Com-
pare the transport adaptations of a tree to that of humans.

c. Many terrestrial organisms have an internal skeleton to
oppose the force of gravity. Compare the skeletal adapta-
tions of a tree to that of humans.

d. In the temperate zone, humans remain active in the winter;
deciduous trees do not. Explain.

29-18

d. b.

c.

a.

Understanding the Terms

alternation of generations
601

angiosperm 612
anther 614
antheridium 602
archegonium 602
club moss 605
conifer 608
cycad 608
double fertilization 612
embryo sac 612
endosperm 612
fern 605
flower 614
fruit 612
gametophyte 601
ginkgo 608
gymnosperm 608
heterospore 601
horsetail 605
Kingdom Plantae 600
liverwort 602

megagametophyte 608
megaspore 601
microgametophyte 608
microspore 601
moss 602
nonvascular plant 602
ovary 614
ovule 608
phloem 604
pistil 614
pollen grain 608
pollination 608
psilotophyte 604
seed 608
sorus 607
sporangium 601
spore 601
sporophyte 601
stamen 614
vascular plant 604
xylem 604

Match the terms to these definitions:
a. In seed plants, a large spore that develops into the

egg-producing megagametophyte.
b. Seed plant with uncovered (naked) seeds; exam-

ples are conifers and cycads, which bear cones. 
c. In the life cycle of a plant, the diploid generation

that produces spores by meiosis. 
d. Mature ovule that contains a sporophyte embryo

with stored food enclosed by a protective coat. 
e. In seed plants, a structure where the megaspore

becomes an egg-producing megagametophyte and which
develops into a seed following fertilization.

Using Technology

Your study of plants is supported by these available
technologies.

Essential Study Partner CD-ROM
Evolution & Diversity ££ Plants
Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader
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Animals: Part I

Chapter Concepts

30.1 Evolution and Classification of Animals
• Animals are multicellular heterotrophs exhibiting

at least some mobility. 618
• Animals are grouped according to level of

organization, symmetry, body plan, pattern of
embryonic development, and presence or
absence of segmentation. 619

30.2 Introducing the Invertebrates
• Sponges are multicellular, with limited mobility

and no symmetry. 621
• Cnidarians are radially symmetrical, with two

tissue layers. 622
• Planarians are bilaterally symmetrical, with a

definite head region. 624
• Roundworms have a pseudocoelom and the

tube-within-a-tube body plan. 626

30.3 Mollusks
• Mollusks have a muscular foot (variously

modified), and a visceral mass enveloped by a
mantle. 628

30.4 Annelids
• Annelids are segmented, with a well-developed,

true coelom. 631

30.5 Arthropods
• Arthropods have jointed appendages and an

exoskeleton that must be periodically shed. 634
Sea anemones, such as these strawberry sea anemones,
Corynachtis californica, are called the “flowers of the sea,” but
they are animals, not plants. The projections you see are tentacles,
which capture small prey and stuff it down their mouths.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


30.1 Evolution and Classification
of Animals M

Although there are many different types of animals, they
have characteristics in common. Animals

1. are heterotrophic and usually acquire food by ingestion
followed by digestion.

2. typically have the power of motion or locomotion by
means of muscle fibers.

3. are multicellular, and most have specialized cells that
form tissues and organs.

4. have a life cycle in which the adult is typically diploid.

5. usually practice sexual reproduction and produce an
embryo that undergoes developmental stages.

There are approximately 34 animal phyla, but we will
consider only the 9 phyla listed in the classification table. All
9 phyla contain invertebrates, which are animals without
backbones. The phylum Chordata also contains vertebrates,
which are animals with backbones.

Animals evolved from unicellular protozoans. The ad-
vent of multicellularity, which allows specialization of cells
to occur, seems to have been a requirement for the evolution
of animals. 

Sponges have the cellular level of organization, meaning
that they have no tissues. One of the main events during the
development of the rest of the animal groups is the
establishment of germ layers from which all other structures
are derived. Although a total of three germ layers is seen in
most animals, the cnidarians have only two germ layers
(ectoderm and endoderm) and the tissue level of organization.
Animals with three germ layers—ectoderm, mesoderm, and
endoderm—have an organ level of organization.

618 Part 6 Evolution and Diversity 30-2

While Oscar watches a spider close in on a dragon-
fly trapped by its web, a darting butterfly distracts
the young boy. He chases the winged creature

down the path to the ocean. At the water's edge, he notices
several sea sponges and shells that have washed up and
dried out in the hot sun. Oscar then spots his sister who has
swum out to a small coral reef to snorkel. She yelps as an
unseen jellyfish stings her, causing her brother to laugh. "Os-
car! Time to set the table, the lobsters are boiling," shouts
out a motherly voice from the porch of the nearby beach
house.

Oscar's brief period of play, and his approaching dinner,
has brought him into contact with a large crowd of inverte-
brates, the amazingly diverse group of animals that includes
more than a million species of arthropods alone. This chap-
ter will introduce you to some of them, and explain how sci-
entists classify this rich zoo of creatures.

Kingdom Animalia

Multicellular organisms with well-developed tissues; usually
motile; heterotrophic by ingestion, generally in a digestive cavity;
diplontic life cycle.

Approximate
Some Number of

Phylum Representatives Described Species

Porifera Glass, chalk, 5,000
(sponges) bath sponges

Cnidarians Hydrozoans, jellyfishes,
(cnidarians) sea anemones, corals 9,000

Platyhelminthes Planarians, flukes,
(flatworms) tapeworms 13,000

Nematoda Pinworms, 
(roundworms) hook worms 500,000

Mollusca Snails, clams, squids,
(mollusks) octopuses 110,000

Annelida Clam worms, 
(annelids) earthworms,leeches 12,000

Arthropoda Crayfish, insects,
(arthropods) millipedes, spiders One million plus

Echinodermata Starfish, sea urchins, 
(echinoderms) sand dollars, sea 6,000

cucumbers

Chordata (chordates)

Cephalochordata Lancelet 23
(cephalochordates)

Urochordata Tunicates 1,250
(urochordates)

Vertebrata (vertebrates)

Agnatha Lampreys, hagfishes 63
(jawless fishes)

Chondrichthyes Sharks, skates, rays 850
(cartilaginous fishes)

Osteichthyes Herring, salmon, 20,000
(bony fishes) cod, eel

Amphibia Frogs, toads, 3,900
(amphibians) salamanders

Reptilia Snakes, lizards, 6,000
(reptiles) turtles

Aves Sparrows, 9,000
(birds) penguins,

ostriches

Mammalia Cats, dogs, 4,500
(mammals) horses, rats, 

humans

Primates Prosimians, monkeys, apes 

Anthropoidea Monkeys, apes, humans 

Hominidae Apes, humans 

Homo Humans 
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Sponges are asymmetrical. Asymmetry means that the
animal has no particular symmetry. Other animals are either
radially symmetrical or bilaterally symmetrical. Radial
symmetry means that the animal is organized circularly,
and, just as with a wheel, two identical halves are obtained
no matter how the animal is sliced longitudinally. Bilateral
symmetry means that the animal has definite right and left
halves; only one longitudinal cut down the center of the an-
imal will produce two equal halves.

Radially symmetrical animals are sometimes attached to
a substrate; that is, they are sessile. This type of symmetry is
useful to these animals since it allows them to reach out in
all directions from one center. Bilaterally symmetrical ani-
mals tend to be active and to move forward with an anterior
end. During the evolution of animals, bilateral symmetry is
accompanied by cephalization, localization of a brain and
specialized sensory organs at the anterior end of an animal.

Two body plans are observed in the animal kingdom:
the sac plan and the tube-within-a-tube plan. Animals with the
sac plan have an incomplete digestive system. It has only

one opening, which is used both as an entrance for food and
an exit for undigested material. Animals with the
tube-within-a-tube plan have a complete digestive system,
with a separate entrance for food and exit for undigested
material. Having two openings allows specialization of
parts to occur along the length of the tube.

A true coelom is an internal body cavity completely
lined by mesoderm, where internal organs are found. Flat-
worms are acoelomates—they have mesoderm but no body
cavity. The roundworms have a pseudocoelom, a body cav-
ity incompletely lined by mesoderm because it develops be-
tween the mesoderm and endoderm. There is a layer of
mesoderm beneath the body wall but not around the gut.
The rest of the phyla in the classification table are true coelo-
mates—they have a coelom that is completely lined with
mesoderm. Coelomates are either protostomes or deutero-
stomes. When the first embryonic opening becomes the
mouth, the animal is a protostome. When the second open-
ing becomes the mouth, the animal is a deuterostome.

Among coelomates, mollusks and echinoderms are non-
segmented, while annelids, arthropods, and chordates are
segmented. Segmentation, which is the repetition of body
parts along the length of the body, leads to specialization of
parts because the various segments can become differenti-
ated for specific purposes.

Classification of animals is based on type of level
of organization, symmetry, body plan, type of
coelom, and presence of segmentation.

Chapter 30 Animals: Part I 61930-3

Figure 30.1 Animal diversity.
How do hydras differ from crayfish and humans? They are all multicellular heterotrophic organisms but differ according to their level of
organization (hydras have only tissues but crayfishes and humans have organ systems); symmetry (hydras are radially symmetrical but crayfish
and humans are bilaterally symmetrical with cephalization); and body plan (hydras have a sac body plan while crayfish and humans have a tube-
within-a-tube body plan).

a. Hydra, Hydra b. Green crayfish, Barbi c. Human being, Homo
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620 Part 6 Evolution and Diversity 30-4

Figure 30.2 Evolutionary tree.
All animals are believed to be descended from protists; the Porifera (sponges) with the cellular level of organization may have evolved separately. 

multicellularity
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30.2 Introducing the Invertebrates 
Sponges are asymmetrical—have no definite symmetry—
while cnidarians are radially symmetrical. Flatworms and
roundworms are bilaterally symmetrical, but differ in that
flatworms are acoelomates while roundworms are pseudo-
coelomates.

Sponges
Sponges (phylum Porifera,
about 5,000 species) are
aquatic, largely marine ani-
mals, that vary greatly in
size, shape, and color. Their
saclike bodies are perforated
by many pores; the phylum
name, Porifera, means pore
bearing. Sponges are multi-
cellular with the cellular level
of organization. As such, they
are believed to be out of the
mainstream of animal evolution. Most likely, they evolved
separately from protozoan ancestors and represent a dead-
end branch of the evolutionary tree.

The outer layer of the wall contains flattened epidermal
cells, some of which have contractile fibers; the middle
layer is a semifluid matrix with wandering amoeboid cells,
and the inner layer is composed of flagellated cells called
collar cells (or choanocytes) (Fig. 30.3). The beating of the
flagella produces water currents that flow through the
pores into the central cavity and out through the osculum,
the upper opening of the body. Even a sim-
ple sponge only 10 cm tall is estimated to
filter as much as 100 liters of water each day.
It takes this much water to supply the needs
of the sponge. A sponge is a sessile filter
feeder, an organism that filters its food from
the water by means of a straining device—in
this case, the pores of the walls and the mi-
crovilli making up the collar of collar cells.
Microscopic food particles that pass between
the microvilli are engulfed by the collar cells
and digested by them in food vacuoles, or

are passed to the amoeboid cells for digestion. The amoe-
boid cells also act as a circulatory device to transport nutri-
ents from cell to cell, and they produce the sex cells (the egg
and the sperm) and spicules.

Sponges can reproduce asexually by fragmentation or
by budding. During budding, a small protuberance appears
and gradually increases in size until a complete organism
forms. Budding produces colonies of sponges that can
become quite large. During sexual reproduction, eggs and
sperm are released into the central cavity and the zygote de-
velops into a flagellated larva that may swim to a new loca-
tion. If the cells of a sponge are mechanically separated, they
will reassemble into a complete and functioning organism!
Like all less specialized organisms, sponges are also capable
of regeneration, or growth of a whole from a small part.

Sponges are classified on the basis of their skeleton.
Some sponges have an internal skeleton composed of
spicules, small needle-shaped structures with one to six rays.
Chalk sponges have spicules made of calcium carbonate;
glass sponges have spicules that contain silica. Most
sponges have fibers of spongin, a modified form of collagen.
But some sponges contain only spongin fibers; a bath
sponge is the dried spongin skeleton from which all living
tissue has been removed. Today, however, commercial
“sponges” are usually synthetic.

Sponges have a cellular level of organization and
most likely evolved independently from protozoa.
They are the only animals in which digestion
occurs within cells.

Chapter 30 Animals: Part I 62130-5

collar cell
(choanocyte)

flagellum

collar

amoeboid cell

epidermal cell

spicule

sponge
wall

central
cavity

pore

Sponge Organization

central
cavity

water in
through
pores

water out

osculum

Figure 30.3 Sponge.
In a sponge, the wall contains two layers of cells:
the outer epidermal cells and the inner collar cells.
The collar cells (enlarged) have flagella that beat,
moving the water through pores as indicated by
the arrows. Food particles in the water are trapped
by the collar cells and digested within their food
vacuoles. Amoeboid cells transport nutrients from
cell to cell; spicules form an internal skeleton in
some sponges.
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Cnidarians
Cnidarians (phylum Cnidaria,
about 9,000 species) are tubu-
lar or bell-shaped animals
that reside mainly in shallow
coastal waters, except for the
oceanic jellyfishes. During
development, cnidarians have
only two germ layers (ecto-
derm and endoderm), and as
adults they have the tissue
level of organization. Cnidari-
ans are radially symmetrical,
meaning that any longitu-
dinal cut produces two iden-
tical halves.
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fertilization
planula

polyp
zygote

sperm

medusa

egg

mesoglea

gastrovascular cavity

tentacle

mouth

mesoglea

a.

b. Sea anemone, Apitasia c. Coral, Tubastrea d. Portuguese man-of-war,
    Physalia

e. Jellyfish, Aurelia

Figure 30.4 Cnidarian diversity.
a. The life cycle of a cnidarian; in some cnidarians there is both a polyp and a medusa stage; in others, one form is dominant, and in still others,
one form is absent altogether. b. The anemone, which is sometimes called the flower of the sea, is a solitary polyp. c. Corals are colonial polyps
residing in a calcium carbonate or proteinaceous skeleton. d. Portuguese man-of-war is a colony of modified polyps and medusae. e. True
jellyfish undergo a complete life cycle; the photo shows the medusan stage.

Unique to cnidarians are specialized stinging cells,
called cnidocytes, which give the phylum its name. Each
cnidocyte has a capsule called a nematocyst, which contains
a long, spirally coiled hollow thread. When the trigger of the
cnidocyte is touched, the nematocyst is discharged. Some
threads merely trap a prey or predator; others have spines
that penetrate and inject paralyzing toxins.

Two basic body forms are seen among cnidarians. The
mouth of a polyp is directed upward from the substrate,
while the mouth of a jellyfish or medusa is directed down-
ward. A medusa has more mesoglea than a polyp, and the
tentacles are concentrated on the margin of the bell. At one
time, both body forms may have been a part of the life cycle
of all cnidarians (Fig. 30.4a). When both are present, the ses-
sile polyp stage produces medusae and the motile medusan
stage produces egg and sperm; the zygote develops into a
ciliated larva that is capable of dispersal. In some cnidarians,
one stage is dominant and the other is reduced; in other
species one form is absent altogether.
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Cnidarians are quite diverse (Fig. 30.4b–e). Sea
anemones are solitary polyps, often very large and with
thick walls. They can be brightly colored, resembling beauti-
ful flowers. Corals are similar to sea anemones, but they have
calcium carbonate skeletons. Some corals are solitary, but
most are colonial, with either flat and rounded or upright
and branched colonies. The slow accumulation of coral skele-
tons forms coral reefs, which are areas of biological abun-
dance in warmer waters. The Portuguese man-of-war is a
colony of polyp and medusa types of individuals. One polyp
becomes a gas-filled float and the other polyps are special-
ized for feeding. The medusae are specialized for reproduc-
tion. In jellyfishes, the medusa is the primary stage of the life
cycle, and the polyp remains quite small and inconspicuous.

Hydra
Hydra is a freshwater cnidarian (Fig. 30.5); it is likely to be
found attached to underwater plants or rocks in most lakes
and ponds. The body is a small tubular polyp about 7.5 mm
in length. Like all cnidarians, a hydra has the sac body plan;
that is, there is only one opening that serves as both a mouth
and anus. The outer tissue layer is a protective epidermis de-
rived from ectoderm. The inner tissue layer, derived from
endoderm, is called a gastrodermis. The two tissue layers

are separated by a jellylike packing material called mesoglea.
There are both circular and longitudinal muscle fibers.
Nerve cells located below the epidermis near the mesoglea
interconnect and form a nerve net that communicates with
sensory cells throughout the body. The nerve net allows
transmission of impulses in several directions at once. Hav-
ing both muscle fibers and nerve fibers, cnidarians are capa-
ble of directional movement; the body can contract or
extend, and the tentacles that ring the mouth can reach out
and grasp prey.

Digestion begins within the central cavity but is com-
pleted within the food vacuoles of gastrodermal cells. Nutri-
ent molecules are passed by diffusion to the other cells of the
body. The large central cavity allows gastrodermal cells to ex-
change gases directly with a watery medium. Because the cen-
tral cavity carries on digestion and acts as a circulatory system
by distributing food and gases, it is called a gastrovascular
cavity. All cnidarians have a gastrovascular cavity. 

Although hydras exist only as polyps, and there are no
medusae, still they can reproduce sexually or asexually.
When sexual reproduction is going to occur, an ovary or a
testis develops in the body wall. Like sponges, cnidarians
can regenerate from a small piece. When conditions are fa-
vorable, hydras produce small outgrowths, or buds, that
pinch off and begin to live independently.
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Figure 30.5 Hydrozoan, hydra.
The wall of a hydra, which lines a gastrovascular cavity, has two tissue layers. Special stinging cells (cnidocytes) contain nematocysts that assist
in capturing prey. The tentacles deliver the prey to the mouth.
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Flatworms
Flatworms (phylum Platyhel-
minthes, about 13,000 species)
also have a sac body plan. Flat-
worms, however, have three
germ layers. The presence of
mesoderm in addition to
ectoderm and endoderm
gives bulk to the animal and
leads to greater complexity.
Free-living flatworms have
muscles and excretory, repro-
ductive, and digestive organs.
The worms lack respiratory and circulatory organs—
because the body is flat and thin, diffusion alone is ade-
quate for the passage of oxygen and other substances from
cell to cell.

Planarians
Freshwater planarians (Fig. 30.6) are small (several mm to
several cm), literally flat worms. Some tend to be colorless;
others have brown or black pigmentation. Planarians live in
lakes, ponds, streams, and springs, where they feed on small
living or dead organisms, such as worms and crustaceans.

Planarians live in fresh water and have an excretory or-
gan that serves primarily to rid the body of excess water. A
network of interconnecting canals extends through much of
the body. The beating of cilia in the flame cells (so named be-
cause the beating of the cilia reminded some early investiga-
tor of the flickering of a flame) keeps the water moving
toward the excretory pores.

Planarians have a ladder-type nervous organ. A small ante-
rior brain and two lateral nerve cords are joined by cross-
branches. Planarians exhibit cephalization—aside from a
brain, there are light-sensitive organs (the eyespots) and
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Figure 30.6 Planarian.
a. The micrograph of Dugesia shows that this flatworm is bilaterally symmetrical and has a head region with eyespots. b. When the pharynx is
extended as shown, food is sucked up into a gastrovascular cavity that branches throughout the body. c. The excretory system with flame cells is
shown in detail. d. The reproductive system has both male and female organs, and the digestive system has a single opening. e. The nervous
system has a ladderlike appearance.
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chemosensitive organs located on the auricles. They have
well-developed muscles. There are three kinds of muscle
layers—an outer circular layer, an inner longitudinal layer,
and a diagonal layer—that allow for quite varied move-
ment. Their ciliated epidermis allows planarians to glide
along a film of mucus. 

The animal captures food by wrapping itself around the
prey, entangling it in slime, and pinning it down. Then a
muscular pharynx is extended, and by a sucking motion the
food is torn up and swallowed. The pharynx leads into a
three-branched gastrovascular cavity in which digestion is
both extracellular and intracellular. The digestive tract is in-
complete because it has only one opening. 

Planarians are hermaphrodites; they possess both male
and female sex organs. The worms practice cross-fertilization:
the penis of one is inserted into the genital pore of the other,
and there is a reciprocal transfer of sperm. The fertilized eggs
hatch in 2–3 weeks as tiny worms. Like sponges and cnidari-
ans, planarians can regenerate. If a worm is cut crosswise,
each piece grows a new head or a new tail, as appropriate.

Parasitic Flatworms 
Flukes and tapeworms are two classes of parasitic flat-
worms. The anterior end of these animals carries suckers

and sometimes hooks for attachment to the host. The par-
asite absorbs nutrients from the digestive tract of the host,
and in tapeworms the digestive system is essentially ab-
sent. The tegument, a specialized body wall resistant to
host digestive juices, is covered by the glycocalyx, a mu-
copolysaccharide coating. The extensive development of
the reproductive system, with the production of millions
of eggs, may be associated with difficulties in dispersing
offspring. Both parasites utilize a secondary host to trans-
port an intermediate stage from primary host to primary
host. The primary host is infected with the sexually ma-
ture adult; the secondary host contains the larval stage or
stages.

Both flukes and tapeworms cause serious illnesses in
humans. The fluke body tends to be oval to elongate. At the
anterior end surrounded by sensory papilla there is an oral
sucker and at least one other sucker for attachment to the
host. Different fluke species infect the digestive tract, the bile
duct, blood, and the lungs. Schistosomes are blood flukes
that enter the body by active penetration of the skin (Fig.
30.7). Schistosomiasis, a serious infection caused by blood
flukes, is seen predominantly in the Middle East, Asia,
Africa, and South America. About 200 million people are
infected worldwide.
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Figure 30.7 Schistosomiasis.
This infection of humans, caused by blood flukes, Schistosoma, is an extremely prevalent disease in Egypt—especially since the building of the
Aswan High Dam. Standing water in irrigation ditches, combined with unsanitary practices, has created the conditions for widespread infection.
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A tapeworm has an anterior region, called a scolex, con-
taining hooks and suckers for attachment to the intestinal
wall of the host. Behind the scolex, there is a long series of
proglottids, segments that contain a full set of both male and
female sex organs and little else. Mature proglottids, which
are nothing but bags of eggs, break off, and as they pass out
with the feces, the eggs are released. If feces-contaminated
food is fed to pigs or cattle, the larvae escape when the cov-
ering of the eggs is digested away. They burrow through the
intestinal wall and travel in the bloodstream to finally lodge
and encyst in muscle. Here a cyst means a small, hard-
walled structure that contains a larval worm. When humans
eat infected meat, the larvae break out of the cyst, attach
themselves to the intestinal wall, and grow to adulthood.
Then the cycle begins again.

Also interesting to humans is the fact that fleas, which as
larvae have fed on the feces of an infected host, can transmit
some types of tapeworms between cats and/or dogs. 

Roundworms 
Roundworms (phylum Nematoda, 500,000 species) are non-
segmented—they have a smooth outside body wall. These

worms, which are generally
colorless and less than 5 cm
in length, occur almost any-
where—in the sea, in fresh
water, and in the soil—in
such numbers that thousands
of them can be found in a
small area.

Roundworms possess two
anatomical features not seen
before: a tube-within-a-tube
body plan and a body cavity.
With a tube-within-a-tube body
plan, the digestive tract is complete; there is both a mouth
and an anus. The body cavity is a pseudocoelom, or a body
cavity incompletely lined with mesoderm (Fig. 30.8b). The
fluid-filled pseudocoelom provides space for the develop-
ment of organs, substitutes for a circulatory system by al-
lowing easy passage of molecules, and provides a type of
skeleton. Worms in general do not have an internal or exter-
nal skeleton, but they do have a hydrostatic skeleton, a
fluid-filled interior that supports muscle contraction and en-
hances flexibility.
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Figure 30.8 Coelom structure and function.
a. Flatworms have no body cavity, and mesodermal tissue fills the interior space. b. Roundworms have a pseudocoelom, and the body cavity is
incompletely lined by mesodermal tissue. In animals that have no other skeleton, a fluid-filled coelom acts as a hydrostatic skeleton. c. Humans
are true coelomates, the body cavity is completely lined by mesodermal tissue, and mesentery holds the internal organs in place.
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Ascaris
In the roundworm Ascaris lumbricoides (Fig. 30.9), females
tend to be larger (20–35 cm in length) than males. Both sexes
move by means of a characteristic whiplike motion because
only longitudinal muscles and no circular muscles lie next to
the body wall.

The Ascaris life cycle usually begins when larvae within
a protective covering are swallowed. The worms then es-
cape from the covering and burrow through the host’s in-
testinal wall. Making their way through the organs of the
host, they move from the intestine to the liver, the heart, and
then the lungs. While in the lungs for about ten days, they
grow in size. The larvae then migrate up the windpipe to the
throat, where they are swallowed, allowing them to once
again reach the intestine. Once the worms are mature they
mate, and the female produces larva-containing eggs, which
pass out with the feces.

Other Roundworms
Trichinosis is a fairly serious infection caused by Trichinella
spiralis, a roundworm that rarely infects humans in the
United States. Humans contract the disease when they eat
rare pork containing encysted larvae. After maturation, the
female adult burrows into the wall of the host’s small intes-
tine and produces live offspring, which are carried by the
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bloodstream to the skeletal muscles, where they encyst (Fig.
30.9). The symptoms of trichinosis include muscular pain,
weakness, fever, and anemia.

Elephantiasis is caused by a roundworm called the filar-
ial worm, which utilizes the mosquito as a secondary host.
Because the adult worms reside in lymphatic vessels, fluid
return is impeded, and the limbs of an infected human can
swell to an enormous size, even resembling those of an ele-
phant. When a mosquito bites an infected person, it trans-
ports larvae to a new host.

Other roundworm infections are more common in the
United States. Children frequently acquire a pinworm infec-
tion, and hookworm is seen in the southern states, as well as
worldwide. A hookworm infection can be very debilitating
because the worms attach to the intestinal wall and feed on
blood. Good hygiene, proper disposal of sewage, and cook-
ing meat thoroughly usually protect people from parasitic
roundworms.

Roundworms have bilateral symmetry, a tube-within-
a-tube body plan, three germ layers, the organ level
of organization, and a pseudocoelom. The rest of the
animal phyla have these features, except there is a
true coelom instead of a pseudocoelom.

Figure 30.9 Roundworm diversity.
a. Note that roundworms such as Ascaris lumbricoides have a pseudocoelom and a complete digestive tract with a mouth and an anus. Therefore,
roundworms have a tube-within-a-tube body plan. The sexes are separate; this is a male roundworm. b. The larvae of the roundworm Trichinella
spiralis encyst as larvae in skeletal muscle fibers where they coil in a sheath formed from a muscle fiber. This infection in humans is called trichinosis.
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30.3 Mollusks
Mollusks, along with an-
nelids and arthropods, are
protostomes (Fig. 30.10). In
protostomes, the first embry-
onic opening becomes the
mouth. Because the coelom
forms by splitting of the
mesoderm, protostomes are
also schizocoelomates. In cer-
tain (but not all) protostomes,
there is a trochophore larva
(top-shaped with a band of
cilia at the midsection).

Characteristics of Mollusks
Mollusks (phylum Mollusca, about 110,000 species) are a
very large and diversified group; however, they all have a
body composed of at least three distinct parts.

1. Visceral mass: the soft-bodied portion that contains
internal organs.

2. Foot: the strong, muscular portion used for locomotion.
3. Mantle: the membranous or sometimes muscular

covering that envelops but does not completely enclose
the visceral mass. The mantle cavity is the space
between the two folds of the mantle. The mantle may
secrete a shell.

In addition to these three parts, many mollusks have a head
region with eyes and other sense organs.

The division of the body into distinct areas may have
contributed to diversification of animals in this phyla. There
are many different types of mollusks adapted to various
ways of life (Fig. 30.11). Molluscan groups can be distin-
guished by a modification of the foot. In the gastropods
(meaning stomach-footed), including nudibranchs, conchs,
and snails, the foot is ventrally flattened, and the animal
moves by muscle contractions that pass along the foot.
While nudibranchs, also called sea slugs, lack a shell, conchs
and snails have a coiled shell in which the visceral mass spi-
rals. Some types of snails are adapted to life on land. For ex-
ample, their mantle is richly supplied with blood vessels
and functions as a lung when air is moved in and out
through respiratory pores.

In cephalopods (meaning head-footed), including octo-
puses and squids, the foot has evolved into tentacles about
the head. Aside from the tentacles, which seize prey,
cephalopods have a powerful beak and a radula (toothy
tongue) to tear prey apart. Cephalization aids these animals
in recognizing prey and in escaping enemies. The eyes are
superficially similar to those of vertebrates—they have a lens
and a retina with photoreceptors. However, its construction
is so different from the vertebrate eye that we believe the
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Figure 30.10 Protostomes versus deuterostomes.
In protostomes, the first embryonic opening called the blastopore
becomes the mouth, the coelom forms by splitting of the mesoderm
(they are schizocoelomates), and the trochophore larva is typical. In
deuterostomes, the blastopore becomes the anus, the coelom forms
by outpocketing of the primitive gut (they are enterocoelomates), and
the dipleurula larva is found among some.

Protostomes Deuterostomes

mollusks
annelids

arthopods

echinoderms
  chordates

blastopore mouth blastopore anus

primitive
    gut

primitive
    gutanus mouth

fate of blastopore

schizocoelom enterocoelom

coelom forms by splitting
      of the mesoderm

coelom formation

mouth

coelom forms by out-
pocketing of primitive gut

mouth

anus

trochophore
      larva

anus

larval form

dipleurula
    larva

Ancestral protists

coelomates

protostomes

sp
on

ge
s

cn
id

ar
ia

ns

fla
tw

or
m

s

ro
un

dw
or

m
s

m
ol

lu
sk

s

an
ne

lid
s

ar
th

ro
po

ds

ch
or

da
te

s

ec
hi

no
de

rm
s

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


so-called camera-type eye actually evolved twice—once in
the mollusks and once in the vertebrates. In cephalopods, the
brain is formed from a fusion of ganglia, and nerves leaving
the brain supply various parts of the body. An especially
large pair of nerves controls the rapid contraction of the man-
tle, allowing these animals to move quickly by a jet propul-
sion of water. Rapid movement and the secretion of a brown
or black pigment from an ink gland help cephalopods to es-
cape their enemies. Octopuses have no shell, and squid have
only a remnant of one concealed beneath the skin.

In bivalves, such as clams, oysters, and scallops, the foot
is laterally compressed. They are called bivalves because
there are two parts to the shell. Notice in Table 30.1 that a
clam is adapted to a less active life and a squid is adapted to
a more active life.
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Feature Clam Squid

Food Gathering Filter feeder Active predator

Skeleton Heavy shell for No external
protection skeleton

Circulation Open Closed

Cephalization None Marked

Locomotion “Hatchet” foot Jet propulsion

Nervous System 3 separate ganglia Brain and nerves

Table 30.1 Comparison of Clam to Squid

Figure 30.11 Molluscan diversity.
a. A chiton has a flattened foot and a shell that consists of eight articulating valves. b. A chambered nautilus achieves buoyancy by regulating the
amount of air in the chambers of its shell. c. A scallop has sensory tentacles extended between the valves. d. A nudibranch (sea slug) lacks a
shell, gills, and a mantle cavity. Dorsal projections function in gas exchange.

a. Chiton, Tonicella b. Chambered nautilus, Nautilus

c. Scallop, Pecten d. Spanish shawl nudibranch, Flabellina
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Bivalves 
In a clam, such as the freshwater clam Anodonta, the shell, se-
creted by the mantle, is composed of protein and calcium
carbonate, with an inner layer of mother-of-pearl. If a foreign
body is placed between the mantle and the shell, pearls form
as concentric layers of shell are deposited about the particle. 

The adductor muscles hold the valves of the shell to-
gether. Within the mantle cavity, the gills, an organ for gas
exchange in aquatic forms, hang down on either side of the
visceral mass, which lies above the foot. The heart of a clam
lies just below the hump of the shell within the pericardial
cavity, the only remains of the coelom. Therefore, the coelom
is reduced. The heart pumps blood into a dorsal aorta that
leads to the various organs of the body. Within the organs,
however, blood flows through spaces, or sinuses, rather than
through vessels. This is an open circulatory system because the
blood is not contained within blood vessels all the time. This
type of circulatory system can usually be associated with a
relatively inactive animal because it is an inefficient means
of transporting blood throughout the body. 

The nervous system of a clam (Fig. 30.12) is composed of
three pairs of ganglia (anterior, foot, and posterior), which are
all connected by nerves. Clams lack cephalization. The foot
projects anteriorly from the shell, and by expanding the tip

of the foot and pulling the body after it, the clam moves
forward.

The clam is a filter feeder. Food particles and water enter
the mantle cavity by way of the incurrent siphon, a posterior
opening between the two valves. Mucous secretions cause
smaller particles to adhere to the gills, and ciliary action
sweeps them toward the mouth. This method of feeding
does not require rapid movement.

The digestive system of the clam includes a mouth with
labial palps, an esophagus, a stomach, and an intestine,
which coils about in the visceral mass and then is sur-
rounded by the heart as it extends to the anus. The anus emp-
ties at an excurrent siphon, which lies just above the incurrent
siphon. There is also an accessory organ of digestion called a
digestive gland. The two excretory kidneys in the clam (Fig.
30.12), which lie just below the heart, remove waste from the
pericardial cavity for excretion into the mantle cavity.

The sexes are usually separate. The gonad (e.g., ovary or
testis) is located around the coils of the intestine. While all
clams have some type of larval stage, only marine clams
have a trochophore larva. The presence of the trochophore
larva (see Fig. 30.10) among some mollusks indicates a rela-
tionship to the annelids, some members of which also have
this type of larval stage.
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Figure 30.12 Clam.
The shell and the mantle have been removed from one side. Trace the path of food from the incurrent siphon past the gills, to the mouth, the
stomach, the intestine, the anus, and the excurrent siphon. Locate the three ganglia: anterior, foot, and posterior. The heart lies in the reduced
coelom.
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30.4 Annelids 
Annelids (phylum Annelida,
about 12,000 species) are seg-
mented, as is externally evi-
denced by the rings that
encircle the body. Internally,
partitions called septa (sing.,
septum) divide the well- 
developed, fluid-filled coe-
lom, which acts as a hydro-
static skeleton.

Segmentation is a subdivi-
sion of the body along its length into repeating units, called
segments. Annelids have a hydrostatic skeleton, and parti-
tioning of the coelom permits each body segment indepen-
dence of movement. Also, each segment of an earthworm has its
own set of longitudinal and circular muscles and its own nerve
supply, so each segment or group of segments may function in-
dependently. When circular muscles contract, the segments be-
come thinner and elongate. When longitudinal muscles
contract, the segments become thicker and shorten. By alter-
nating circular muscle contraction and longitudinal muscle
contraction, the animal moves forward.

In annelids, the tube-within-a-tube body plan has led to
specialization of the digestive tract. For example, the digestive
system may include a pharynx, esophagus, crop, gizzard, in-
testine, and accessory glands. They have an extensive closed
circulatory system with blood vessels that run the length of the
body and branch to every segment. The nervous system con-
sists of a brain connected to a ventral solid nerve cord, with ganglia
in each segment. The excretory system consists of nephridia in
most segments. A nephridium is a tubule that collects waste
material and excretes it through an opening in the body wall.

Marine Worms 
Most annelids are marine; their class name, Polychaeta,
refers to the presence of many setae. Setae are bristles that
anchor the worm or help it move. In polychaetes, the setae are
in bundles on parapodia, which are paddlelike appendages
found on most segments. These are used not only in swim-
ming but also as respiratory organs where the expanded
surface area allows for increased exchange of gases. Clam
worms (Fig. 30.13) such as Nereis are predators. They prey
on crustaceans and other small animals, which are captured
by a pair of strong, chitinous jaws that extend with a part of
the pharynx when the animal is feeding. Associated with its
way of life, Nereis has a well-defined head region with eyes
and other sense organs.

Other polychaetes are sedentary (sessile) tube worms,
with tentacles that form a funnel-shaped fan. Water cur-
rents, created by the action of cilia, trap food particles that
are directed toward the mouth. They are sessile filter feeders; a
sorting mechanism rejects large particles, and only the
smaller ones are accepted for consumption.

Polychaetes have breeding seasons, and only during
these times do the worms have functional sex organs. In
Nereis, many worms concurrently shed a portion of their
bodies containing either eggs or sperm, and these float to
the surface, where fertilization takes place. The zygote
rapidly develops into a trochophore larva, just as in marine
clams. The existence of this larva in both the annelids and
mollusks is evidence that these two groups of animals are
related.

Polychaetes are marine worms with bundles of
setae attached to parapodia.
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Figure 30.13 Polychaete diversity.
a. Nereis is a predaceous polychaete that has a head region. Note the parapodia, which are used for swimming and as respiratory organs. 
b. Fan worms (a type of tube worm) are sessile filter feeders whose cilia-lined tentacles funnel food particles to the mouth.

Ancestral protists

coelomates

protostomes

sp
on

ge
s

cn
id

ar
ia

ns

fla
tw

or
m

s

ro
un

dw
or

m
s

m
ol

lu
sk

s

an
ne

lid
s

ar
th

ro
po

ds

ch
or

da
te

s

ec
hi

no
de

rm
s

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Earthworms 
The oligochaetes, which include earthworms, have few setae
per segment. Earthworms (e.g., Lumbricus) do not have a
well-developed head or parapodia (Fig. 30.14). Their setae
protrude in pairs directly from the surface of the body. Lo-
comotion, which is accomplished section by section, utilizes
muscle contraction and the setae. When longitudinal mus-
cles contract, segments bulge and their setae protrude into
the soil; then, when circular muscles contract, the setae are
withdrawn, and these segments move forward.

Earthworms reside in soil where there is adequate mois-
ture, which keeps the body wall moist for gas exchange pur-
poses. They are scavengers that do not have an obvious
head and feed on leaves or any other organic matter, living
or dead, which can conveniently be taken into the mouth
along with dirt. Food drawn into the mouth by the action of
the muscular pharynx is stored in a crop and ground up in a
thick, muscular gizzard. Digestion and absorption occur in a
long intestine whose dorsal surface has an expanded region
called a typhlosole that increases surface for absorption.

Earthworm segmentation, which is so obvious externally,
is also internally evidenced by septa. The long ventral solid
nerve cord leading from the brain has ganglionic swellings
and lateral nerves in each segment. The paired nephridia in
most segments have two openings: one is a ciliated funnel
that collects coelomic fluid, and the other is an exit in the
body wall. Between the two openings is a convoluted region
where waste material is removed from the blood vessels
about the tubule. Red blood moves anteriorly in the dorsal
blood vessel, which connects to the ventral blood vessel by
five pairs of connectives called “hearts.” Pulsations of the
dorsal blood vessel and the five pairs of hearts are responsi-
ble for blood flow. As the ventral vessel takes the blood to-
ward the posterior regions of the worm’s body, it gives off
branches in every segment. Altogether, segmentation is evi-
denced by

• body rings
• coelom divided by septa
• setae on most segments
• ganglia and lateral nerves in each segment
• nephridia in most segments
• branch blood vessels in each segment

The worms are hermaphroditic; the male organs are the
testes, the seminal vesicles, and the sperm ducts, and the fe-
male organs are the ovaries, the oviducts, and the seminal
receptacles. Two worms lie parallel to each other facing in
opposite directions. The fused midbody segment, called a
clitellum, secretes mucus, protecting the sperm from drying
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Figure 30.14 Earthworm. 
a. Internal anatomy of the anterior part of an earthworm. Notice that
each body segment bears four pairs of setae and that internal septa
divide the coelom into compartments. b. When earthworms, such as
Lumbricus, mate, they are held in place by a mucus secreted by the
clitellum. The worms are hermaphroditic but practice cross-
fertilization; sperm pass from the seminal vesicles of each to the
seminal receptacles of the other.
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Parasitic leeches attach themselves to the body of their hosts
and suck blood or other body fluids from fishes, turtles, snails,
or mammals. The European species of Hirudo medicinalis was
used in the 1700s and 1800s to “let blood” in feverish patients in
order to withdraw any poisons and “excess” blood. This proce-
dure, which is most debilitating for the patient, is no longer
practiced, but leeches are still used on occasion to remove blood
from bruised skin (Fig. 30A). They are also applied to small
body parts like fingers and toes that have just been reattached to
the body. The sucking by the leech unclogs small blood vessels,
causing blood to flow normally again through the part. The an-
terior sucker of the medicinal leech has three jaws that
saw through the skin, producing a Y-shaped incision through
which blood is drawn up by the sucking action of the muscular
pharynx. The salivary glands secrete an anticoagulant called
hirudin, which keeps the blood flowing while the leech is feed-
ing. Other salivary ingredients dilate the host’s blood vessels
and act as an anesthetic. A medicinal leech can take up to five
times its body weight in blood because the crop has pouches
where the blood can be stored as the animal expands in size.
When it has taken its fill, the leech drops off and digests its meal.
Complete digestion takes a long time, and it’s been suggested
that a leech needs to feed only once a year.

Not all leeches suck blood or fluids; some are even preda-
ceous and eat a variety of small invertebrates.
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Medicinal Bloodsuckers

Figure 30A Medicinal leeches, Hirudo medicinalis.
They are sometimes used medically to remove blood that has
accumulated in damaged tissues.

out as they pass between the worms. After the worms sepa-
rate, the clitellum of each produces a slime tube, which is
moved along over the anterior end by muscular contrac-
tions. As it passes, eggs and the sperm received earlier are
deposited and fertilization occurs. The slime tube then
forms a cocoon to protect the worms as they develop. There
is no larval stage.

It is interesting to compare the anatomy of marine clam
worms to terrestrial earthworms because it highlights the
manner in which earthworms are adapted to life on land.
Marked cephalization is seen in the nonpredatory earth-
worms that extract organic remains from the soil they eat.
The lack of parapodia helps reduce the possibility of water
loss and facilitates burrowing in soil. The clam worm
makes use of external water, while the earthworm provides
a mucous secretion to aid fertilization. It is the water form
that has the swimming, or trochophore larva, and not the
land form.

Earthworms, which burrow in the soil, lack obvious
cephalization and parapodia. They are
hermaphroditic, and there is no larval stage.

Leeches 
Leeches are usually found in fresh water, but some are ma-
rine or even terrestrial. They have the same body plan as
other annelids but they have no setae, and each body ring
has several transverse grooves. Most leeches are only 2–6 cm
in length, but some, including the medicinal leech, are as
long as 20 cm.

Among their modifications are two suckers, a small oral
one around the mouth and a large posterior one. While some
leeches are free-living predators, most are fluid feeders that
attach themselves to open wounds. Some bloodsuckers,
such as the medicinal leech, are able to cut through tissue.
Leeches are able to keep blood flowing and prevent clotting
by means of a substance in their saliva known as hirudin, a
powerful anticoagulant. This has added to their potential
usefulness in the field of medicine today, as discussed in the
accompanying reading.

Leeches are modifed in a way that lends itself to
the parasitic way of life. Some are external
parasites known as bloodsuckers.
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30.5 Arthropods 
Arthropods (phylum Arthro-
poda) are extremely diverse.
Over one million species 
have been discovered and de-
scribed, but some experts
suggest that as many as 30
million arthropods could
exist—mostly insects. 

What characteristics ac-
count for the success of arthro-
pods? Arthropod literally
means “jointed foot,” but actu-
ally they have freely movable jointed appendages. The exoskele-
ton of arthropods is composed primarily of chitin, a strong,
flexible, nitrogenous polysaccharide. The exoskeleton serves
many functions such as protection, attachment for muscles, lo-

comotion, and prevention of desiccation. However, because
this exoskeleton is hard and nonexpandable, arthropods must
undergo molting, or shedding of the exoskeleton, as they
grow larger. Before molting, the body secretes a new, larger
exoskeleton, which is soft and wrinkled, underneath the old
one. After enzymes partially dissolve and weaken the old exo-
skeleton, the animal breaks it open and wriggles out. The new
exoskeleton then quickly expands and hardens.

Arthropods are segmented, but some segments are fused
into regions, such as a head, a thorax, and an abdomen. In
trilobites, an early and now extinct arthropod, there was a
pair of appendages on each body segment. In modern arthro-
pods, appendages are specialized for such functions as walking,
swimming, reproducing, eating, and sensory reception.
These modifications account for much of the diversity of
arthropods. Each of the five major groups of arthropods (Fig.
30.15) contains species that are adapted to terrestrial life.

Arthropods have a well-developed nervous system. There is
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Figure 30.15 Arthropod diversity.
a. A millipede has only one pair of antennae, and the head is followed by a series of segments, each with two pairs of appendages. b. The hairy
tarantulas of the genus Aphonopelma are dark in color and sluggish in movement. Their bite is harmless to people. c. A crab is a crustacean with
a calcified exoskeleton, one pair of claws and four other pairs of walking legs. d. A wasp is an insect with two pairs of wings, both used for flying,
and three pairs of walking legs. e. A centipede has only one pair of antennae, and the head is followed by a series of segments, each with a
single pair of appendages.

c. Dungeness crab, Cancer e. Stone  centipede, Lithobius

a. Flat-backed millipede, Sigmoria b. Tarantula, Aphonopelma 

d. Paper wasp, Polistes
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a brain and a ventral solid nerve cord. The
head bears various types of sense organs,
including antennae (or feelers) and eyes of
two types—compound and simple. The
compound eye is composed of many com-
plete visual units, each of which operates
independently. The lens of each visual unit
focuses an image on the light-sensitive
membranes of a small number of photore-
ceptors within that unit. Vision is not acute,
but it is much better for details of move-
ment than with our eyes. 

Crustaceans
Crustaceans are a group of largely marine
arthropods that include barnacles,
shrimps, lobsters, and crabs. There are also
some freshwater crustaceans, including the
crayfish, and some terrestrial ones, includ-
ing the sowbug or “roly-poly bug.” 

Crustaceans are named for their hard
shells; the exoskeleton is calcified to a
greater degree in some forms than in oth-
ers. Although crustacean anatomy is ex-
tremely diverse, the head usually bears a
pair of compound eyes and five pairs of ap-
pendages. The first two pairs, called anten-
nae, lie in front of the mouth and have
sensory functions. The other three pairs are
mouthparts used in feeding.

In crayfish such as Cambaris, the thorax
bears five pairs of walking legs. The first
walking leg is a pinching claw (Fig. 30.16).
The gills are situated above the walking
legs. The head and thorax are fused into a cephalothorax, which
is covered on the top and sides by a nonsegmented carapace.
The abdominal segments are equipped with swimmerets,
small paddlelike structures. The last two segments bear the
uropods and the telson, which make up a fan-shaped tail to
propel the crayfish backward.

Ordinarily, a crayfish lies in wait for prey. It faces out
from an enclosed spot with the claws extended and the an-
tennae moving about. The claws seize any small animal, dead
or alive, that happens by and carry it to the mouth. When a
crayfish moves about, it generally crawls slowly, but it may
swim rapidly by using its heavy abdominal muscles and tail.

The digestive system includes a stomach, which is di-
vided into two main regions: an anterior portion called the
gastric mill, equipped with chitinous teeth to grind coarse
food, and a posterior region, which acts as a filter to prevent
coarse particles from entering the digestive glands where ab-
sorption takes place. Green glands lying in the head region,
anterior to the esophagus, excrete metabolic wastes through
a duct that opens externally at the base of the antennae. The
coelom, which is so well developed in the annelids, is reduced
in the arthropods and is composed chiefly of the space about

the reproductive system. A heart within a pericardial cavity
pumps blood containing the respiratory pigment hemo-
cyanin into a hemocoel consisting of sinuses (open spaces),
where the hemolymph flows about the organs. (Whereas he-
moglobin is a red iron-containing pigment, hemocyanin is a
blue copper-containing pigment.) This is an open circulatory
system because blood is not contained within blood vessels.

The nervous system is quite similar to that of the earth-
worm. There is a brain, as well as a ventral nerve cord that
passes posteriorly. Along the length of the nerve cord, gan-
glia in segments give off 8 to 19 paired lateral nerves.

The sexes are separate in the crayfish, and the gonads
are located just ventral to the pericardial cavity. In the male,
a coiled sperm duct opens to the outside at the base of the
fifth walking leg. Sperm transfer is accomplished by the first
two pairs of swimmerets, which are enlarged and quite
strong. In the female, the ovaries open at the bases of the
third walking legs. A stiff fold between the bases of the
fourth and fifth pairs of walking legs serves as a seminal re-
ceptacle. Following fertilization, the eggs are attached to the
swimmerets of the female.
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Figure 30.16 Male crayfish.
a. Externally, it is possible to observe the jointed appendages. Note the swimmerets and the
walking legs, which include the claws. These appendages, plus a portion of the carapace,
have been removed from the right side so that the gills are visible. b. Internally, the parts of
the digestive system are particularly visible. The circulatory system can also be clearly seen.
Note the ventral nerve cord.
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Insects
There are more different kinds of insects than any other type
animal. Examples of insects include crickets and grasshop-
pers, dragonflies, water striders, beetles, moths and butter-
flies, flies, bees, and wasps (Fig. 30.17).

Insects have certain features in common. The body is di-
vided into a head, a thorax and an abdomen. The head usu-
ally bears a pair of sensory antennae, a pair of compound eyes,
and several simple eyes. The mouthparts are adapted to the
way of life: a grasshopper has mouthparts that chew, and a
butterfly has a long tube for siphoning the nectar of flowers.
The thorax bears three pairs of legs and no pairs, one pair, or
two pairs of wings, and the abdomen contains most of the
internal organs. Wings enhance an insect’s ability to survive

by providing a way of escaping enemies, finding food, facil-
itating mating, and dispersing the offspring. The exoskele-
ton of an insect is lighter and contains less chitin than that of
many other arthropods.

In the grasshopper (Fig. 30.18), the third pair of legs is
suited to jumping. There are two pairs of wings. The
forewings are tough and leathery, and when folded back at
rest, they protect the broad, thin hindwings. On the lateral
surface, the first abdominal segment bears a large tympanum
on each side for the reception of sound waves. The posterior
region of the exoskeleton in the female has two pairs of pro-
jections that form an ovipositor, which is used to dig a hole
in soil where eggs are laid.

The digestive system is suitable for a herbivorous diet.
In the mouth, food is broken down mechanically by mouth-
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Figure 30.17 Insect diversity.
a. Walking sticks are herbivorous, with biting and chewing mouthparts. b. Bees have four translucent wings and a thorax separated from the
abdomen by a narrow waist. c. Flies have a single pair of wings and lapping mouthparts. d. Dragonflies have two pairs of similar wings. They
catch and eat other insects while flying. e. Butterflies have forewings larger than hindwings. Their mouthparts form a long tube for siphoning
up nectar from flowers.

a. Walking stick, Diapheromera

b. Bee, Apis

c. Housefly, Musca

d. Dragonfly, Aeshna

e. American copper butterfly, Lycaena
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parts and enzymatically by salivary secretions. Food is
temporarily stored in the crop before passing into a gas-
tric mill, where it is finely ground before digestion is
completed in the stomach. Nutrients are absorbed into
the hemocoel from outpockets called gastric ceca; a ce-
cum is a cavity open at one end only. The stomach is fol-
lowed by an intestine and rectum, which empties by
way of an anus. The excretory system consists of
Malpighian tubules, which extend into the hemocoel
and collect nitrogenous wastes that are concentrated
and excreted into the digestive tract. The formation of a
solid nitrogenous waste, namely uric acid, conserves
water.

The respiratory system begins with openings in the
exoskeleton called spiracles. From here, the air enters
small tubules called tracheae (Fig. 30.18a). The tracheae
branch and rebranch until they end intracellularly,
where the actual exchange of gases takes place. The
movement of air through this complex of tubules is not
a passive process; air is pumped by alternate contraction
and relaxation of the body wall through a series of sev-
eral bladderlike structures, which are attached to the
tracheae near the spiracles. Air enters the anterior four
spiracles and exits by the posterior six spiracles. Breath-
ing by tracheae may account for the small size of insects
(most are less than 60 mm in length), since the tracheae
are so tiny and fragile that they would be crushed by
any significant amount of weight.

The circulatory system contains a slender, tubular
heart that lies against the dorsal wall of the abdominal ex-
oskeleton and pumps hemolymph into an aorta that leads
to a hemocoel, where it circulates before returning to the
heart again. The hemolymph is colorless and lacks a respi-
ratory pigment—the tracheal system exchanges gases. 

Reproduction is adapted to life on land. The male has
a penis, and sperm passed to the female are stored in a

other colonial insects. Insects are so numerous and so di-
verse that the study of this one group is a major specialty in
biology called entomology.

It is of interest to compare the adaptations of a grasshop-
per to land with the adaptations of a crayfish to an aquatic
environment. In crayfish, gills take up oxygen from water,
while in the grasshopper, tracheae allow oxygen-laden air to
enter the body. Appropriately, the crayfish has an oxygen-
carrying pigment, but a grasshopper has no such pigment in
its blood. A liquid nitrogenous waste (ammonia) is excreted
by a crayfish, while a solid nitrogenous waste (uric acid) is
excreted by a grasshopper. Only in grasshoppers (1) is there
a tympanum for the reception of sound waves and (2) do
males have a penis for passing sperm to females without
possible desiccation and females an ovipositor for laying
eggs in soil. Crayfish utilize their uropods when they swim;
a grasshopper has legs for hopping and wings for flying.
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Figure 30.18 Female grasshopper.
a. Externally, the tympanum receives sound waves, and the hopping legs
and the wings are for locomotion. b. Internally, the digestive system is
specialized. The Malpighian tubules excrete a solid nitrogenous waste (uric
acid). A seminal receptacle receives sperm from the male, which has a penis.

seminal receptacle. Internal fertilization protects both ga-
metes and zygotes from drying out. The female deposits the
fertilized eggs in the ground with her ovipositor.

Metamorphosis is a change in form and physiology that
occurs as an immature stage, called a larva, becomes an
adult. Grasshoppers undergo gradual metamorphosis, or a
gradual change in form, as the animal matures. The imma-
ture grasshopper, called a nymph, is recognizable as a
grasshopper, even though it differs somewhat in shape and
form from the adult. Other insects, such as butterflies, un-
dergo complete metamorphosis, involving drastic changes in
form. At first, the animal is a wormlike larva (caterpillar)
with chewing mouthparts. It then forms a case, or cocoon,
about itself and becomes a pupa. During this stage, the body
parts are completely reorganized; the adult then emerges
from the cocoon. This life cycle allows the larvae and adults
to typically make use of different food sources. Most eating
by insects occurs during the larval stage. 

Insects also show remarkable behavior adaptations, ex-
emplified by the social systems of bees, ants, termites, and
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By using data from many sources, the evolution, and thus the
classification, of an animal group can be clarified. A good exam-
ple comes from the spiders, members of the class Arachnida, or-
der Araneae. Spiders are distinguished from other similar
animals by their ability to weave webs of silk. The silk is pro-
duced from glands in their abdomens, and it emerges from
modified appendages called spinnerets.

Arachnologists (scientists who study spiders) are largely
convinced that spider webs were originally used to line a cavity
or a burrow in which an early spider hid. Many spiders that still
live in such burrows put a collar of silk around their burrow en-
trances to detect prey over a wider area than they could other-
wise easily search. From this array of threads evolved the basic
sheet web, made by a wide variety of primitive spider families.
The sheet of closely woven threads is useful not only in signal-
ing the presence of prey, but also in slowing the prey as the in-
sect’s legs tangle in the matted silk. However, the appearance of
the sheet web in many clearly unrelated families of spiders sug-
gests that it evolved numerous times and cannot be used to an-
swer questions about the true relationships of spider families.

Only if some advanced feature of a sheet web is shared by two
or more families does it indicate a common ancestry.

The geometric orb web probably evolved from a sheet web. The
orb web, which has threads placed in a regular fashion, uses less
silk and thus “costs” less. Until recently, the orb web was thought
to have arisen at least twice because it is made by two groups of
spiders that look very different. The dinopoids (superfamily
Dinopoidea) includes spiders with a special spinning apparatus,
the cribellum, which produces extremely fine fibers. The araneoids
(superfamily Araneoidea), which also make orb webs, lacks the
cribellum, and thus are called ecribellates. If the cribellum is a spe-
cialization that arose only in the dinopoid lineage, then it seems
most logical that the araneoids and dinopoids are not closely re-
lated and their orb webs are quite separate developments.

Arachnologists noticed, however, the great similarities of the
orbs made by the two families—even extending to the specific
movements made by the spiders’ legs while weaving them. Per-
haps then the two families are closely related despite the lack of a
cribellum in the araneoid line. The Finnish biologist Pekka Lehti-
nen made a sweeping study of all sorts of spiders in 1967 and

found numerous examples of spiders that were
nearly identical except for the presence or absence of
a cribellum. The mass of evidence he accumulated
convinced arachnologists that the cribellum could
easily have been lost in the araneoid line of descent. 

By considering the new data regarding the
cribellum, together with observations of orb-web
building behavior, most arachnologists are con-
vinced that the orb web originated only once, and
that the dinopoids and araneoids do share a com-
mon ancestor  (Fig. 30B).

638

Spider Webs and Spider Classification

primitive spiders tarantulas araneoids dinopoids

cribellum lost

cribellum and 
orb web

silk and spinnerets
= orb web

Figure 30B Evolution of orb web.
a. Evolutionary tree of spiders. b. Orb web of the garden spider Araneus diadematus differs only in detail from (c) the orb of a cribellate
spider, the New Zealand species Waitkera waitkerensis. The leg movements used by both during web construction are very similar, making
it likely that there is a close evolutionary relationship between them, despite their anatomical differences.

a.

b. c.
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Arachnids
The arachnids (class Arachnida, about 50,000 species) in-
clude terrestrial spiders, scorpions, ticks and mites
(Fig. 30.19). In this group, the cephalothorax bears six pairs
of appendages: the chelicerae and the pedipalps and four
pairs of walking legs. The cephalothorax is followed by an
abdomen that contains internal organs. 

Scorpions are the oldest terrestrial arthropods. Today,
they occur in the tropics, subtropics, and temperate regions
of North America. They are nocturnal and spend most of the
day hidden under a log or a rock. In scorpions the pedipalps
are large pincers, and the long abdomen ends with a stinger
that contains venom. Ticks and mites are parasites. Ticks
suck the blood of vertebrates and are sometimes transmit-
ters of diseases, such as Rocky Mountain spotted fever or
Lyme disease. Chiggers, the larvae of certain mites, feed on
the skin of vertebrates. 

Spiders, the most familiar arachnids, have a narrow
waist that separates the cephalothorax from the abdomen.
Each chelicera consists of a basal segment and a fang that de-
livers poison to paralyze or kill prey. Two venom glands are
located in the chelicerae or in the head. The pedipalps assist

in sensing and holding the prey. Digestive juices from the
mouth liquefy the tissues and the resulting broth is sucked
into the stomach. Spiders use silk threads for all sorts of
purposes, from lining their nests to catching prey. The read-
ing on the previous page tells how biologists have used
web-building behavior as a way to discover how spiders are
related. 

The internal organs of spiders also show how they are
adapted to a terrestrial way of life. Malpighian tubules work
in conjunction with rectal glands to reabsorb ions and water
before a relatively dry nitrogenous waste (uric acid) is ex-
creted. Invaginations of the inner body wall form lamellae
(“pages”) of their so-called book lungs. Air flowing into the
folded lamellae on one side exchanges gases with blood
flowing in the opposite direction on the other side. 

The arthropods are a diverse group of animals, of
which some members are adapted to an aquatic
existence and others are adapted to a terrestrial
way of life. Jointed appendages and a water
repellent exoskeleton assists locomotion and
lessens the threat of drying out on land.
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Figure 30.19 Arachnid diversity.
a. A scorpion has pincerlike chelicerae and pedipalps, and there is a long abdomen ending with a stinger that contains venom. b. Most spiders
are harmless, but the venom of the black widow spider is dangerous to humans. c. In the western United States, the wood tick carries a
debilitating disease called Rocky Mountain spotted fever. d. Arachnids breathe by means of book lungs, in which the “pages” are double sheets
of thin tissue (lamellae).
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Summarizing the Concepts

30.1 Evolution and Classification of Animals 
Animals are multicellular heterotrophs that ingest their food. The clas-
sification of animals is based on symmetry, number of germ layers,
type of coelom, and body plan, among other features. An evolutionary
tree based on these features depicts a possible evolutionary relation-
ship between the animals.
30.2 Introducing the Invertebrates
Sponges are asymmetrical, and cnidarians have radial symmetry. All
other phyla contain bilaterally symmetrical animals (Table 30.2). Flat-
worms have three germ layers but no coelom. Roundworms have a
pseudocoelom and a tube-within-a-tube body plan.
30.3 Mollusks
Mollusks, along with annelids and arthropods, are protostomes because
the first embryonic opening becomes the mouth. The body of a mollusk
typically contains a visceral mass, a mantle, and a foot. Predaceous
squids display marked cephalization, move rapidly by jet propulsion,
and have a closed circulatory system. Bivalves (e.g., clams), which have
a hatchet foot, are filter feeders. Water enters and exits by siphons, and
food trapped on the gills is swept toward the mouth. 

30.4 Annelids
Annelids are segmented worms; segmentation is seen both externally
and internally. Polychaetes are marine worms that have parapodia. A
clam worm is a predaceous marine worm with a defined head region.
Earthworms are oligochaetes that scavenge for food in the soil and do
not have a well-defined head region.

30.5 Arthropods
Arthropods are the most varied and numerous of animals. Their suc-
cess is largely attributable to a flexible exoskeleton and specialization
of body regions. Like many other arthropods, crustaceans have a head
that bears compound eyes, antennae, and mouthparts. The crayfish, a
crustacean, also illustrates features such as an open circulatory system,
respiration by gills, and a ventral solid nerve cord. Like most other in-
sects, grasshoppers have wings and three pairs of legs attached to the
thorax. Grasshoppers also have many other features that illustrate
adaptation to a terrestrial life, such as respiration by tracheae. 

Spiders are arachnids with chelicerae, pedipalps, and four pairs of
walking legs attached to a cephalothorax. Spiders, too, are adapted to
life on land, and they spin silk which is used in various ways. Some spi-
ders spin webs, and the type of web can be used to discover the evolu-
tionary relationship among spiders. 
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The many types of animals in a coral
reef form a complex community that is

admired by both snorkelers and scuba
divers. The various types of fish and shell-
fish in a coral reef are sources of food for
millions of people. Like a tropical forest,
coral reefs are most likely sources of medi-
cines yet to be discovered. And a reef serves
as a storm barrier that protects the shoreline
and provides a safe harbor for ships.

Reefs around the globe are being de-
stroyed. Tons of soil from deforested tracts
of land bring nutrients that stimulate the
growth of all kinds of algae. This has con-
tributed to a population explosion of the
crown-of-thorn starfish that are devouring
Australia’s 1,200 mile-long Great Barrier
Reef. Reefs are also being damaged by pol-
lutants that seep into the sea from facto-

ries, farm fields, and sewers. Stress, com-
bined with unusually warm sea water, has
caused the corals to expel their colorful,
symbiotic algae, which carry on photosyn-
thesis and help sustain the corals. So-called
coral bleaching has been noticed in reefs of
the Pacific Ocean and the Caribbean.
Might worldwide global warming also
contribute to coral bleaching and death?

Marine scientist Edgardo Gomez esti-
mates that 90% of coral reefs of the Philip-
pines are dead or deteriorating due to
pollution, but especially due to overfishing.
The methods are sinister, including the use
of dynamite to kill the fish, making it easier
to scoop them up, use of cyanide to stun the
fish to capture them alive, and using satel-
lite navigation systems to home in on areas
where mature fish are spawning to repro-

duce. If all large herbivores are killed, sea-
weed overgrows and kills the coral.

Paleobiologist Jeremy Jackson of the
Smithsonian Tropical Research Institute
near Panama City, Republic of Panama,
wonders if he is doing enough to warn the
public that reefs around the world are in
danger. He estimates that we may lose
60% of all coral reefs by the year 2050.

Questions
1. Do you think it would be possible to

make the public care about the loss of
coral reefs? Explain. 

2. When and under what circumstances do
dire predictions help preserve the
environment?   

3. Considering what is causing the loss of
coral reefs, would it be possible to save
them? How? 

Sponges Cnidarians Flatworms Roundworms

Symmetry Radial or none Radial Bilateral Bilateral

Type of body plan — Sac Sac Tube-within-a-tube

Tissue layers — Two Three Three

Level of organization Cell Tissue Organ Organ

Body cavity — — Acoelomate Pseudocoelomate

Table 30.2 Comparison of Animals without a True Coelom
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Studying the Concepts

1. What does the evolutionary tree (see Fig. 30.2) tell you about
the evolution of the animals studied in this chapter? 620

2. List the types of cells found in a sponge, and describe their
functions. 621

3. What are the two body forms found in cnidarians? Explain
how they function in the life cycle of various types of cnidari-
ans. 622

4. Describe the anatomy of hydra, pointing out those features
that typify cnidarians. 623

5. Describe the anatomy of a free-living planarian, pointing out
those features that typify nonparasitic flatworms. 624-25

6. Describe the parasitic flatworms, and describe the life cycle of
a pork tapeworm. 625-26

7. Describe the anatomy of Ascaris, pointing out those features
that typify roundworms. 627

8. What are the general characteristics of mollusks? Contrast the
anatomy of the clam and the squid, indicating how each is
adapted to its way of life. 628-29

9. What are the general characteristics of annelids? Contrast the
anatomy of the clam worm and the earthworm, indicating
how each is adapted to its way of life. 631-32

10. What are the general characteristics of arthropods? Describe
the specific features of crayfish, the grasshopper, and a spider,
indicating how each is adapted to its way of life. 634-39

Testing Yourself

Choose the best answer for each question.
1. Label the following diagram of the cnidarian polyp:
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a.

b.

c.

d.

2. Which of these is not a characteristic of animals?
a. heterotrophic
b. diplontic life cycle
c. usually practice sexual reproduction
d. have contracting fibers
e. single cells or colonial

3. The evolutionary tree of animals shows that
a. cnidarians evolved directly from sponges.
b. flatworms evolved directly from roundworms.
c. both sponges and cnidarians evolved from protista.
d. coelomates gave rise to the acoelomates.
e. All of these are correct.

4. Which of these sponge characteristics is not typical of
animals?
a. They have a type of skeleton.
b. They practice sexual reproduction.
c. They have the cellular level of organization.
d. They are asymmetrical.
e. Both c and d are correct.

5. Which of these is mismatched?
a. sponges—spicules
b. tapeworms—proglottids
c. cnidarians—nematocysts
d. crayfish—compound eyes
e. roundworms—cilia

6. Flukes and tapeworms
a. show cephalization.
b. have well-developed reproductive systems.
c. have well-developed nervous systems.
d. have a tube-within-a-tube body plan.
e. are plant parasites.

7. The presence of mesoderm
a. is necessary to mesoglea formation.
b. restricts the development of a coelom.
c. is associated with the organ level of organization. 
d. is associated with the development of muscles.
e. Both b and c are correct. 

8. Ascaris is a parasitic
a. roundworm. d. sponge.
b. flatworm. e. mollusk.
c. hydra.

9. Which of these best shows that annelids and arthropods are
closely related? In both,
a. the first embryonic opening becomes the mouth.
b. there is a complete digestive tract.
c. there is a ventral solid nerve cord.
d. there are segments.
e. All of these are correct.

10. Which of these is mismatched?
a. clam—gills
b. lobster—gills
c. grasshopper—book lungs
d. polychaete—parapodia
e. All of these are matched correctly.

11. Which of these is an incorrect statement?
a. Planarians are heterotrophs.
b. Spiders are carnivores in the phylum Arthropoda.
c. Clams are filter feeders in the phylum Mollusca.
d. Earthworms are scavengers in the phylum 

Arthropoda.
e. Squids are predators in the phylum Mollusca.

12. A radula is a unique organ for feeding found in
a. mollusks. d. arthropods.
b. roundworms. e. All of these are correct.
c. annelids.

13. Which of these is mismatched?
a. roundworms—hydrostatic skeleton
b. crayfish—walking legs
c. clam—hatchet foot
d. grasshopper—wings
e. earthworm—many cilia
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Thinking Scientifically

1. Considering the characteristics of animals (page 618):
a. Compare corresponding characteristics of plants and ani-

mals. 
b. What one animal characteristic can be associated with an

animal’s need to acquire food? 
c. Why is it reasonable to assume that animals arose from

protozoans? 
d. Some animals can regenerate from a small part of the

whole. Why would you expect only simple animals, and
not those with highly differentiated tissues, to be able to
do this?

2. Some animals have a complete (both mouth and anus) diges-
tive tract, and some have an incomplete (only one opening)
digestive tract. 
a. In which type of animal would you expect the digestive

tract to have specialized parts? Why?
b. Why is it consistent that a coelomate animal would have a

complete digestive tract with specialized parts?
c. In which type of animal would you expect the animal to be

a discontinuous (eat at intervals) feeder?
d. In more complex animals, blood vessels deliver the prod-

uct of digestion to the cells. How does a planarian make do
without a circulatory system?

14. Which of these is mismatched?
a. flatworms—acoelomate
b. mollusk—reduced coelom
c. insects—hemocoel
d. crayfish—coelom divided by septa
e. clam worm—true coelom

15. Label this diagram.
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Understanding the Terms

annelid 631
arachnid 639
arthropod 634
asymmetry 619
bilateral symmetry 619
bivalve 629
cephalization 619
chitin 634
cnidarian 622
coelom 619
coral 623
crustacean 635
deuterostome 619
filter feeder 621
fluke 625
gastrovascular cavity 623
hemocoel 635
hermaphrodite 625

hydrostatic skeleton 626
insect 636
invertebrate 618
leech 633
Malpighian tubule 637
metamorphosis 637
mollusk 628
molting 634
nematocyst 622
nephridium 631
protostome 619
pseudocoelom 619
radial symmetry 619
segmentation 619
sessile 619
tapeworm 625
trachea 637
vertebrate 618

Match the terms to these definitions:
a. Air tube in insects located between the spiracles

and the tracheoles.
b. Body cavity lying between the digestive tract and

body wall that is completely lined by mesoderm.
c. Body plan having two corresponding or comple-

mentary halves.
d. Periodic shedding of the exoskeleton in arthro-

pods.
e. Segmentally arranged, paired excretory tubules of

many invertebrates, as in the earthworm.

a. e. g.

h.

i.

j.

n.

m.

l.

k.

d.
c.

b.

f.

Using Technology

Your study of animals is supported by these available
technologies:

Essential Study Partner CD-ROM
Evolution & Diversity ££ Invertebrates
Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader
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Animals: Part II

Chapter Concepts

31.1 Echinoderms
• Echinoderms (e.g., starfish) and chordates (e.g.,

vertebrates) are both deuterostomes. 644
• In deuterostomes, the second embryonic opening

becomes the mouth, and the coelom develops by
outpocketing from the primitive gut. 644

• Echinoderms have radial symmetry and a
unique water vascular system for locomotion.
645

31.2 Chordates
• All chordates have a notochord, a dorsal hollow

nerve cord, and pharyngeal pouches sometime
during their life history; in vertebrates, the
notochord is replaced by the vertebral column.
646

31.3 Vertebrates 
• There are three groups of fishes. One group is

jawless, but the other two groups—the
cartilaginous and bony fishes (ray-finned and
lobe-finned)—have jaws. 650

• Amphibians (e.g., frogs and salamanders)
evolved from lobe-finned fishes and have limbs,
an adaptation for locomotion on land. 651

• The shelled egg of reptiles, which contains
extraembryonic membranes, is an adaptation for
reproduction on land. 653

• Both birds, which can fly, and mammals, which
have hair and mammary glands, evolved from
reptiles and are able to maintain a constant body
temperature. 655

31.4 Human Evolution
• Primates (e.g., prosimians, monkeys, apes, and

humans) are mammals adapted to living in trees.
659

• Human evolution diverged from ape evolution
in Africa about 4 million years ago. The
australopithecines were the first hominids. 660

• Homo habilis could make tools; Homo erectus
migrated out of Africa and was a big game
hunter. 661

• Cro-Magnon is the name given to modern
humans who made sophisticated tools and
definitely had a culture. 664

Over half of the vertebrates alive today are fishes. They come in
all sizes and shapes—a coral reef is home for these lemon
butterfly fish, Chaetodon miliaris.
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31.1 Echinoderms
In echinoderms, as well as
chordates, the second embry-
onic opening becomes the
mouth. Therefore, echino-
derms and chordates are
called deuterostomes. In these
animals, the coelom forms by
outpocketing of the primitive
gut, and therefore they are
also called enterocoelomates.
Echinoderms and close rela-
tives of chordates have a dipleurula larva (bands of cilia
placed as shown in Fig. 30.10). 

Because the chordates include the vertebrates (e.g.,
human beings), it may seem surprising to learn that chor-
dates are most closely related to the echinoderms (e.g., sea
stars) that lack those features we associate with vertebrates.
For example, the echinoderms are often radially and not
bilaterally symmetrical. However, their larva is a free-
swimming filter feeder with bilateral symmetry. Metamor-
phosis results in the radially symmetrical adult. 

Characteristics of Echinoderms
Echinoderms (phylum Echinodermata, about 6,000 species),
a diverse group of marine animals, have an endoskeleton (in-
ternal skeleton) consisting of spine-bearing, calcium-rich
plates. The spines, which stick out through their delicate
skin, account for their name. The echinoderms include only
marine animals—sea stars, sea urchins, sea cucumbers,
feather stars, sea lilies, and sand dollars (Fig. 31.1).
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As Wendy waited in a camouflaged blind for her next
target, the wildlife photojournalist thought about her
recent assignments. Last month, she had donned

scuba gear to photograph the remarkably ugly hagfish, and
also worked underwater in a cage to capture pictures of the
fierce hammerhead shark. Her cameras had documented al-
ligators chasing down prey and turtles returning to the ocean
after burying their eggs on the seashore. Using a hang glider,
Wendy had even photographed a bald eagle flying around its
nest on the side of a steep mountain. Other jobs had her
track kangaroos in Australia and apes in Africa. Today, she
was waiting for a lion to attack the herd of antelopes at the
watering hole near her blind.

From fish to birds, reptiles to mammals, the vertebrate
world offers Wendy a seemingly endless number of photo-
graphic subjects. Many of those creatures will make an ap-
pearance in this chapter. We'll also detail how, through
evolution, one line of descent gave rise to the uniquely intel-
ligent species called Homo sapiens sapiens, otherwise
known as modern humans.

Figure 31.1 Echinoderm diversity. 
a. Sea urchins have large, colored, external spines for protection.
b. Sea cucumbers look like a cucumber; they lack arms but have
tentaclelike tube feet with suckers around the mouth. c. A feather
star extends its arms to strain suspended food particles from the sea.

a. Purple sea urchin, Strongylocentrotus 

b. Sea cucumber, Parastichopus 

c. Feather star, Comanthus
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Sea Stars
Sea stars are commonly found along rocky coasts where
they feed on clams, oysters, and other bivalve mollusks. The
five-rayed body has an oral, or mouth, side (the underside)
and an aboral, or anus, side (the upper side) (Fig. 31.2). Var-
ious structures project through the body wall: (1) spines
from the endoskeletal plates offer some protection; (2) pin-
cerlike structures called pedicellariae keep the surface free
of small particles; and (3) skin gills, tiny fingerlike exten-
sions of the skin, are used for gas exchange. On the oral sur-
face, each arm has a groove lined by small tube feet.

To feed, a sea star positions itself over a bivalve and at-
taches some of its tube feet to each side of the shell. By work-
ing its tube feet in alternation, it pulls the shell open. A very
small crack is enough for the sea star to evert its cardiac
stomach and push it through the crack, so that it contacts the
soft parts of the bivalve. The stomach secretes enzymes, and
digestion begins even while the bivalve is attempting to
close its shell. Later, partly digested food is taken into the sea
star’s body, where digestion continues in the pyloric stom-
ach using enzymes from the digestive glands found in each
arm. A short intestine opens at the anus on the aboral side.

In each arm, the well-developed coelomic cavity con-
tains not only a pair of digestive glands, but also gonads (ei-
ther male or female), which open on the aboral surface by
very small pores. The nervous system consists of a central
nerve ring that gives off radial nerves in each arm. A light-
sensitive eyespot is at the tip of each arm. Sea stars are capa-
ble of coordinated but slow responses and body movements.

Locomotion depends on the water vascular system.

Water enters this system through a structure on the aboral
side called the sieve plate, or madreporite. From there it
passes down a stone canal into a ring canal, which sur-
rounds the mouth. The ring canal gives off a radial canal in
each arm. From the radial canals, water enters the ampullae.
Contraction of the ampulla forces water into the tube foot,
expanding it. When the foot touches a surface, the center is
withdrawn, giving it suction so that it can adhere to the sur-
face. By alternating the expansion and contraction of the
tube feet, a sea star moves slowly along.

Echinoderms don’t have a respiratory, excretory, or cir-
culatory system. Fluids within the coelomic cavity and the
water vascular system carry out many of these functions.
For example, gas exchange occurs across the skin gills and
the tube feet. Nitrogenous wastes diffuse through the
coelomic fluid and the body wall. Cilia on the peritoneum
lining the coelom keep the coelomic fluid moving.

Sea stars reproduce asexually and sexually. If the body is
fragmented, each fragment can regenerate a whole animal.
Fishermen who try to get rid of sea stars by cutting them up
and tossing them overboard are merely propagating more
sea stars! Sea stars spawn, releasing either eggs or sperm.
The dipleurula larva is bilateral and metamorphoses to be-
come the radially symmetrical adult.

Echinoderms have a well-developed coelom and
internal organs despite being radially symmetrical.
Spines project from their endoskeleton, and there
is a unique water vascular system.
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Figure 31.2 Sea star anatomy and behavior.
a. A sea star uses the suction of its tube feet to open a clam, its primary source of food. b. Each arm of a sea star contains digestive glands,
gonads, and portions of the water vascular system. This system (colored yellow) terminates in tube feet.
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31.2 Chordates
To be considered a chordate,
(phylum Chordata, about
45,000 species) an animal must
have the four basic character-
istics listed below at some time
during its life history:

1. A dorsal supporting rod
called a notochord. The
notochord is located just
below the nerve cord.
Vertebrates have an
embryonic notochord that is replaced by the vertebral
column during development.

2. A dorsal hollow nerve cord. By hollow, it is meant that the
cord contains a canal filled with fluid. In vertebrates,
the nerve cord, more often called the spinal cord, is
protected by the vertebrae.

3. Pharyngeal pouches. These are seen only during
embryonic development in most vertebrates. In the
invertebrate chordates, the fishes, and some amphibian
larvae, the pharyngeal pouches become functioning
gills. Water passing into the mouth and the pharynx
goes through the gill slits, which are supported by gill
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arches. In terrestrial vertebrates which breathe by lungs,
the pouches are modified for various purposes. In
humans, the first pair of pouches become the auditory
tubes. The second pair become the tonsils, while the
third and fourth pairs become the thymus gland and
the parathyroids.

4. A tail that extends beyond the anus and is therefore
called a post-anal tail.

notochord

post-
anal
tail

pharyngeal pouches

dorsal hollow
nerve cord
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The Deuterostomes* The second embryonic opening is associated with the mouth; enterocoelomates; dipleurula larva. 

Phylum Echinodermata (echinoderms) Radial symmetry; endoskeleton of spine-bearing plates; water vascular system
with tube feet; about 6,000 species.

Phylum Chordata (chordates) Notochord, dorsal hollow nerve cord, pharyngeal pouches; about 45,000 species.

Subphylum Cephalochordata (chordates) Marine fishlike animals with three chordate characteristics as adults.

Subphylum Urochordata (urochordates) Larva free-swimming with three chordate characteristics; adults sessile filter feeders with
plentiful gill slits; about 1,250 species.

Subphylum Vertebrata (vertebrates) Notochord replaced by vertebrae that protect the nerve cord; skull that protects the brain;
segmented with jointed appendages; about 43,700 species.

Superclass Agnatha (jawless fishes) Marine and freshwater fishes; lack jaws and paired appendages; notochord; about 63 species.

Superclass Gnathostomata Hinged jaws; paired appendages.
(jawed fishes and tetrapods)

Class Chondrichthyes Marine cartilaginous fishes; lack operculum and swim bladder; tail fin usually 
(cartilaginous fishes) asymmetrical; about 850 species.

Class Osteichthyes Marine and freshwater bony fishes; operculum; swim bladder or lungs; tail fin; usually 
(bony fishes) symmetrical; about 20,000 species.

Class Amphibia (amphibians) Tetrapod with nonamniote egg; nonscaly skin; three-chambered heart; ectothermic;
metamorphosis; about 3,900 species.

Class Reptilia (reptiles) Tetrapod with amniote egg; scaly skin; ectothermic; teeth not differentiated typically;  about
6,000 species.

Class Aves (birds) Tetrapod with feathers; bipedal with wings; double circulation; endothermic; about 9,000 species.

Class Mammalia (mammals) Tetrapods with hair, mammary glands; double circulation; endothermic; teeth
differentiated. Monotremes, marsupials, placental mammals; about 4,500 species.

Order Primates Large cerebral hemispheres; mostly tree dwellers; opposable thumb and flat nails; about 233
species

*Not in the classification of organisms, but added here for clarity.
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Figure 31.3 Evolutionary tree of chordates.
Each of the highlighted features is an evolved characteristic that is shared by the classes beyond this point.
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Invertebrate
Chordates
There are a few invertebrate
chordates in which the noto-
chord is never replaced by the
vertebral column.

Lancelets, formerly re-
ferred to as amphioxus, (sub-
phylum Cephalochordata,
about 23 species), are now
classified in the genus
Branchiostoma. These marine
chordates, which are only a few centimeters long, are named
for their resemblance to a lancet—a small, two-edged surgi-
cal knife (Fig. 31.4). Lancelets are found in the shallow water
along most coasts where they usually lie partly buried in
sandy or muddy substrates with only their anterior mouth
and gill apparatus exposed. They feed on microscopic parti-
cles filtered out of the constant stream of water that enters
the mouth and exits through the gill slits.

Lancelets retain the four chordate characteristics as an adult.
In addition, segmentation is present, as witnessed by the fact
that the muscles are segmentally arranged and the dorsal
hollow nerve cord has periodic branches.

Tunicates, or sea squirts (subphylum Urochordata,
about 1,250 species), live on the ocean floor and take their
name from a tunic that makes the adults look like thick-
walled, squat sacs. They are also called sea squirts because
they squirt out water from one of their siphons when dis-
turbed. The tunicate larva is bilaterally symmetrical and has
the three chordate characteristics. Metamorphosis produces
the sessile adult with an incurrent and excurrent siphon
(Fig. 31.5).

The pharynx is lined by numerous cilia whose beating
creates a current of water that moves into the pharynx and
out the numerous gill slits, the only chordate characteristic
that remains in the adult. Microscopic particles adhere to a
mucous secretion and are eaten.

Is it possible that the tunicates are directly related to the
vertebrates? It has been suggested that a larva with the four
chordate characteristics may have become sexually mature
without developing the other adult tunicate characteristics.
Then it may have evolved into a fishlike vertebrate.

The invertebrate chordates include the tunicates
and the lancelets—a lancelet is the best example
of a chordate that possesses the three chordate
characteristics as an adult.

tail

dorsal fin

anus

ventral fin

atriopore

atrium

gill slits

gill bar

dorsal hollow
nerve cord

notochord

oral hood with tentacles

pharynx

Figure 31.5 Anatomy of a tunicate, Halocynthia.
Note that the only chordate characteristic remaining in the adult is 
gill slits.

Figure 31.4 Habitat and anatomy of a lancelet,
Branchiostoma.
Water enters the mouth and exits at the atripore after passing
through the gill slits. Lancelets are filter feeders.
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31.3 VertebratesM
At some time in their life
history, vertebrates (sub-
phylum Vertebrata, about
43,700 species) have all three
chordate characteristics. The
embryonic notochord, how-
ever, is generally replaced
by a vertebral column com-
posed of individual verte-
brae. The vertebral column,
which is a part of the flexible
but strong jointed endoskeleton, gives evidence that verte-
brates are segmented. The skeleton protects internal or-
gans and serves as a place of attachment for muscles.
Together the skeleton and muscles form a system that per-
mits rapid and efficient movement. Two pairs of appendages
are characteristic. The pectoral and pelvic fins of fish
evolved into the jointed appendages that allowed verte-
brates to move onto land.

The main axis of the endoskeleton consists of not only
the vertebral column, but also a skull that encloses and pro-
tects the brain. The high degree of cephalization is accompa-
nied by complex sense organs. The eyes develop as
outgrowths of the brain. The ears are primarily equilibrium
devices in aquatic vertebrates, but they also function as
sound-wave receivers in land vertebrates.

The evolution of jaws in vertebrates has allowed some
to take up the predatory way of life. Vertebrates have a com-
plete digestive tract and a large coelom. The circulatory sys-
tem is closed (the blood is contained entirely within blood
vessels). Vertebrates have an efficient means of obtaining
oxygen from water or air, as appropriate. The kidneys are
important excretory and water-regulating organs that con-
serve or rid the body of water as necessary. The sexes are
generally separate, and reproduction is usually sexual. The
evolution of the amnion allowed reproduction to take place
on land. Reptiles, birds and some mammals lay a shelled
egg. In placental mammals the development takes place
within the uterus of the female. 

Figure 31.6 shows major milestones in the evolutionary
history of vertebrates: the evolution of jaws, limbs, and the
amnion, an extraembryonic membrane which is first seen in
the shelled amniote egg.

Vertebrates are distinguished in particular by:

• living endoskeleton
• closed circulatory system
• paired appendages
• efficient respiration and excretion
• high degree of cephalization

In short, vertebrates are adapted to an active
lifestyle.

Chapter 31 Animals: Part II 64931-7

Figure 31.6 Milestones in vertebrate evolution.
a. The evolution of jaws in fishes allows animals to be predators and
feed off other animals. b. The evolution of limbs in amphibians is
adaptive for locomotion on land. c. The evolution of a shelled egg in
reptiles is adaptive for reproduction on land.

a. Great white shark, Carcharodon  
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b. Spotted salamander, Ambystoma

c. Veiled chameleons, Chamaeleo
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Fishes 
The first vertebrates were
fishlike, and today there are
three living classes: jawless
fishes, cartilaginous fishes,
and the bony fishes. 

Jawless Fishes
Living representatives of the
jawless fishes (superclass
Agnatha, about 63 species)
are cylindrical and up to a
meter long. They have
smooth, scaleless skin and no jaws or paired fins. There are
two groups of living jawless fishes: hagfishes and lampreys.
The hagfishes are scavengers, feeding mainly on dead fishes,
while some lampreys are parasitic. When parasitic, the
round mouth of the lamprey serves as a sucker. The lamprey
attaches itself to another fish and taps into its circulatory
system. Water cannot move in through the mouth and out
over the gills as is common in all other fishes. Instead, water
moves in and out through the gill openings. 

Fishes with Jaws 
All of the other fishes have jaws, tooth-bearing bones of the
head. Jaws are believed to have evolved from the first pair of
gill arches. The second pair of gill arches became support
structures for jaws. The presence of jaws is an adaptation to
a predatory way of life. 

Cartilaginous Fishes Cartilaginous fishes (class Chon-
drichthyes, about 850 species) are the sharks, the rays, and
the skates, which have skeletons of cartilage instead of bone.
The small dogfish shark is often dissected in biology labora-
tories. One of the most dangerous sharks inhabiting both
tropical and temperate waters is the hammerhead shark.
The largest sharks, the whale sharks, feed on small fishes
and marine invertebrates and do not attack humans. Skates
and rays are rather flat fishes that live partly buried in the
sand and feed on mussels and clams.

Three well-developed senses enable sharks and rays
to detect their prey. They have the ability to sense electric
currents in water—even those generated by the muscle
movements of animals. They have a lateral line system, a
series of pressure-sensitive cells that lie within canals
along both sides of the body, which can sense pressure
caused by a fish or other animal swimming nearby. They
also have a keen sense of smell; the part of the brain asso-
ciated with this sense is twice as large as the other parts.
Sharks can detect about one drop of blood in 115 liters (25
gallons) of water.

Bony Fishes Bony fishes (class Osteichthyes, about 20,000
species) are by far the most numerous and diverse of all the
vertebrates. Most of the fishes we eat, such as perch, trout,
salmon, and haddock are a type of bony fish called ray-finned
fishes. Ray-finned fishes are the most successful and diverse
of all the vertebrates. Some, like herrings, are filter feeders;
others, like trout, are opportunists, and still others are
predaceous carnivores, like piranhas and barracudas. 

caudal fin anal fin second dorsal fin first dorsal fin

lateral line

intestine

kidney

swim bladder 

stomach
muscle

bony vertebra

brain

nostril    

gills    

heart    liver    

gallbladder       

pelvic fin pectoral fin

scales

operculum

gonad

Figure 31.7 External and internal anatomy of a ray-finned fish called a soldierfish, Myripristis.
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Bony fishes have a swim bladder, which usually serves as
a buoyancy organ (Fig. 31.7). By secreting gases into the
bladder or by absorbing gases from it, these fishes can
change their density and thus go up or down in the water.
Ray-finned refers to the fact that the paired fins, which are
paddlelike processes used in balancing and propelling the
body, are thin and supported by bony rays.

Fishes are adapted to life in the water. Usually sperm
and eggs are shed into the water, where fertilization occurs.
The zygote develops into a swimming larva, which can fend
for itself until it develops into the adult form. The stream-
lined shape, fins, and muscle action of most bony fishes are
all suited to locomotion in the water. Their skin is covered by
bony scales which protect the body but do not prevent water
loss. When fishes respire, the gills are kept continuously
moist by the passage of water through the mouth and out
the gill slits. As the water passes over the gills, oxygen is ab-
sorbed by blood and carbon dioxide is given off. Fishes have
a single-circuit circulatory system. The heart is a simple
pump, and the blood flows through the chambers, including
a nondivided atrium and ventricle, to the gills. Oxygenated
blood leaves the gills and goes to the body proper, eventu-
ally returning to the heart for recirculation. 

Another type of bony fish called the lobe-finned fishes
evolved into the amphibians. These fishes not only had
fleshy appendages that could be adapted to land locomo-
tion; most also had a lung, which was used for respiration. A
type of lobe-finned fish called the coelacanth, which exists
today, is the only “living fossil” among the fishes. The coela-
canth, however, does not have a lung.

Most fishes today are ray-finned fishes. They
have the following characteristics:

• bony skeleton and scales
• swim bladder
• two-chambered heart
• paired fins
• jaws
• gills

Amphibians
Amphibians (class Amphibia,
about 3,900 species), whose
class name means living on
both land and in the water, are
represented today by frogs,
toads, newts, and salaman-
ders. Aside from being
tetrapods (presence of two sets
of paired limbs) and appropri-
ate modifications of the gir-
dles, amphibians have other
features not seen in bony
fishes. Their eyes have eyelids for keeping eyes moist, ears
adapted to picking up sound waves, and a voice-producing
larynx. The brain is larger than that of a fish. Adult amphibians
usually have small lungs. Air enters the mouth by way of nos-
trils, and when the floor of the mouth is raised, air is forced
into the relatively small lungs. Respiration is supplemented by
gas exchange through the smooth, moist, and glandular skin.
The amphibian heart has a divided atrium but a single ventri-
cle. The right atrium receives blood that has little oxygen from
the body proper, and the left atrium receives blood that has
much oxygen from the lungs. These two types of blood are
partially mixed in the single ventricle (see page 654). Mixed
blood is then sent to all parts of the body; some is sent to the
skin, where it is further oxygenated. 

Most members of this group lead an amphibious life—that
is, the larval stage lives in the water and the adult stage lives on
the land. The adult usually returns to the water, however, to re-
produce. Figure 31.8 illustrates how the frog tadpole undergoes
metamorphosis into the adult before taking up life on the land.

These features in particular distinguish
amphibians:

• usually tetrapods • usually lungs in adults
• mostly metamorphosis • smooth, moist skin
• three-chambered heart

Figure 31.8 Frog metamorphosis.
During this time, the animal changes from an aquatic to a terrestrial organism.

a. Tadpoles hatch b. Tadpole respires with
external gills

c. Front and hind legs are
present

d. Frog respires with
lungs

limbs
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Today’s paleontologists are setting the record straight about di-
nosaurs. Because dinosaurs are classified as reptiles, it is as-
sumed that they must have had the characteristics of today’s
reptiles. They must have been ectothermic, slow moving, and
antisocial, right? Wrong!

First of all, not all dinosaurs were great lumbering beasts.
Many dinosaurs were less than 1 meter (3 feet) long and their
tracks indicate they moved at a steady pace. These dinosaurs
stood on two legs that were positioned directly under the body.
Perhaps they were as agile as ostriches, which are famous for
their great speed. 

Dinosaurs may have been endothermic. Could they have
competed successfully with the preevolving mam-
mals otherwise? They must have been able to hunt
prey and escape from predators as well as mammals,
which are known to be active because of their high
rate of metabolism. Some argue that ectothermic ani-
mals have little endurance and cannot keep up. They
also believe that the bone structure of dinosaurs indi-
cates they were endothermic.

Dinosaurs cared for their young much like birds
do today. In Montana, paleontologist Jack Horner
has studied fossilized nests complete with eggs, em-
bryos, and nestlings (Fig. 31A). The nests are about
7.5 meters (24.6 feet) apart, the space needed for the
length of an adult parent. About 20 eggs are laid in
neatly arranged circles and may have been covered
with decaying vegetation to keep them warm. Many
contain the bones of juveniles as much as a meter
long. It would seem then that baby dinosaurs re-
mained in the nest to be fed by their parents. They
must have obtained this size within a relatively short
period of time, again indicating that dinosaurs were
endothermic. Ectothermic animals grow slowly and
take a long time to reach this size. 

Dinosaurs were also social! An enormous herd of
dinosaurs found by Horner and colleagues is esti-
mated to have nearly 30 million bones, representing
10,000 animals in one area measuring about 1.6
square miles. Most likely, the herd kept on the move
in order to be assured of an adequate food supply,
which consisted of flowering plants that could be
stripped one season and grow back the next season.
The fossilized herd is covered by volcanic ash, sug-
gesting that the dinosaurs died following a volcanic
eruption. 

Some dinosaurs, such as the duck-billed di-
nosaurs and horned dinosaurs, have a skull crest.
How might it have functioned? Perhaps it was a res-
onating chamber, used when dinosaurs communi-

cated with one another. Or, as with modern horned animals that
live in large groups, the males could have used the skull crest in
combat to establish dominance. 

Some zoologists do not agree with the assertions of paleon-
tologists. They believe that dinosaurs did have the characteris-
tics of today’s reptiles, and this doesn’t make them in any way
inferior to endothermic mammals. Ectothermic animals can
wait out cold weather conditions, while endothermic animals
must always venture forth to find food, no matter what the
conditions.

652

Real Dinosaurs, Stand Up!

Figure 31A Behavior of dinosaurs.
a. Nest of fossil dinosaur eggs found in Montana, dating from the Cretaceous
period. b. Bones of a hatchling (about 50 cm [20 inches]) found in the nest.
These dinosaurs have been named Maiosaura, which means “good mother
lizard” in Greek.

b.

a.
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Reptiles 
Reptiles (class Reptilia, about
6,000 species) diversified and
were abundant some 245 to
66 millions of years ago.
Aside from those that lived
on to become the living rep-
tiles of today, there were the
mammal-like reptiles and the
dinosaurs, which became ex-
tinct. Some dinosaurs are re-
membered for their great size.
Brachiosaurus, a herbivore, was
about 23 meters (75 feet) long and about 17 meters (56 feet)
tall. Tyrannosaurus rex, a carnivore, was 5 meters (16 feet) tall
when standing on its hind legs. A bipedal stance was
preadaptive for the evolution of wings in birds. Some say
birds are actually living dinosaurs; new studies on the be-
havior of dinosaurs discussed in the accompanying reading
give credence to this hypothesis. 

The reptiles living today are mainly turtles, alligators,
snakes, and lizards. The body is covered with hard, kera-
tinized scales, which protect the animal from desiccation and
from predators. Another adaptation for a land existence is
the manner in which snakes use their tongue as a sense or-
gan (Fig. 31.9). Reptiles have well-developed lungs enclosed
by a protective rib cage. When the rib cage expands, the
lungs expand and air rushes in. The creation of a partial vac-
uum establishes a negative pressure, which causes air to
rush into the lungs. The atrium of the heart is always sepa-
rated into right and left chambers, but division of the ventri-
cle varies. An interventricular septum is incomplete in
certain species; therefore, there is some exchange of oxy-
genated and deoxygenated blood between the ventricles.

Perhaps the most outstanding adaptation of the reptiles
is that they have a means of reproduction suitable to a land
existence. The penis of the male passes sperm directly to the
female. Fertilization is internal, and the female lays leathery,
flexible, shelled eggs. The amniote egg made development on
land possible and eliminated the need for a swimming-
larval stage during development. It provides the developing
embryo with atmospheric oxygen, food, and water; it re-
moves nitrogenous wastes; and it protects the embryo from
drying out and from mechanical injury. This is accom-
plished by the presence of extraembryonic membranes
(Fig. 31.10).

Fishes, amphibians, and reptiles are ectothermic. Their
body temperature matches the temperature of the external
environment. If it is cold externally, they are cold internally;
if it is hot externally, they are hot internally. Reptiles try to
regulate body temperatures by exposing themselves to the
sun if they need warmth or by hiding in the shadows if they
need cooling off. This works reasonably well in most areas
of the world.

These features in particular distinguish reptiles:

• usually tetrapods • shelled egg
• lungs with expandable • dry, scaly skin

rib cage

a.
albumin

air
space

yolk sac

chorion

amnion

embryo

egg shell
allantois

Figure 31.9 The tongue as a sense organ.
Snakes wave a forked tongue in the air to collect chemical molecules
which are brought back into the mouth and then delivered to an
organ in the roof of the mouth. Analyzed chemicals help the snake
trail a prey animal, recognize a predator, or find a mate.

Figure 31.10 The reptilian egg allows reproduction on land.
a. Baby American crocodile, Crocodylus, hatching out of its shell.
Note that the shell is leathery and flexible, not brittle like birds’ eggs.
b. Inside the egg, the embryo is surrounded by membranes. The
chorion aids gas exchange, the yolk sac provides nutrients, the
allantois stores waste, and the amnion encloses a fluid that prevents
drying out and provides protection.
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Figure 31.11 Anatomy of a bird.
a. Birds have a large, keeled sternum to which flight muscles attach. Bird bones are strong but weigh very little because they contain air cavities.
In feathers, a hollow central shaft gives off barbs and barbules, which interlock in a latticelike array. b. In birds and mammals, the heart has four
chambers and sends only blood that has little oxygen to the lungs and blood that has much oxygen to the body. In amphibians, the heart has two
chambers and there is some mixture of oxygenated and deoxygenated blood. In fishes, a single-looped system utilizes a two-chambered heart.  
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chambered heart
and separate
pulmonary and
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A feather is a single unit. The
barbs that project from the
shaft have barbules that
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Feathers not only
allow flight, they
also help maintain a
relatively high body
temperature.
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ature is constant because they generate and maintain meta-
bolic heat. This may be associated with their efficient ner-
vous, respiratory, and circulatory systems. Also, their
feathers provide insulation. Birds have no bladder and ex-
crete uric acid in a semidry state.

Birds have well-developed brains; the enlarged portion
seems to be the area responsible for instinctive behavior. A
ritualized courtship often precedes mating. Birds practice
internal fertilization and lay hard-shelled eggs. Many newly
hatched birds require parental care before they are able to fly
away and seek food for themselves. A remarkable aspect of
bird behavior is the seasonal migration of many species over
very long distances. Birds navigate by day and night, and
whether it’s sunny or cloudy, by using the sun and stars and
even the earth’s magnetic field to guide them.

There are many orders of birds, including birds that are
flightless (ostriches), web-footed (penguins), divers (loons),
fish eaters (pelicans), waders (flamingos), broad billed
(ducks), birds of prey (hawks), vegetarians (fowl, e.g., chick-
ens and turkeys), shorebirds (sandpipers), nocturnal (owls),
small (hummingbirds), large (condors), and songbirds, the
most familiar of the birds.

These features in particular distinguish birds:

• usually wings for flying • feathers
• hard-shelled egg • air sacs
• four-chambered heart • endothermic

Birds 
Birds (class Aves, about 9,000
species) are characterized by
the presence of feathers (Fig.
31.11), which are modified
reptilian scales. (Perhaps you
have noticed that there are
scales on the legs of a chicken.)

Nearly every anatomical
feature of a bird can be re-
lated to its ability to fly. The
anterior pair of appendages
(wings) are adapted for flight;
the posterior are variously modified, depending on the type
of bird. Some are adapted for swimming, some for running,
and some for perching on limbs. The breastbone is well de-
veloped and has a ridge, the keel, to which the flight muscles
are attached (Fig. 31.11). Respiration is efficient since the lob-
ular lungs form anterior and posterior air sacs. The presence of
these sacs means that the air circulates one way through the
lungs and there is a continuous exchange of gases across re-
spiratory tissues (Fig. 31.12). Another benefit of air sacs is
that they lighten the body and aid flying.

Birds have a four-chambered heart which completely
separates blood with much oxygen from blood that has little
oxygen (see page 654). Blood that has a relatively high con-
centration of oxygen is sent under pressure to the muscles.
Birds are endothermic. Like mammals, their internal temper-

trachea

anterior
air sacs

a.

lung

posterior
air sacs

Inspiration
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b.

Figure 31.12 How birds breathe.
a. Birds have a system of air sacs in their bones. b. When a bird inhales, air enters the posterior air sacs, and when a bird exhales, air moves
through the lungs to the anterior air sacs before exiting the trachea. This one-way flow of air is efficient and allows more oxygen to be removed
from one breath of air.
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Mammals 
Mammals also evolved
from the reptiles. These first
mammals were small, about
the size of mice. All the time
the dinosaurs flourished
(165 million years ago),
mammals were a minor
group that changed little.
Some of the earliest mam-
malian groups, represented
today by the monotremes
and marsupials, are not
abundant today. The placental mammals that evolved
later went on to live in many habitats, including air, land,
and sea habitats. 

The chief characteristics of mammals (class Mammalia,
about 4,500 species) are the possession of hair and milk-
producing mammary glands. They are almost all endother-
mic and maintain a constant internal temperature. Many of
the adaptations of mammals are related to temperature con-
trol. Hair, for example, provides insulation against heat loss
and allows mammals to be active, even in cold weather. Like
birds, mammals have efficient respiratory and circulatory
systems, which assure a ready oxygen supply to muscles
whose contraction produces body heat. Like birds, mam-

mals have a double-loop circulation and a four-chambered
heart (see Fig. 31.11b).

Mammary glands enable females to feed (nurse) their
young without leaving them to find food. Nursing also cre-
ates a bond between mother and offspring that helps en-
sure parental care while the young are helpless. In most
mammals, the young are born alive after a period of devel-
opment in the uterus, a part of the female reproductive
tract. Internal development shelters the young and allows
the female to move actively about while the young are ma-
turing. Mammals are classified according to how they
reproduce.

Monotremes
Monotremes are mammals that, like birds, have a cloaca, a
terminal region of the digestive tract serving as a common
chamber for digestive, excretory wastes, and sex cells. They
also lay hard-shelled amniote eggs. They are represented by
the duckbill platypus and the spiny anteater, both of which
are found in Australia (Fig. 31.13a). The female duckbill
platypus lays her eggs in a burrow in the ground. She incu-
bates the eggs and, after hatching, the young lick up milk
that seeps from modified sweat glands on the abdomen of

a. Duckbill platypus, Ornithorhynchus

b. Koala, Phascolarctos

Figure 31.13 Three types of mammals.
a. The duckbill platypus is a monotreme, which lays shelled eggs.
b. The koala is a marsupial, whose young are born immature and
complete their development within the mother’s pouch. c. The white-
tailed deer is a placental mammal, whose young develop within a
uterus.
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both males and females. The spiny anteater has a pouch on
the belly side formed by swollen mammary glands and lon-
gitudinal muscle. The egg moves from the cloaca to this
pouch, where hatching takes place, and the young remain
for about 53 days. Then they stay in a burrow, where the
mother periodically visits and nurses them.

Marsupials
The young of marsupials begin their development inside
the female’s body, but they are born in a very immature con-
dition. Newborns crawl up into a pouch on their mother’s
abdomen. Inside the pouch, they attach to nipples of mam-
mary glands and continue to develop. Frequently, more are
born than can be accommodated by the number of nipples,
and it’s “first come, first served.”

Today, marsupial mammals are found mainly in Aus-
tralia, but also in Central and South America. They could not
compete against placental mammals, and only a few marsu-
pials, such as the American opossum, are found in North
America. In Australia, marsupials underwent adaptive radi-
ation for several million years without competition from
placental mammals, which arrived there only recently.
Among the herbivorous marsupials, koalas are tree-

climbing browsers (Fig. 31.13b) and kangaroos are grazers.
The Tasmanian wolf or tiger, thought to be extinct, was a
carnivorous marsupial about the size of a collie dog.

Placental Mammals
The vast majority of living mammals are placental mam-
mals (Fig. 31.13c). In these mammals, the extraembryonic
membranes found in reptiles (see Fig. 31.11) have been mod-
ified for internal development within the uterus of the fe-
male. The chorion contributes to the fetal portion of the
placenta, while a part of the uterine wall contributes to the
maternal portion. Here, nutrients, oxygen, and waste are ex-
changed between fetal and maternal blood.

Mammals are adapted to life on land and have limbs
that allow them to move rapidly. In fact, an evaluation of
mammalian features leads us to the obvious conclusion that
they lead active lives. The brain is well developed; the lungs
are expanded not only by the action of the rib cage but also
by the contraction of the diaphragm, a horizontal muscle that
divides the thoracic cavity from the abdominal cavity; and
the heart has four chambers. The internal temperature is con-
stant, and hair, when abundant, helps to insulate the body.

The mammalian brain is enlarged due to the expansion of
the foremost part—the cerebral hemispheres (see Figure
17.12). These have become convoluted and have expanded to
such a degree that they hide many other parts of the brain
from view. The brain is not fully developed for some time af-
ter birth, and there is a long period of dependency on the par-
ents, during which the young learn to take care of themselves.

Mammals have differentiated teeth. Typically, in the
front, the incisors and canine teeth have cutting edges for
capturing and killing prey. On the sides, the premolars and
molars chew food. Classification of placental mammals is
based on methods of obtaining food and mode of locomo-
tion. For example, bats (order Chiroptera) have membra-
nous wings supported by digits; horses (order
Perissodactyla) have long, hoofed legs; and whales (order
Cetacea) have paddlelike forelimbs. The specific shape and
size of the teeth may be associated with whether the mam-
mal is an herbivore (eats vegetation), a carnivore (eats meat),
or an omnivore (eats both meat and vegetation). For exam-
ple, mice (order Rodentia) have continuously growing in-
cisors; horses (order Perissodactyla) have large, grinding
molars; and dogs (order Carnivora) have long canine teeth.

These features in particular distinguish placental
mammals:

• body hair
• differentiated teeth
• infant dependency
• constant internal temperature
• mammary glands
• well-developed brain
• internal development

c. White-tailed deer, Odocoileus
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Apes diverge from the
human line of descent.
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Figure 31.14 Primate evolution.
There are at least four lines of evolution among the primates, which arose from mammalian insectivores: prosimians; monkeys, including New
World and Old World monkeys; apes, including Asian apes and African apes (orangutans, gorillas, and chimpanzees); and humans.
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31.4 Human Evolution
All of the animals depicted in Figure 31.14 are primates,
which are classified as shown in Table 31.1.

Primates
Primates (order Primates, about 180 species) belong to a
mammalian order in which the animals are adapted to liv-
ing in trees. The limbs are mobile, as are the hands, because
the thumb (and in nonhuman primates, the big toe as well)
is opposable; that is, the thumb can touch each of the other
fingers. Therefore, a primate can easily reach out and bring
food such as fruit to the mouth. When locomoting, tree
limbs can be grasped and released freely because nails have
replaced claws.

The sense of smell is of primary importance in animals
with a snout. In primates, the snout is shortened consider-
ably, allowing the eyes to move to the front of the head. The
stereoscopic vision (or depth perception) that results per-
mits primates to make accurate judgments about the dis-
tance and position of adjoining tree limbs.

Gestation is lengthy, allowing time for good forebrain
development; the visual portion of the brain is proportion-
ately large, as are those centers responsible for hearing and
touch. One birth at a time is the norm in primates; it is diffi-
cult to care for several offspring while moving from limb to
limb. The juvenile period of dependency is extended, and
there is an emphasis on learned behavior and complex social
interactions.

The primate order contains two suborders: Prosimii and
Anthropoidea. The first primates were the prosimians, a
term meaning premonkey. The prosimians are represented
today by several types of animals. Lemurs have a squirrel-
like appearance (Fig. 31.14), and tarsiers are curious mouse-
sized creatures with enormous eyes suitable for their
nocturnal way of life. The prosimians are believed to have
evolved from an insectivore-type mammal.

Monkeys, apes, and humans are all anthropoids (subor-
der Anthropoidea). There are two types of monkeys: New
World monkeys, which have long prehensile (grasping) tails
and flat noses, and Old World monkeys, which lack such
tails and have protruding noses. Two of the well-known
New World monkeys are the spider monkey and the ca-
puchin, the “organ grinder’s monkey.” Some of the better
known Old World monkeys are now ground dwellers, such
as the baboon and the rhesus monkey.

Humans are more closely related to apes than to mon-
keys; only apes and humans are hominoids (superfamily
Hominoidea). There are four types of apes: gibbons, orangu-
tans, gorillas, and chimpanzees. Gibbons, the smallest of the
apes, have extremely long arms, which are specialized for
swinging between tree limbs. The orangutan is a large ape

but nevertheless spends a great deal of time in trees. In con-
trast, the gorilla, the largest of the apes, spends most of its
time on the ground. Chimpanzees, which are at home both
in the trees and on the ground, are the most humanlike of
the apes in appearance. Molecular data tell us that humans
are genetically very similar to chimpanzees and gorillas.
Nucleotide sequences in genes, amino acid sequences in
proteins, and immunological properties of various mole-
cules all indicate that we are even more closely related to
these apes than orangutans are related to them. 

Humans can be distinguished from apes, however, by
locomotion and posture, dental features, and other charac-
teristics. When moving in a tree, a monkey is quadrupedal
(walks on all four limbs) and leaps from branch to branch.
In keeping with this method of locomotion, the vertebral
column is arched and the shoulder joint has limited mobil-
ity. In contrast to monkeys, apes swing from branch to
branch. Consistent with this type of locomotion, the verte-
bral column is straight and the shoulder joint is mobile.
Also, the arms are elongated. Humans are bipedal—that is,
they walk on two feet. Humans have an S-shaped vertebral
column, which provides a way to transmit the upper
body’s weight to the pelvis. The pelvis is stronger than that
of an ape because it is shorter, and the sacrum fits like a
keystone between the two pelvic bones. The broad pelvic
bones serve as attachments for muscles that maintain sta-
bility as first one leg and then the other leaves the ground
while walking.

These characteristics especially distinguish
primates from other mammals:

• opposable thumb (and in some cases, big toe)
• extended period of parental care
• emphasis on learned behavior
• expanded forebrain
• nails (not claws)
• single birth 

Phylum Chordata Invertebrate and vertebrate chordates

Subphylum Vertebrata Fish, amphibians, reptiles, birds,
mammals

Class Mammalia Monotremes, marsupials, placental
mammals

Order Primates Prosimians and anthropoids

Suborder Anthropoidea Monkeys, apes, and hominids

Superfamily Hominoidea Apes and hominids

Family Hominidae Australopithecines, Homo habilis,
Homo erectus, Homo sapiens

Table 31.1 Primate Classification
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More than twenty years ago, a team led by Donald Jo-
hanson unearthed nearly 250 fossils of a hominid called Aus-
tralopithecus afarensis. A now-famous female skeleton dated
at about 3.4 MYA is known worldwide by its field name,
Lucy. (The name derives from the Beatles’ song “Lucy in the
Sky with Diamonds” which they played in camp.) Although
her brain was about the size of a chimp (400 cc), the shapes
and relative proportions of her limbs indicate that Lucy
walked bipedally (Fig. 31.15). There are even footprints that
show how members of her species walked.

The australopithecines were sexually dimorphic. Lucy
was about four feet tall and weighed about 30 kilograms. In
contrast, the males of the species were five feet tall and
weighed up to 45 kilograms. Some have speculated that
such size differences may indicate two separate species, but
in 1994 new finds, including a more complete skull (dubbed
the son of Lucy and dated at just about 3 MYA), confirmed
the opinion that the fossils belong to one species. Taking
into account their smaller body size, the relative brain size
is about one-third of ours and the jaw is heavy. The cheek
teeth are enormous, and in males, large canine teeth project
forward.

A. afarensis had descendants. After a period of stasis
that may have lasted a million years (from 3 to 2 MYA),
branching speciation occurred (Fig. 31.16). Therefore, in-
stead of thinking about descent in terms of a straight line, it
is far better to envision a bush. Some think there may have
been as many as ten species of hominids about 2 MYA in
Africa, but we will discuss only four of them, three of which
are australopithecines. A. africanus, which was first named
in southern Africa by Raymond Dart in the 1920s, is a
gracile (slender) type. A. boisei is a robust form from eastern
Africa, and A. robustus is a similar form from southern
Africa. The robust forms have stronger jaws, larger attach-
ments for larger chewing muscles, and bigger grinding
teeth because they most likely fed on tougher foods than
the gracile form. The robust forms lived in drier habitats
where soft fruits and leaves would be harder to come by. In
both forms, the pelvis resembles that of Lucy but the hands
were more humanlike; possibly they were capable of mak-
ing tools. Both forms, which are believed to have eaten meat
at least occasionally, may have used the tools to process an-
imal carcasses.

At one time it was believed that the gracile australo-
pithecine form gave rise to the robust forms. However, in
1985, Alan Walker discovered a robust skull, called the black
skull, which was old enough (2.5 MYA) to be ancestral to the
robust forms we have been discussing. It has been given the
name A. aethiopicus.

Several species of australopithecines have been
identified. After a period of stasis, during which
only A. afarensis existed, branching speciation
occurred.

Hominids 
The hominid line of descent begins with the australo-
pithecines, which evolved and diversified in eastern Africa.
It wasn’t until the 1960s that paleontologists, following the
lead of the renowned couple Louis and Mary Leakey, began
to concentrate their efforts in eastern as opposed to southern
Africa. It has proven fruitful for paleontologists. One 1994
find consisting of skull fragments, teeth, arm bones, and a
part of a child’s lower jaw has been dated at 4.4 MYA (mil-
lions of years ago). Called A. ramidus, it is believed to repre-
sent an early stage in human evolution. In comparison to
later australopithecines, the canine teeth are larger, and the
skull is more like that of a chimpanzee. Also, this fossil did
not walk erect. However, a 1995 discovery, Australopithecus
anamensis, dated at just about 4 MYA, has jaws like those of
an ape but legs like those of humans.

Figure 31.15 Australopithecus afarensis.
Reconstruction of Lucy, who is believed to have walked erect.
A. afarensis was a dimorphic species, in which males were much
larger than the females. Lucy was four feet tall and weighed about 30
kilograms. A male was five feet tall and weighed about 45 kilograms.
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Homo habilis
The oldest fossils to be classified in the genus Homo are
known as Homo habilis (meaning handy man). His re-
mains, dated as early as 2 MYA, are often accompanied by
stone tools. Why is this hominid classified within our own
genus? H. habilis was small—about the size of Lucy—but
the brain, at 700 cc, is about 45% larger. In addition, certain
portions of the brain thought to be associated with speech
areas are enlarged. The cheek teeth are smaller than even
those of the gracile australopithecines. Apparently H. ha-
bilis had a different way of life than the other hominids of
this time.

Cut marks on bones that could have been made by
stone flakes have been found at many
sites throughout eastern Africa, dat-
ing from 2 MYA. H. habilis could have
made and used tools in order to strip
meat off these bones and, in keeping
with the size of the teeth, could have
eaten meat to satisfy protein de-
mands. As a scavenger, H. habilis may
have depended simply on the kills of
other animals; or as a predator, he
may have killed small- to medium-
sized prey. This new way of life be-
came available to hominids when
they had the ability to make and use
tools intelligently.

The stone tools made by H. habilis
are called Oldowan tools because they
were first identified as tools by the
Leakeys at a place called Olduvai
Gorge. Oldowan tools are simple and
look rather clumsy, but perhaps this
hominid also used stone flakes. The
flakes would have been sharp and
able to scrape away hide and cut ten-
dons to easily remove meat from a
carcass.

H. habilis most likely still ate
fruits, berries, seeds, and other plant
materials. Perhaps a division of
labor arose, with certain members of
a group serving as hunters and oth-
ers as gatherers. Speech would have
facilitated their cooperative efforts,
and later they most likely shared
their food and ate together. In this
way, society and culture could have
begun. Culture, which encompasses
human behavior and products (such as technology and
the arts), is dependent upon the capacity to learn and
transmit knowledge through the ability to speak and
think abstractly.

Prior to the development of culture, adaptation to the
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environment necessitated a biological change. The acquisi-
tion of culture provided an additional way by which adap-
tation was possible. And the possession of culture by H.
habilis may have hastened the extinction of the australo-
pithecines.

H. habilis warrants classification as a Homo
because of brain size, posture, and dentition.
Circumstantial evidence suggests the use of tools
to prepare meat and also the development of
culture.

Figure 31.16 Recently constructed hominid evolutionary tree.
African apes and hominids split about 6 million years ago (MYA). A. ramidus is the oldest known
of the hominids; A. afarensis lasted about a million years before branching speciation occurred. In
particular, there were gracile and robust australopithecine forms and also the first human form,
Homo habilis.
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Homo erectus
Homo erectus is the name assigned to hominid fossils
found in Asia, and dated between 1.9 and 0.5 MYA. Com-
pared to H. habilis, H. erectus had a larger brain (about 1,000
cc), more pronounced brow ridges, a flatter face, and a nose
that projects like ours. These hominids not only stood
erect, they most likely had a striding gait like ours.

It is believed by some that H. erectus first appeared in
Africa and then migrated into Asia and Europe. Such an ex-
tensive population movement is a first in the history of hu-
mankind and a tribute to the intellectual and physical skills of
the species. H. erectus was also the first hominid to use fire, and
it fashioned more advanced tools called Acheulean tools,
named after a site in France (Fig. 31.17). There are heavy
teardrop-shaped axes and cleavers as well as flakes, which

were probably used for cutting and scraping. Some believe
that H. erectus was a systematic hunter and brought kills to the
same site over and over again. In one location there are over
40,000 bones and 2,647 stones. These sites could have been
“home bases” where social interaction occurred and a pro-
longed childhood allowed time for much learning. Perhaps a
language evolved and a culture more like our own developed.

H. erectus, which evolved from H. habilis, had a
striding gait, made well-fashioned tools (perhaps
for hunting), and could control fire. This hominid
migrated into Europe and Asia from Africa about
1 MYA.

Cro-Magnon
high forehead
flat face
small brow ridge
large brain case
brain size: 1,300 cc
projecting chin

Homo erectus
higher forehead
face almost flat
large brow ridge
large brain case
brain size: 800–1,200 cc
smaller zygomatic arch

Homo habilis
forehead present
projecting face
large brow ridge
larger brain case
brain size: 700 cc
large zygomatic arch

Australopithecus
low forehead
projecting face
large brow ridge
small brain case
brain size: 400 cc
large zygomatic arch

AcheuleanOldowan Aurignacian and late Paleolithic

zygomatic
arch

Figure 31.17 Hominid skull anatomy and tools.
The listings compare hominid skulls. Oldowan tools are crude. Acheulean tools are better made and more varied, and Aurignacian tools are well
designed for specific purposes.
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Origin of Modern Humans
It is generally recognized that modern humans originated
from H. erectus or a closely related species, but where did
this occur? About 300,000 years B.P. (before present), so-
called “archaic Homo sapiens” had evolved in Europe, Asia,
and Africa. (Neanderthal is a well-known archaic H. sapiens.)
The hypothesis that each of these individual populations
(with some interbreeding) went on to evolve into modern
humans is called the multiregional continuity hypothesis (Fig.
31.18a). This hypothesis, which proposes no migrations, re-
quires that evolution be essentially similar in several differ-
ent places. Each region would show a continuity of its own
anatomical characteristics from about a million years ago,
when H. erectus first arrived in Eurasia. Opponents argue

that it seems highly unlikely that evolution would have pro-
duced essentially the same result in these different places.
They suggest, instead, the out-of-Africa hypothesis, which pro-
poses that archaic H. sapiens became fully modern only in
Africa, and thereafter they migrated to Europe and Asia
about 100,000 years B.P. Modern humans may have interbred
to a degree with archaic populations, but in effect, they sup-
planted them (Fig. 31.18b).

Investigators are currently testing two hypotheses:
that modern humans (1) evolved separately in
Europe, Africa, and Asia, and (2) evolved in Africa
and then migrated.

1 MYA

0.5 MYA

Present
Asia Africa Europe

interbreeding

interbreeding

Asia Africa Europe

b. Out of Africaa. Multiregional continuity

Homo erectus evolves into modern humans
in Asia, Africa, and Europe.

migration of
Homo erectus

migration of
Homo erectus

1 MYA

0.5 MYA

Present

Modern humans migrate out of
Africa and replace archaic sapiens
in Asia and Europe. This second
migration occurs about 100,000
years before present (BP).

migration of
Homo erectus

migration of
Homo erectus

Figure 31.18 Origin of modern humans.
a. The multiregional continuity hypothesis proposes that modern humans evolved separately in at least three different places: Asia, Africa, and
Europe. Therefore, continuity of genotypes and phenotypes is expected in these regions. b. The out-of-Africa hypothesis proposes that modern
humans originated only in Africa; then they migrated and supplanted populations of Homo in Asia and Europe about 100,000 years ago.
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Homo sapiens 
A brain capacity larger than 1,000 cc allows a Homo species
to be classified as Homo sapiens. The Neanderthals (H. sapi-
ens neanderthalensis) take their name from Germany’s Nean-
der Valley, where one of the first Neanderthal skeletons,
dated some 200,000 years old, was discovered. The Nean-
derthals had massive brow ridges, and the nose, the jaws,
and the teeth protruded far forward. The forehead was low
and sloping, and the lower jaw sloped back without a chin. 

At this time, the Neanderthals are thought to be an ar-
chaic H. sapiens and most likely not in the main line of Homo
descent. Surprisingly, however, the Neanderthal brain was,
on the average, slightly larger than that of modern humans
(1,400 cc, compared to 1,360 cc in most modern humans).
The Neanderthals were heavily muscled, especially in the
shoulders and the neck. The bones of the limbs were shorter
and thicker than those of modern humans. It is hypothe-
sized that a larger brain than that of modern humans was re-
quired to control the extra musculature. They lived in
Eurasia during the last Ice Age, and their sturdy build could
have helped conserve heat.

The Neanderthals give evidence of being culturally ad-
vanced. They most likely successfully hunted bears, woolly
mammoths, rhinoceroses, reindeer, and other contemporary
animals. They used and could control fire, and they even
buried their dead with flowers and tools, indicating that
they may have had a religion.

In keeping with the out-of-Africa hypothesis, it is in-
creasingly believed that modern humans, by custom called

Cro-Magnon after a fossil location in France, entered Eura-
sia 100,000 years ago or even earlier. Cro-Magnons
(H. sapiens sapiens) had a thoroughly modern appearance
(Fig. 31.19). They made advanced stone tools called Auri-
gnacian tools (see Fig. 31.17). They were such accomplished
hunters that some researchers believe they were responsible
for the extinction of many larger mammals, such as the giant
sloth, the mammoth, the saber-toothed tiger, and the giant
ox during the late Pleistocene epoch.

Cro-Magnons hunted cooperatively and most likely
lived in small groups, with the men hunting by day while
the women were gatherers and took care of the children. The
Cro-Magnon culture included art. They sculpted small fig-
urines out of reindeer bones and antlers. They also painted
beautiful drawings of animals on cave walls in Spain and
France.

The main line of hominid descent is now believed
to include A. ramidus, A. afarensis, H. habilis,
H. erectus, and Cro-Magnon.

Human beings are diverse, but even so, we are all classi-
fied as H. sapiens sapiens. This is consistent with the biologi-
cal definition of species because it is possible for all types of
humans to interbreed and to bear fertile offspring. While it
may appear that there are various “races,” molecular data
show that the DNA base sequence varies as much between
individuals of the same ethnicity as between individuals of
different ethnicity.

Figure 31.19 Cro-Magnon people.
Cro-Magnon people are the first to be designated Homo sapiens sapiens. Their toolmaking ability and other cultural attributes, such as their
artistic talents, are legendary.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Chapter 31 Animals: Part II 66531-23

Summarizing the Concepts

31.1 Echinoderms
Both echinoderms and chordates are deuterostomes. In deuterostomes,
the second embryonic opening becomes the mouth, the coelom forms
by outpocketing of the primitive gut (they are enterocoelomates), and
the dipleurula larva is found among some. Echinoderms (e.g., sea stars,
sea urchins, sea cucumbers, sea lilies) have radial symmetry as adults
(not as larvae) and spines from endoskeletal plates. Typical of echino-
derms, sea stars have tiny skin gills, a central nerve ring with branches,
and a water vascular system for locomotion. Each arm of a sea star con-
tains branches from the nervous, digestive, and reproductive systems. 

31.2 Chordates 
Chordates (tunicates, lancelets, and vertebrates) have a notochord, a
dorsal hollow nerve cord, pharyngeal pouches, and post-anal tail  at
one time in their life history. Tunicates and lancelets are the inverte-
brate chordates. Adult tunicates lack chordate characteristics except
gill slits, but adult lancelets have the three chordate characteristics.

31.3 Vertebrates 
Vertebrates have the three chordate characteristics as embryos but the
notochord is replaced by the vertebral column, a part of their en-
doskeleton. The internal organs are well developed and cephalization
is apparent. The vertebrate classes trace their evolutionary history. The
first vertebrates, represented by hagfishes and lampreys, lacked jaws
and fins. Bony fishes have jaws and two pairs of fins; the bony fishes in-
clude those that are ray-finned and a few that are lobe-finned. Some of
the lobed-finned fishes have lungs.

Amphibians evolved from the lobe-finned fishes and have two
pairs of limbs. They are represented today by frogs and salamanders.
Frogs usually return to the water to reproduce; frog tadpoles metamor-
phose into terrestrial adults.

Reptiles (today’s snakes, lizards, turtles, and crocodiles) lay a
shelled egg, which contains extraembryonic membranes, including an
amnion that allows them to reproduce on land.  

Birds are feathered, which helps them maintain a constant body
temperature. They are adapted for flight; their bones are hollow with
air sacs that allow one-way ventilation; their breastbone is keeled, and
they have well-developed sense organs. 

Mammals have hair and mammary glands. The former helps
them maintain a constant body temperature, and the latter allow them
to nurse their young. Monotremes lay eggs; marsupials have a pouch
in which the newborn matures, and placental mammals, which are far
more varied and numerous, retain offspring inside the uterus until
birth. 

31.4 Human Evolution
Primates are mammals adapted to living in trees. During the evolution
of primates, various groups diverged in a particular sequence from the
human line of descent. Prosimians (tarsiers and lemurs) diverged first;
then the monkeys, then the apes. Molecular biologists tell us we are
most closely related to the African apes, whose ancestry split from ours
about 6 MYA. 

Human evolution continued in eastern Africa with the evolution
of the australopithecines. The most famous australopithecine is Lucy
(3.4 MYA) whose brain was small but who walked bipedally. Homo ha-
bilis, present about 2 MYA, is certain to have made tools. Homo erectus,
with a brain capacity of 1,000 cc and a striding gate, was the first to mi-
grate out of Africa. 

Two contradicting hypotheses have been suggested about the
origination of modern humans. The multiregional continuity hypothe-
sis says that modern humans originated separately in Asia, Europe,
and Africa. The out-of-Africa hypothesis says that modern humans
originated in Africa and, after migrating into Europe and Asia, re-
placed the archaic Homo species found there. Cro-Magnon is a name of-
ten given to modern humans. 

Some people believe that animals
should be protected in every way, and

should not be used in laboratory research.
In our society as a whole, the trend is to-
ward a growing recognition of what is
generally referred to as animal rights. In
1985, 63% of Americans polled agreed that
“scientists should be allowed to do re-
search that causes pain and injury to ani-
mals like dogs and chimpanzees if it
produces new information about human
health problems.” That dropped to 53% in
1995. Psychologists with Ph.D.s earned in
the 1990s are half as likely to express
strong support for animal research as
those who earned their Ph.D.s before 1970. 

Those who approve of laboratory re-
search involving animals give examples to
show that even today it would be difficult

to develop new vaccines and medicines
against infectious diseases, develop new
surgical techniques for saving human
lives, or develop treatments for spinal cord
injuries without the use of animals. Even
so, most scientists today are in favor of
what is now called the “three Rs”: replace-
ment of animals by in vitro, or test-tube,
methods whenever possible; reduction of
the numbers of animals used in experi-
ments; and refinement of experiments to
cause less suffering to animals. In the
Netherlands, every scientist starting re-
search that involves animals is well
trained in the three Rs. After designing an
experiment that uses animals, they are
asked to find ways to answer the same
questions without using animals. 

F. Barbara Orlans of the Kennedy In-

stitute of Ethics at Georgetown University
says “It is possible to be both pro research
and pro reform.” She feels that animal ac-
tivists need to accept that sometimes ani-
mal research is beneficial to humans, and
all scientists need to consider the ethical
dilemmas that arise when animals are
used for laboratory research. 

Questions
1. Are you opposed to the use of animals in

laboratory experiments? under certain
circumstances? or completely in favor?
Explain.

2. Do you feel that it would be possible for
animal activists and scientists to find a
compromise they could both accept?
Discuss.
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Studying the Concepts

1. What are the general characteristics of deuterostomes? 644
2. What are the general characteristics of echinoderms? Explain

how the water vascular system works in the sea star. 644–45
3. What three characteristics do all chordates have at some time

in their life history? Describe the two groups of invertebrate
chordates. 646, 648

4. Discuss the distinguishing characteristics of vertebrates and cite
the milestones in the evolutionary history of vertebrates. 649

5. Describe the three classes of fishes.  Which have jaws? two
pairs of fins? lungs? 650–51

6. Explain in what way amphibians are adapted to life on land
and ways in which they are not adapted. Describe the meta-
morphosis of frogs. 651

7. What is the significance of a shelled egg? Explain in what
ways reptiles are adapted to life on land. 653

8. What is the significance of wings? In what other ways are
birds adapted to flying? 655

9. What is the significance of a constant internal temperature?
What are the three groups of mammals, and what are their
primary characteristics? 656–57

10. Name several primate characteristics still retained by
humans. 659

11. Draw and discuss the evolutionary tree for hominids. 661
12. Contrast the “multiregional continuity” hypothesis and the

“out-of-Africa” hypothesis. 663

Testing Yourself 

Choose the best answer for each question.
1. The tube feet of echinoderms

a. are their head.
b. are a part of the water vascular system.
c. are found in the coelom.
d. help pass sperm to females during reproduction.
e. All of these are correct.

2. Which of these is not a chordate characteristic?
a. dorsal supporting rod, the notochord
b. dorsal hollow nerve cord
c. pharyngeal pouches
d. post-anal tail
e. vertebral column

3. Sharks and bony fishes are different in that only
a. bony fishes have paired fins.
b. bony fishes have a keen sense of smell.
c. bony fishes have an operculum.
d. sharks have a bony skeleton.
e. sharks are predaceous.

4. Amphibians arose from
a. tunicates and lancelets. d. ray-finned fishes.
b. cartilaginous fishes. e. bony fishes with lungs.
c. jawless fishes.

5. Which of these is not a feature of amphibians?
a. dry skin that resists desiccation
b. metamorphosis from a swimming form to a land form
c. small lungs and a supplemental way of gas exchange
d. reproduction in the water
e. three-chambered heart

6. Which of these is not a difference between reptiles and birds?
Reptiles—Birds
a. hard-shelled egg—partial internal development
b. scales—feathers
c. tetrapods—wings
d. cold blooded—warm blooded
e. no air sacs—air sacs

7. Which of these is a true statement?
a. In all mammals, offspring develop within the female.
b. All mammals have hair and mammary glands.
c. All mammals have one birth at a time.
d. All mammals are land-dwelling forms.
e. All of these are true.

8. The most likely line of descent for humans is
a. Common ancestor with an African ape, (a hominoid), Lucy (a

hominid), Homo habilis (a human), Homo erectus, Homo sapiens.
b. prosimians, New World monkeys, Old World monkeys,

Asian apes, African apes, hominids.
c. chimpanzees, orangutan, Australopithecus africanus, marsu-

pials, placental mammals, primates, humans.
d. Only a and b are correct.
e. All of these are correct.

9. Lucy is a member of what species?
a. Homo erectus d. H. habilis
b. Australopithecus afarensis e. A. robustus
c. Neanderthal

10. If the multiregional continuity hypothesis is correct, then 
a. hominid fossils in China after 100,000 B.P. are not expected

to resemble earlier fossils.
b. hominid fossils in China after 100,000 B.P. are expected to

resemble earlier fossils.
c. humans evolved in Africa.
d. humans evolved in Eurasia.
e. Both b and d are correct.

11. Which of these is incorrectly matched?
a. H. erectus—made tools
b. Neanderthal—good hunter
c. H. habilis—controlled fire
d. Cro-Magnon—good artist
e. A. afarensis—walked erect 

12. Complete the following diagram.
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c.

d.

a.

b.
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Chapter 31 Animals: Part II 66731-25

Understanding the Terms

amniote egg 649
amphibian 651
anthropoid 659
australopithecines 660
bird 655
bony fish 650
cartilaginous fish 650
chordate 646
Cro-Magnon 664
deuterostome 644
echinoderm 644
feather 655
fin 649
gill 646
hominid 660
Homo erectus 662
Homo habilis 661

jaw 650
jawless fishes 650
lancelet 648
lung 651
mammal 656
marsupial 657
monotreme 656
Neanderthal 664
notochord 646
placental mammal 657
primate 659
prosimian 659
reptile 653
tunicate 648
vertebrate 649
water vascular system 645

Match the terms to these definitions:
a. Series of canals that takes water to the tube feet of

an echinoderm, allowing them to expand.
b. Group of primates that includes lemurs and tar-

siers and may resemble the first primates to have evolved.
c. Dorsal supporting rod that exists in all chordates

sometime in their life history; replaced by the vertebral col-
umn in vertebrates.

d. Group of coelomate animals in which first embry-
onic opening is associated with the anus, and the second
embryonic opening is associated with the mouth.

e. Member of a family that contains humans, and
their direct ancestors which are known only from the fossil
record.

Further Readings for Part 6
Agnew, N., and Demas, M. September 1998. Preserving the Laetoli

footprints. Scientific American 279(3):44. This article recaps the
discovery of hominid footprints in East Africa, and explains
steps taken to preserve them.

Beckage, N. E. November 1997. The parasitic wasp’s secret
weapon. Scientific American 277(5):82. Some parasitic wasps
produce a virus that suppresses a living host’s immune system. 

Ben-Jacob, E., and Levine, H. October 1998. The artistry of
microorganisms. Scientific American 279(4):82. Colonies of
bacteria form geometric patterns, which reflect survival
strategies.

Berger, L. August 1998. The dawn of humans: Redrawing our
family tree? National Geographic 194(2):90. South African fossils
show that A. africanus was more apelike than Lucy.

Castro, P., and Huber, M. 1997. Marine biology. 2d ed. St. Louis:
Mosby-Year Book, Inc. This introductory text is designed to
provide a stimulating overview of marine biology. 

Chadwick, D. H. March 1998. Planet of the beetles. National
Geographic 193(3):100. With diverse sizes, forms, and functions,
beetles make up one-third of the world’s identified insects. 

Chiappe, L. M. September 1998. Wings over Spain. Natural History
107(7):30. The presence of a first digit on fossil remains of a 115-
million-year-old bird shows advanced flying ability.

Diamond, J. September 1998. Evolving backward. Discover
19(9):64. Studies of the blind mole rat shows how evolved traits
are lost if they are not used. 

Erwin, D. E. July 1996. The mother of mass extinction. Scientific
American 275(1):72. Global sea level decline and volcanic
eruptions may have caused mass extinctions. 

Foster, K. R., et al. August 1998. The Philadelphia yellow fever
epidemic of 1793. Scientific American 279(2):88. The history of
this epidemic and the possibility of its recurrence are discussed.

Genthe, H. August 1998. The incredible sponge. Smithsonian
29(5):50. Sponge biology and the therapeutic uses of sponges in
treating cancer are discussed.

Gore, R. January 1996. Neanderthals. National Geographic 189(1):2.
Archeological finds are providing much information on the
Neanderthal culture. 

. September 1997. The dawn of humans. National
Geographic 192(3):92. A footprint dated about 117,000 years
ago was discovered in southern Africa. 

Thinking Scientifically

1. Humans use negative pressure to fill the lungs, and frogs use
positive pressure.
a. What is the difference between negative and positive pres-

sure?
b. Birds have a flow-through system—the air flows from the

lungs into air sacs and then out by way of a separate set of
tubes. In what way is this more efficient than human
breathing?

c. Frogs have thin, moist skin, and reptiles have thick skin.
Which animal do you predict practices skin breathing?
Which animal most likely has better developed lungs?

d. Humans have a diaphragm, reptiles do not. In what way
does a diaphragm assist breathing?

2. Refer to Figure 31.16 to answer the following questions.
a. What might have caused the evolution of the upright pos-

ture of A. afarensis?
b. How does the hominid evolutionary tree illustrate adap-

tive radiation?
c. How does the evolution of Homo erectus and Cro-Magnon

support the concept of punctuated equilibrium (page 567)?
d. How do you know that all human races should be consid-

ered the same species?

Using Technology

Your study of animals and human evolution is supported by
these available technologies:

Essential Study Partner CD-ROM
Evolution & Diversity ££ Vertebrates

££Human Evolution
Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.
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http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com
http://www.mhhe.com/biosci/genbio/mader
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/chap31espactivities_s.html


Gwynne, D. T. August 1997. Glandular gifts. Scientific American
277(2):66. Male insects offer body parts and secretions as a
strategy for fertilizing the female’s eggs. 

Johanson, D. C. March 1996. Face-to-face with Lucy’s family.
National Geographic 189(3):96. New fossils from Ethiopia provide
more information about human evolution. 

Kellert, S. R. 1996. The value of life: Biological diversity and human
society. Washington, D.C.: Island Press/Shearwater Books.
Explores the importance of biological diversity to the well-
being of humanity.

Knols, B. G., and Meijerink, J. September/October 1997. Odors
influence mosquito behavior. Science & Medicine 4(5):56.
Definition of odors may lead to the control of insects that
transmit infectious diseases. 

Leakey, M., and Walker, A. June 1997. Early hominid fossils from
Africa. Scientific American 276(6):74. A bone unearthed in 1965
recently proved the existence of a new species of Australo-
pithecus, showing ancestral humans existed 4 million years ago. 

Levetin, E., and McMahon, K. 1996. Plants and society. Dubuque,
Iowa: Wm. C. Brown Publishers. Basic botany and the impact of
plants on society are topics covered in this introductory text.

Levy, S. B. March 1998. The challenge of antibiotic resistance.
Scientific American 278(3):46. Misuse and overuse of antibiotics
must end in order to preserve their effectiveness. 

Lewin, R. 1997. Patterns in evolution: The new molecular view. New
York: Scientific American Library. This book explores how
genetic information provides insights into evolutionary events.

Lim, D. 1998. Microbiology. 2d ed. Dubuque, Iowa:
WCB/McGraw-Hill. This introductory text shows how
microorganisms relate to one another and to other organisms;
new material in evolution and biodiversity is included. 

Line, L. October/November 1998. Fast decline of slow species.
National Wildlife 36(6):22. Box turtles are declining in numbers,
mainly from habitat loss and over-collecting.

Losick, R., and Kaiser, D. February 1997. Why and how bacteria
communicate. Scientific American 276(2):68. Bacteria send and
receive chemical messages and can organize into structures.

Luoma, J. R. March 1997. The magic of paper. National Geographic
191(3):88. The papermaking process is discussed in this article.

Madigan, M. T., and Marrs, B. L. April 1997. Extremophiles.
Scientific American 276(4):86. Certain microorganisms can
withstand extreme environments.  

Margulis, L., et al. 1998. Five kingdoms: An illustrated guide to the
phyla of life on earth. 3d ed. New York: W. H. Freeman &
Company. Introduces the kingdoms of organisms.

Martini, F. H. October 1998. Secrets of the slime hag. Scientific
American 279(4):70. The roles of hagfish in ocean ecosystems.

Monastersky, R. March 1998. The rise of life on earth. National
Geographic 193(3):54. Article discusses the origins of microbial
life, stromatolite reefs, and Stanley Miller’s model of the
primitive atmosphere. 

Moore, R., Clark, W. D., et al. 1998. Botany. 2d ed. Dubuque, Iowa:
WCB/McGraw-Hill. This introductory botany text stresses the
importance of plants and the process of science.

Moore-Landecker, E. 1996. Fundamentals of the fungi. 4th ed. Upper
Saddle River, N.J.: Prentice-Hall. For intermediate students, this
text presents a broad introduction to the field of mycology.

Murawski, D. A. March 1997. Moths come to light. National
Geographic 191(3):40. Moths display a variety of disguises and
survival techniques.

Nester, E. W., Roberts, C. E., et al. 1998. Microbiology: A human
perspective. 2d ed. Dubuque, Iowa: WCB/McGraw-Hill. This
introductory text relates basic microbiology to human health.

Northington, D., and Goodin, J. R. 1996. The botanical world. 2d ed.
St. Louis: Times-Mirror/Mosby College Publishing. This is an
account of plant interactions and basic physiology.

Padian, K., and Chiappe, L. M. February 1998. The origin of birds
and their flight. Scientific American 278(2):38. Recent fossil
discoveries confirm that birds descended from dinosaurs. 

Paolella, P. 1998. Introduction to molecular biology. Dubuque, Iowa:
WCB/McGraw-Hill. This introductory text explores the
processes and mechanisms of gene function and control. 

Parfit, M. October 1998. Antarctic desert. National Geographic 4:120.
Microscopic organisms that survive in the Antarctic desert have
been discovered.

Schmidt, G. D., and Roberts, L. S. 1996. Foundations of parasitology.
5th ed. Dubuque, Iowa: Wm. C. Brown Publishers. For upper-
division parasitology classes, this text emphasizes the major
parasites of humans and animals. 

Seymour, R. S. March 1997. Plants that warm themselves. Scientific
American 276(3):104. Some plants generate heat to keep
blossoms at a constant temperature.

Sharpe, G. W., et al. 1995. Introduction to forests and renewable
resources. 6th ed. New York: McGraw-Hill, Inc. For forestry
students, this text presents policies and practices in forest
conservation and management.

Shreeve, J. December 1997. Uncovering Patagonia’s lost world.
December 1997. National Geographic 192(6):120. Recent fossil
finds cause scientists to rethink the evolution of dinosaurs.  

Stern, K. 1997. Introductory plant biology. 7th ed. Dubuque, Iowa:
Wm. C. Brown Publishers. This text presents basic botany in a
clear, informative manner.

Sumich, J. L. 1996. An introduction to the biology of marine life. 6th
ed. Dubuque, Iowa: Wm. C. Brown Publishers. This
introductory text covers taxonomy, evolution, ecology, behavior,
and physiology of selected groups of marine organisms. 

Sze, P. 1998. A biology of the algae. 3d ed. Dubuque, Iowa:
WCB/McGraw-Hill. This concise text introduces algae
morphology, evolution, and ecology to the botany major. 

Tattersall, I. April 1997. Out of Africa again . . . and again?
Scientific American 276(4):60. Hominids may have migrated out
of Africa several times, with each emigration sending a different
species. 

Walters, D. R., and Keil, D. J. 1996. Vascular plant taxonomy. 4th ed.
Dubuque, Iowa: Kendall/Hunt Publishing. Introduces plant
families and experimental aspects of taxonomy. 

Webster, D. July 1996. Dinosaurs of the Gobi. National Geographic
190(1):70. Dinosaur fossils are unearthed in the Gobi desert.

Wenke, R. 1996. Patterns in prehistory: Humankind’s first three million
years. 4th ed. New York: Oxford University Press. Provides a
comprehensive review of world prehistory. 

Zimmer, C. September 1998. The slime alternative. Discover
19(9):86. Occasionally, individual Dictyostelium amoebas join
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669

Ecology began as a descriptive

science that has now become an

experimental and predictive sci-

ence. Models have been devel-

oped that predict how population

sizes within communities change

over time due to species inter-

actions. Some ecologists study

and also include in their models

physical factors that influence

energy flow and nutrient cycling

within an ecosystem. They know

that humans alter the transfer

rates of substances within biogeo-

chemical cycles that maintain the

biosphere. This accounts for acid

rain, global warming, ozone

depletion, and other changes that

are expected to adversely affect all

species. 

Behavior and Ecology

32 Animal Behavior 671
Animals respond to stimuli in keeping
with their own neurophysiology and in a
manner that increases the likelihood of
their survival and ability to reproduce. 

34 Community Ecology 701
Species in a particular locale make up a
community where interactions include
competition, predation, and various
symbiotic relationships.

36 Ecosystems and Human
Interferences 743

An ecosystem, which consists of a
community and its physical environment,
is characterized by energy flow and
chemical cycling.

33 Population Ecology 687
The distribution and abundance of a
species may be related to its life history
pattern in order to predict its future
population size. 

35 Biosphere 717
Terrestrial and aquatic communities are
located within the biosphere, that portion
of the earth’s crust, atmosphere, and
waters, where living things exist. 
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Ethologists study the behavior of animals in the wild. It is one of
the most difficult and rewarding of fields, because it requires the
study of animals in their own territory over extended periods of
time. Such study requires patience, stamina, and creativity. Etholo-
gists may study behaviors such as mating, territorial protection,
feeding, migration, and hibernation.

Ecologists study the relationships between living things and their
environment, and among different species. They measure the
importance of such interactions to the species being studied. The
results of these studies help humans to understand the significance
of development on natural areas.

Environmental engineers are multidisciplinary specialists who
help preserve the environment and plan the cleanup of polluted
areas. These engineers use experience in engineering, chemistry,
and biology to determine the extent of the pollution and the costs
and benefits of different levels of cleanup effort. They also advise
developers regarding the potential impact of new projects on the
environment. Many also work to devise better ways to limit air and
water pollution by industry.

Wildlife managers determine which species should be available
for hunters and fishermen to continue their sports. They identify
the behavioral and environmental factors that affect population
sizes and develop management programs that will permit a sus-
tained yield. Endangered species management also falls under
wildlife management, but in this case, the species are protected and
are not to be killed by anyone.

Foresters manage, develop, and help protect forest resources.
Foresters manage timberland, which involves a variety of duties.
Those working in private industry may be responsible for procur-
ing timber from private landowners. Foresters also supervise the
planting and growing of new trees. They advise on the type, num-
ber, and placement of trees to be planted. Foresters monitor the
trees to ensure healthy growth and to determine the best time for
harvesting. If foresters detect signs of disease or harmful insects,
they decide on the best course of treatment to prevent contamina-
tion or infestation of healthy trees.

Behaviorist collaring a coyote.

Ecologists measuring tropical trees.

Environmental engineer testing for harmful gases.

Careers in Ecology
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Animal Behavior

Chapter Concepts

• An animal is organized to carry out behaviors
that help it survive and reproduce. 672

32.1 Genetic Basis of Behavior
• Behaviors have a genetic basis but can also be

influenced by environmental factors. 672
• The nervous and endocrine systems have

immediate control over behaviors. 673

32.2 Development of Behavior
• Behaviors sometimes undergo development after

birth, as when learning affects behavior. 674

32.3 Adaptiveness of Behavior
• Natural selection influences such behaviors as

methods of feeding, selecting a home, and
reproducing. 676

32.4 Animal Societies
• Animals living in societies have various means

of communicating with one another. 680

32.5 Sociobiology and Animal Behavior
• Apparently, altruistic behavior only occurs if it

actually benefits the animal. 683

These western grey kangaroos, Macropus fulginosus, are trying
to push each other to the ground in a battle over females. Aggres-
sion between members of a society is ritualized and neither party
in the struggle is usually harmed by the conflict.
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32.1 Genetic Basis of Behavior
The behavior of animals is any action that can be observed
and described. All behavior has a genetic base in that the
anatomy and physiology of the animal which is inherited is
suitable to performing the behavior. In addition, various ex-
periments have been done to show that specific behaviors
have a genetic base.

A peach-faced lovebird, Agapornis roseicollis, cuts long,
regular strips of material with its strong beak and then tucks
them in its rump feathers for transport to the nest. A Fisher’s
lovebird, Agapornis fischeri, carries stronger materials, such
as sticks, directly in its beak.

672 Part 7 Behavior and Ecology 32-2

At the start of the breeding season, male bowerbirds
use small sticks and twigs to build elaborate display
areas called bowers. They clear the space around the

bowers, removing leaves and debris, and decorate the area
with fresh flowers, fruits, moss, mushrooms, pebbles, or
shells. Each species has its own preference in decorations.
The satin bowerbird of eastern Australia prefers blue ob-
jects, a color that harmonizes with the male’s glossy blue-
black plumage (Fig. 32.1).

After the bower is complete, a male spends most of his
time near his bower, calling to females, renewing his decora-
tions and guarding his work against possible raids by other
males. After inspecting many bowers and their owners, a fe-
male approaches one and the male begins a display. He
faces her, fluffs up his feathers, and flaps his wings to the
beat of a call. The female enters the bower, and if she
crouches, the two mate.

Ethologists (scientists who study behavior) want to
know how the male bowerbird is structured to perform this
behavior and how the behavior helps him secure a mate.
In general, ethologists determine how a behavior is con-
trolled and how a behavior enables an animal to survive
and/or reproduce.

If the behavior for obtaining and carrying nesting mate-
rial is inherited, then hybrids might show intermediate be-
havior. When the two species of birds were mated, it was
observed that the hybrid birds have difficulty carrying nest-
ing materials. They cut strips and try to tuck them in their
rump feathers, but they are unsuccessful. After a long period
of time (about three years), a hybrid learns to carry the cut
strips in its beak but still briefly turns its head toward its
rump before flying off. Therefore, these studies support the
hypothesis that behavior has a genetic basis.

Several experiments have been done with the garter
snake, Thamnophis elegans, which has two different types of
snake populations in California. Inland populations are
aquatic and commonly feed underwater on frogs and fish.
Coastal populations are terrestrial and feed mainly on slugs.
In the laboratory, inland adult snakes refused to eat slugs
while coastal snakes readily did so. To test for possible ge-
netic differences between the two populations, matings
were arranged between inland and coastal individuals, and
it was found that isolated newborns show an overall inter-
mediate incidence of slug acceptance.

The difference between slug acceptors and slug rejecters
appears to be inherited, but what physiological difference
have the genes brought about? A clever experiment an-
swered this question. When snakes eat, their tongues carry
chemicals to an odor receptor in the roof of the mouth. They

Figure 32.1 Mating behavior of satin bowerbirds.
A female satin bowerbird has chosen to mate with this male. Most
likely, she was attracted by his physique and the blue decorations of
his bower.

A. roseicollis A. fischeri
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use tongue flicks to recognize their prey. Even newborns will
flick their tongues at cotton swabs dipped in fluids of their
prey. Swabs were dipped in slug extract, and the number of
tongue flicks were counted for newborn inland and coastal
snakes. Coastal snakes had a higher number of tongue flicks
than inland snakes (Fig. 32.2). Apparently, inland snakes do
not eat slugs because they are not sensitive to their smell. A
genetic difference between the two populations of snakes
has resulted in a physiological difference in their nervous
systems. Although hybrids showed a great deal of variation
in the number of tongue flicks, they were generally interme-
diate as predicted by the genetic hypothesis. 

Both nervous and endocrine systems are responsible
for the integration of body systems. Is the endocrine sys-
tem also involved in behavior? Various studies have been
done to show that it is. For example, the egg-laying behav-
ior in the marine snail Aplysia involves a set sequence of
movements. Following copulation, the animal extrudes
long strings of more than a million egg cases. It takes the
egg case string in its mouth, covers it with mucus, waves
its head back and forth to wind the string into an irregular

mass, and attaches the mass to a solid object, like a rock.
Several years ago, scientists isolated and analyzed an egg-
laying hormone (ELH) that causes the snail to lay eggs
even if it has not mated. ELH was found to be a small pro-
tein of 36 amino acids that diffuses into the circulatory sys-
tem and excites the smooth muscle cells of the
reproductive duct, causing them to contract and expel the
egg string. Using recombinant DNA (deoxyribonucleic
acid) techniques, the investigators isolated the ELH gene.
The gene’s product turned out to be a protein with 271
amino acids. The protein can be cleaved into as many as 11
possible products, and ELH is one of these. ELH alone, or
in conjunction with these other products, is thought to con-
trol all the components of egg-laying behavior in Aplysia.

The results of many types of studies support the
hypothesis that behavior has a genetic basis and
that genes influence the development of neural
and hormonal mechanisms that control behavior.
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Figure 32.2 Feeding behavior of garter snakes.
The number of tongue flicks by inland and coastal garter snakes as a response to slug extract on cotton swabs. Coastal snakes tongue-flicked
more than inland snakes.
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32.2 Development of Behavior
Given that all behaviors have a genetic basis, we can go on
to ask if environmental experiences after hatching or birth
also shape the behavior. Some behaviors seem to be stereo-
typed—they are always performed the same way each time.
These were called fixed action patterns (FAP), and it is said
that FAPs were elicited by a sign stimulus, a cue that sets the
behavior in motion. For example, human babies will smile
when a flat but face-sized mask with two dark spots for eyes
is brought near them. It’s possible that some behaviors are
FAPs, but increasingly, investigators are finding that many
behaviors, formerly thought to be FAPs, develop after
practice.

Laughing gull chicks’ begging behavior is always per-
formed the same way in response to the parent’s red beak. A
chick directs a pecking motion toward the parent’s beak,
grasps it, and strokes it downward (Fig. 32.3). Sometimes a
parent stimulates the begging behavior by swinging its beak
gently from side to side. After the chick responds, the parent
regurgitates food onto the floor of the nest. If need be, the
parent then encourages the chick to eat. This interaction be-
tween the chicks and their parents suggests that the begging
behavior involves learning. (Learning is defined as a
durable change in behavior brought about by experience.)
To test this hypothesis, diagrammatic pictures of gull heads
were painted on small cards and then eggs were collected in
the field. The eggs were hatched in a dark incubator to elim-
inate visual stimuli before the test. On the day of hatching,

each chick was allowed to make about a dozen pecks at the
model. The chicks were returned to the nest and were each
retested. The tests showed that on the average, only one-
third of the pecks by a newly hatched chick strike the model.
But one day after hatching, more than half of the pecks are
accurate, and two days after hatching, the accuracy reaches
a level of more than 75%. Investigators concluded that im-
provement in motor skills, as well as visual experience,
strongly affect development of chick begging behavior.

Behavior has a genetic basis, but the development
of mechanisms that control behavior is subject to
environmental influences, such as practice after
birth.

How do chicks recognize a parent? Newly hatched
chicks peck equally at any model as long as it has a red beak.
Chicks a week old, however, will peck only at models that
closely resemble the parent. Perhaps operant conditioning
with a reward of food could account for this change in be-
havior. Operant conditioning, which is one of many forms
of learning, is often defined as the gradual strengthening of
stimulus-response connections. In everyday life, most peo-
ple know that animals can be taught tricks by giving re-
wards such as food or affection. The trainer presents the
stimulus, say a hoop, and then gives a reward (food) for the
proper response (jumping through the hoop). B. F. Skinner is
well known for studying this type of learning in the
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Figure 32.3 Pecking behavior of laughing gulls.
At about three days, a laughing gull chick grasps the beak of a
parent, stroking it downward, and the parent then regurgitates food.
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laboratory. In the simplest type of experiment performed by
Skinner, a caged rat happens to press a lever and is re-
warded with sugar pellets, which it avidly consumes. There-
after, the rat regularly presses the lever whenever it is
hungry. In more sophisticated experiments, Skinner even
taught pigeons to play ping-pong by reinforcing desired re-
sponses to stimuli. 

Imprinting is another form of learning; chicks, ducklings,
and goslings will follow the first moving object they see after
hatching. This object is ordinarily their mother, but they
seemingly can be imprinted on any object—a human or a red
ball—if it is the first moving object they see during a sensitive
period of two to three days after hatching. The term sensitive
period means that the behavior only develops during this
time. Although the Englishman Douglas Spalding first ob-
served imprinting, the Austrian Konrad Lorenz is well
known for investigating it. He found that imprinting not only
served the useful purpose of keeping chicks near their
mother, it also caused male birds to court a member of the cor-
rect species—someone who looks like mother! The goslings
who had been imprinted on Lorenz courted human beings
later in life. In-depth studies on imprinting have shown that
the process is more complicated than originally thought. Eck-
hard Hess found that mallard ducklings imprinted on hu-
mans in the laboratory would switch to a female mallard that
had hatched a clutch of ducklings several hours before. He
found that vocalization before and after hatching was an im-
portant element in the imprinting process. Female mallards
cluck during the entire time that imprinting is occurring. Do
social interactions influence other forms of learning? Patterns
of song learning in birds suggests that they can. 

Song Learning in Birds
During the past several decades, an increasing number of
investigators have studied song learning in birds. White-
crowned sparrows sing a species-specific song, but males
of a particular region have their own dialect. Birds were
caged in order to test the hypothesis that young white-
crowned sparrows learn how to sing from older members
of their species (Fig. 32.4). A group of birds that heard no
songs at all sang a song, but it was not fully developed.
Birds that heard tapes of white-crowns singing sang in that di-
alect, as long as the tapes were played during a sensitive
period from about age 10 to 50 days. White-crowned spar-
rows’ dialects (or other species’ songs) played before or af-
ter this sensitive period had no effect on their song.
Apparently, their brain is especially primed to respond to
acoustical stimuli during the sensitive period. Neurons
that are critical for song production have been located, and
they fire when the bird’s own song is played or when a
song of the same dialect is played. Other investigators have
shown that birds given an adult tutor will sing the song of
even a different species—no matter when the tutoring be-
gins! It would appear that social experience has a very
strong influence over the development of singing.

Animals have an ability to benefit from experience;
learning occurs when a behavior changes with
practice.
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Isolated bird sings
but song is not developed.

Bird sings developed song played
during a sensitive period.

Bird sings song of social tutor without regard to
sensitive period.

Figure 32.4 Song learning by white-crowned sparrows.
Three different experimental procedures are depicted and the results noted. These results suggest that there is both a genetic basis and an
environmental basis for song learning in white-crowned sparrows.
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32.3 Adaptiveness of Behavior
Since genes influence the development of behavior, it is rea-
sonable to assume that behavioral traits (like other traits) are
subject to natural selection. Our discussion will focus on re-
productive behavior—specifically, the manner in which ani-
mals secure a mate. But we will also touch on the other two
survival issues—capturing resources and avoiding preda-
tors—because these help an animal survive, and without
survival, reproduction is impossible. Investigators studying
survival value seek to test hypotheses that specify how a
given trait might improve reproductive success.

Males can father many offspring because they continu-
ally produce sperm in great quantity. We would then expect
competition among males to inseminate as many different
females as possible. In contrast, females produce few eggs,
so the choice of a mate becomes a prevailing consideration.
Sexual selection can bring about evolutionary changes in the
species. Sexual selection is changes in males and females,
often due to male competition and female selectivity, lead-
ing to reproductive success. 

Female Choice
Courtship displays are rituals that serve to prepare the sexes
for mating. They help male and female recognize each other
so that mating will be successful. They also play a role in a
female’s choice of a mate.

In a study of satin bowerbirds
(see Fig. 32.1), two oppos-
ing hypotheses regarding
female choice were tested:

Good genes hypothesis: females
choose mates on the basis
of traits that improve their
chances of survival.

Run-away hypothesis: females
choose mates on the basis
of traits that make them
attractive to females. The
term “run away” pertains
to the possibility that the
trait will be exaggerated in
the male until its reproduc-
tively favorable benefit is
checked by the trait’s
unfavorable survival cost.

Investigators watched bowerbirds
at feeding stations and also moni-
tored the bowers. They discovered
that although males tend to steal
blue feathers and/or actively de-
stroy a neighbor’s bower, more ag-
gressive and vigorous males were

able to keep their bowers in good condition. These were the
males usually chosen as mates by females. These data do not
clearly support either hypothesis. It could be that aggres-
siveness, if inherited, does improve the chances of survival,
or it could be that females simply preferred bowers with the
most blue feathers.

The raggiana bird of paradise is remarkably
dimorphic—the males are larger than females and have
beautiful orange flank plumes. In contrast, the females are
drab (Fig. 32.5). Courting males, which form a group called
a lek, gather and begin to call. If a female joins them, the
males raise their orange display plumes, shake their wings
and hop from side to side, while continuing to call. They
then stop calling and lean upside down with the wings pro-
jected forward to show off their beautiful feathers.

Female choice can explain why male birds are so much
more showy than females. The remarkable plumes of the
male might signify health and vigor to the female, just as a
well-constructed bower might. In barn swallows, females
also choose those with the longest tails and investigators
have shown that males relatively free of parasites have
longer tails than otherwise. 

Is a difference in reproductive behavior related to a par-
ticular food source? Raggiana birds forage far and wide for
their food (nutritious, complex fruits), and lekking is one
way for males to attract the wide-ranging females. The male
raggiana is polygynous (has more than one mate) and does
not help raise the offspring. On the other hand, a related
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Figure 32.5 Mating behavior in birds of paradise.
In birds of paradise, males have resplendent plumage brought about by sexual selection. The
females are widely scattered, foraging for complex fruits; the males form leks that females visit to
choose a mate.
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species, the trumpet manucode, Manucodia keraudrenit, feeds
on figs, which are more prevalent but not as nutritious as
complex fruits. These birds are monogamous—the pair
bonds perhaps for life, and the males are not as colorful as
raggiana males. Both sexes are needed to successfully raise
the young, and this relaxes pressure on the male to be showy.

Male Competition
Studies have been done to determine if the benefit of mating
is worth the cost of competition among males. Only if the
positive effects outweigh the negative effects will the animal
enjoy reproductive success.

Dominance Hierarchy
Baboons, a type of Old World monkey, live together in a
troop. Males and females have separate dominance hierar-
chies in which a higher ranking animal has greater access to
resources than a lower ranking animal. Dominance is de-
cided by confrontations, resulting in one animal giving way
to the other.

Baboons are dimorphic; the males are larger than the fe-
males, and they can threaten other members of the troop

with their long, sharp canines (Fig. 32.6). The baboons travel
within a home range, foraging for food each day and sleep-
ing in trees at night. The dominant males decide where and
when the troop will move and, if the troop is threatened,
they cover the troop as it retreats and attack intruders when
necessary.

Females undergo a period known as estrus, during
which they ovulate and are willing to mate. At this time a fe-
male approaches a dominant male and they form a mating
pair for several hours or days. The male baboon pays a cost
for his dominant position. Being larger means that he needs
more food, and being willing and able to fight predators
means that he may get hurt, and so forth. Is there a repro-
ductive benefit to his behavior? Yes, in that dominant males
do indeed monopolize estrous females when they are most
fertile (Figure 32.7).

Nevertheless, there are other avenues to fathering off-
spring. Some males act as helpers to particular females and
her offspring; the next time she is in estrus she may mate
preferentially with him instead of a dominant male. Or sub-
ordinate males may form a friendship group that can op-
pose a dominant male, making him give up a receptive
female.
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Figure 32.6 A male olive baboon displaying full threat.
In olive baboons, males are larger than females and have enlarged
canines. Competition between males establishes a dominance
hierarchy for the distribution of resources.

Figure 32.7 Female choice and male dominance among
baboons.
Although it may appear that females mate indiscriminately, they mate
more often with a dominant male when they are most fertile.
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Miniature radio transmitters that emit a radio signal allow you
to track an animal in the wild. The transmitter is encapsulated
along with a battery in a protective epoxy resin covering, and
the package is either attached to an animal with a collar or a clip,
or implanted surgically into the main body cavity of the animal.
In either case, it is important to capture the animal carefully to
use sedation or anesthesia to calm the animal during tagging or
surgical implantation. The animal is permitted to recover fully
prior to its release. A radio transmitter device is generally no
more than 10% of the animal’s body weight, and therefore it
should not interfere with normal activities.

To track an animal, a researcher needs a radio receiver
equipped with an antenna and earphones. The strongest signal
comes from the direction of the animal as the antenna is rotated
above the head. The data obtained allow the researcher to obtain
a series of fixes (to determine where the animal is) and calculate
its rate of movement. Plotting the sequence of fixes on a map of
the appropriate scale gives information on the area that is used
by the animal in the course of a night or several nights (Fig. 32A). 

The distance over which the signal travels varies with the
size of the transmitter and the strength of the battery. For small
rodents it may be necessary to be within 5–10 meters of the ani-
mal to hear the signal; for larger collars like some of those used
on elk or caribou, the signal can actually be received by a satel-

lite orbiting above the earth. Later, the signals are sent in a radio
beam by antenna to the ground. Satellite transmission allows re-
searchers to work with animals that are far away, and prevents
any possibility of interfering with the animal’s activities. 

A number of important findings have been made utilizing ra-
diotelemetry, and a few examples provide a flavor of the kinds
of results obtained with this technology. Elk in Yellowstone Na-
tional Park in Wyoming have summer home range areas that are
5–10 times larger than in winter. Areas occupied by many mice
and voles get larger as the animal ages, from the time the ani-
mals are weaned until they are adults, but these increases are
greater for males than for females. Winter dens of rattlesnakes
(and other snakes) are often some distance from the areas where
they spend their summer months. Some crows migrate each
spring and fall, whereas others remain as residents in the same
locale throughout the year.

Radio transmitters can also be used to obtain data on physio-
logical functions (heart rate, body temperature) in conjunction
with observations of behavior while animals continue to engage
in normal activities. When physiological measurements are
taken, a device is included in the package that is sensitive to tem-
perature or heart rate and can translate that information to the
transmitter. Altogether, the use of radio transmitters has added a
new dimension to the ability to explore the lives of animals.
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Tracking an Animal in the Wild

b. Plot of activity rangea. Radiotransmitter system
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Figure 32A Electronic animal tracking.
a. By using a miniature radio transmitter in a neck collar, an antenna, and a receiver, it is possible to record an animal’s location
approximately every 15 minutes throughout a 24-hour period. b. These data are then used to plot its activity range for that day. (Some data
in the plot represent multiple fixes at the same location.)
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Territoriality
A territory is an area that is defended against competitors.
Territoriality includes the type of defensive behavior
needed to defend a territory. Vocalization and displays,
rather than outright fighting, may be sufficient to defend a
territory (Fig. 32.8). Male songbirds use singing to announce
their willingness to defend a territory—so other males of the
species become reluctant to make use of the same area.

Red deer stags (males) on the Scottish island of Rhum
compete to be the harem master of a group of hinds (fe-
males) that mate only with them. The reproductive group
occupies a territory that the harem master defends against
other stags. Harem masters first attempt to repel challengers
by roaring. If the challenger remains, the two lock antlers
and push against one another. If the challenger now with-
draws, the master pursues him for a short distance, roaring
the whole time. If the challenger wins, he becomes the
harem master. 

A harem master can father two dozen offspring at most,
because he is at the peak of his fighting ability for only a
short time. And there is a cost to be able to father offspring.
Stags must be large and powerful in order to fight; therefore,
they grow faster and have less body fat. During bad times,
they are more likely to die of starvation, and in general, they
have shorter lives. The behavior of harem defense by stags
will only persist in the population if its cost (reduction in the
potential number of offspring because of a shorter life) is
less than its benefit (increased number of offspring due to
harem access). 

Evolution by sexual selection can occur when
females have the opportunity to select among
potential mates and/or when males compete
among themselves for access to reproductive
females. 

Figure 32.8 Competition between males among red deer. 
Male red deer compete for a harem within a particular territory. a. Roaring alone may frighten off a challenger. b. But outright fighting may be
necessary, and the victor is most likely the stronger of the two animals.

a.

b.
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32.4 Animal Societies
There is a wide diversity of social behavior among animals.
Some animals are largely solitary and join with a member of
the opposite sex only for the purpose of reproduction. Others
pair, bond, and cooperate in raising offspring. Still others form
a society in which members of species are organized in a coop-
erative manner, extending beyond sexual and parental behav-
ior. We have already had occasion to mention the social groups
of baboons and red deer. Social behavior in these and other
animals requires that they communicate with one another.

Communicative Behavior
Communication is an action by a sender that influences the
behavior of a receiver. The communication can be purposeful
but does not have to be purposeful. Bats send out a series of
sound pulses and listen for the corresponding echoes in order
to find their way through dark caves and locate food at night.
Some moths have an ability to hear these sound pulses, and
they begin evasive tactics when they sense that a bat is near.
Are the bats purposefully communicating with the moths? No,
bat sounds are simply a cue to the moths that danger is near.

Communication is an action by a sender that
affects the behavior of a receiver.

Chemical Communication
Chemical signals have the advantage of working both night
and day. The term pheromone is used to designate chemical
signals in low concentration that are passed between mem-

bers of the same species. Female moths secrete chemicals
from special abdominal glands, which are detected down-
wind by receptors on male antennae. The antennae are espe-
cially sensitive, and this assures that only male moths of the
correct species (and not predators) will be able to detect them.

Cheetahs and other cats mark their territories by
depositing urine, feces, and anal gland secretions at the
boundaries (Fig. 32.9). Klipspringers (small antelope) use se-
cretions from a gland below the eye to mark twigs and
grasses of their territory.

Auditory Communication
Auditory (sound) communication has some advantages
over other kinds of communication (Fig. 32.10). It is faster
than chemical communication, and it also is effective both
night and day. Further, auditory communication can be
modified not only by loudness but also by pattern, duration,
and repetition. In an experiment with rats, a researcher dis-
covered that an intruder can avoid attack by increasing the
frequency with which it makes an appeasement sound.

Male crickets have calls, and male birds have songs for a
number of different occasions. For example, birds may have
one song for distress, another for courting, and still another
for marking territories. Sailors have long heard the songs of
humpback whales because they are transmitted through the
hull of a ship. But only recently has it been shown that the
song has six basic themes, each with its own phrases, that
can vary in length and be interspersed with sundry cries and
chirps. The purpose of the song is probably sexual and
serves to advertise the availability of the singer. Language is
the ultimate auditory communication, but only humans

Figure 32.9 Use of pheromone to mark a territory.
This male cheetah is spraying a pheromone onto a tree in order to
mark his territory.

Figure 32.10 A chimpanzee with a researcher.
Chimpanzees are unable to speak but can learn to use a visual
language consisting of symbols. Some believe chimps only mimic
their teachers and never understand the cognitive use of a language.
Here the experimenter shows Nim the sign for “drink.” Nim copies.
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have the biological ability to produce a large number of dif-
ferent sounds and to put them together in many different
ways. Nonhuman primates have at most only forty different
vocalizations, each having a definite meaning, such as the
one meaning “baby on the ground,” which is uttered by a
baboon when a baby baboon falls out of a tree. Although
chimpanzees can be taught to use an artificial language, they
never progress beyond the capability level of a two-year-old
child. It has also been difficult to prove that chimps under-
stand the concept of grammar or can use their language to
reason. It still seems as if humans possess a communication
ability unparalleled by other animals.

Visual Communication
Visual signals are most often used by species that are active
during the day. Contests between males make use of threat
postures and possibly prevent outright fighting that might
result in reduced fitness. A male baboon displaying full
threat is an awesome sight that establishes his dominance
and keeps peace within the baboon troop (see Fig. 32.6).
Hippopotamuses have territorial displays that include
mouth opening.

The plumage of a male raggiana bird of paradise allows
him to put on a spectacular courtship dance to attract fe-
males and to give her a basis on which to select a suitable
mate (see Fig. 32.5). Defense and courtship displays are ex-
aggerated and are always performed in the same way so
that their meaning is clear.

Tactile Communication
Tactile communication occurs when one animal touches an-
other. For example, gull chicks peck at the parent’s beak in
order to induce the parent to feed them (see Fig. 32.3). A
male leopard nuzzles the female’s neck to calm her and to
stimulate her willingness to mate. In primates, grooming—
one animal cleaning the coat and skin of another—helps
cement social bonds within a group.

Honeybees use a combination of communication meth-
ods, but especially tactile, to impart information about the
environment. When a foraging bee returns to the hive, it per-
forms a waggle dance that indicates the distance and the di-
rection of a food source (Fig. 32.11). As the bee moves
between the two loops of a figure 8, it buzzes noisily and
shakes its entire body in so-called waggles. Outside the hive,
the dance is done on a horizontal surface, and the straight
run indicates the direction of the food. Inside the hive, the
angle of the straight run to that of the direction of gravity is
the same as the angle of the food source to the sun. In other
words, a 40° angle to the left of vertical means that food is
40° to the left of the sun. Bees can use the sun as a compass
to located food because their biological clocks, as discussed
in the reading on page 682, allow them to compensate for the
movement of the sun in the sky. 

Animals use a number of different ways to
communicate, and communication facilitates
cooperation.

Figure 32.11 Communication among bees.
a. Honeybees do a waggle dance to indicate the direction of food. b. If the dance is done outside the hive on a horizontal surface, the straight run
of the dance will point to the food source. If the dance is done inside the hive on a vertical surface, the angle of the straightaway to that of the
direction of gravity is the same as the angle of the food source to the sun.

Direction of flower

a.    Waggle dance b.    Components of dance
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Certain behaviors in animals recur at regular intervals. Behav-
iors that occur on a daily basis are said to have a circadian
(about a day) rhythm. For example, some animals, like humans,
are usually active during the day and sleep at night. Others,
such as bats, sleep during the day and hunt at night. There are
also behaviors that occur on a yearly basis. For example, in the
Northern Hemisphere, birds migrate south in the fall, and the
young of many animals are born in the spring. Such behaviors
have a circannual rhythm.

There were two hypotheses regarding the control of circa-
dian rhythms: either their timing is controlled externally, or
there is an internal timing device, often called a biological clock
(Fig. 32B). These alternative hypotheses have been tested in
crickets, which regularly call every night to attract females.
When laboratory crickets are kept in a room under constant
conditions with lights continually on or continually off, they
continue to call every night, only calling starts as much as 26
hours later than it did on the day before. But exposure to night
and day cycles will right the cycles; therefore, it was possible to
conclude that there is a biological clock, but it does not keep per-
fect time and must be reset by environmental stimuli. Similar re-
sults have been obtained with all sorts of animals, from fiddler
crabs to humans.

At a minimum, a circadian system must have three compo-
nents (Fig. 32B). There must be a means to reset a pacemaker ac-
cording to the current environmental light-dark cycle; a
biological clock that keeps time; and the rhythmic behavior it-
self. By now, there is a general consensus that the mammalian
biological clock is a collection of nerve cells in the hypothalamus
of the brain known as the suprachiasmatic nucleus (SCN). Elec-
trical and drug stimulation of the SCN upsets circadian rhythms
and destruction of the nucleus does away with many rhythmic
behaviors. Investigators have also discovered a number of
genes whose protein products control the activity of the clock.
Less is known about the other components of the circadian sys-
tem. Whether the receptor that resets the clock is in the eye or
not is still to be determined. In one recent study, investigators
found that exposing the back of a knee to light reset the clock
judged by body temperature and hormone levels. They con-
cluded that any portion of the skin contains photoreceptor pro-
teins that communicate with and reset the biological clock.

A number of investigators are interested in the observation
that environmental light suppresses melatonin production by
the pineal gland while we are awake. Conversely, as it gets dark,
melatonin levels rise and we get sleepy. This knowledge causes
some people to take melatonin for the symptoms of insomnia
and “jet lag.” When we travel by airplane from one part of the
world to another it is difficult for our circadian system to adjust,
and symptoms like insomnia, fatigue, headache, gastrointesti-

nal distress, and moodiness, occur. A medication for these
symptoms would also be helpful to one out of every five people
whose work shifts between day and night. Jet lag symptoms are
reduced by exposure to daylight in the afternoon after west-
ward flights and in the early morning after eastward flights.
Similarly, an adjustment to a nighttime work shift is enhanced
by exposure to bright light at night and to darkness during the
day. Because light wakes us up and melatonin makes us sleepy,
their use at different times of the day may be helpful in resetting
the biological clock.

Many people are intrigued by the idea that some psychiatric
conditions might be due to a disorder of the circadian system.
The best example is seasonal affective disorder (SAD) which af-
fects as much as 5% of the general population and is character-
ized by depressions during the fall and winter. The hypothesis
that short winter days are responsible for SAD has led to suc-
cessful therapies based on exposure to bright light. Circadian
rhythms are clinically significant in other ways. The incidence of
heart attacks, sudden cardiac death, and stroke peak in the late
morning, and certain cancer drugs are more effective when
given in the day or night. This is an exciting time for research
concerning the human circadian system especially because such
research is expected to have important applications that will
help control many human ills, from those that are quite serious
to those that are simply a nuisance. 
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Figure 32B A circadian system.
A circadian system has three components, as shown.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Altruism Versus Self-Interest
Altruism is behavior that has the potential to decrease the
lifetime reproductive success of the altruist while benefiting
the reproductive success of another member of the group.
In insect societies especially, reproduction is limited to only
one pair, the queen and her mate. For example, among
army ants the queen is inseminated only during her nuptial
flight, and thereafter she spends her time reproducing. The
society has three different sizes of sterile female workers.
The smallest workers (3 mm), called the nurses, take care of
the queen and larvae, feeding them and keeping them
clean. The intermediately-sized workers, constituting most
of the population, go out on raids to collect food. The sol-
diers (14 mm), with huge heads and powerful jaws, run
along the sides and rear of raiding parties where they can
best attack any intruders.

Can the altruistic behavior of sterile workers be ex-
plained in terms of reproductive success? A given gene can
be passed from one generation to the next in two quite dif-
ferent ways. The first way is direct: a parent can pass the
gene directly to an offspring. The second way is indirect: an
animal can help a relative reproduce and thereby pass the
gene to the next generation via this relative. Direct selection
is natural selection that can result in adaptation to the envi-
ronment when the reproductive success of individuals dif-
fers. Indirect selection is natural selection that can result in
adaptation to the environment when individuals differ in
their effects on the reproductive success of relatives. The in-
clusive fitness of an individual includes personal reproduc-
tion and reproduction of relatives.

Among social bees, social wasps, and ants, the queen is
diploid but her mate is haploid. If the queen has had only
one mate, sister workers are more closely related to each
other (sharing on average 75% of their genes) than they are
to their potential offspring (with which they would share on
average only 50% of their genes). Therefore, a worker can
achieve a greater inclusive fitness benefit by aiding her
mother (the queen) to produce additional sisters than by di-
rectly reproducing herself. Under these circumstances, be-
havior that appears to be altruistic is more likely to evolve. 

Indirect selection can also occur among animals whose
offspring receive only a half set of genes from both parents.
Consider that your brother or sister shares 50% of your
genes, your niece or nephew shares 25%, and so forth. This
means that the survival of two nieces (or nephews) is worth
the survival of one sibling, assuming they both go on to re-
produce.

Among chimpanzees in Africa, a female in estrus fre-
quently copulates with several members of the same group,
and the males make no attempt to interfere with each other’s
matings. How can they be acting in their own self-interest?
Genetic relatedness appears to underlie their apparent altru-
ism; members of a group share more than 50% of their genes
in common because members never leave the territory in
which they are born.
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32.5 Sociobiology and Animal
Behavior
Sociobiology applies the principles of evolutionary biology
to the study of social behavior in animals. Sociobiologists de-
velop hypotheses about social living based on the assump-
tion that a social individual derives more reproductive
benefits than costs from living in a society. Then they perform
a cost-benefit analysis to see if their hypotheses are correct.

Group living does have benefits under certain circum-
stances. It can help an animal avoid predators, rear off-
spring, and find food. A group of impalas is more likely to
hear an approaching predator than a solitary one. Many fish
moving rapidly in many directions might distract a would-
be predator.

Pair bonding of trumpet manucodes helps the birds
raise their young. Due to their particular food source, the fe-
male cannot rear as many offspring alone as she can with the
male’s help. Weaver birds form giant colonies that help pro-
tect them from predators, but the birds may also share infor-
mation about food sources. Primate members of the same
troop signal to one another when they have found an espe-
cially bountiful fruit tree. Lions working together are able to
capture large prey, such as zebra and buffalo.

Group living also has its disadvantages. When animals
are crowded together into a small area, disputes can arise
over access to the best feeding places and sleeping sites.
Dominance hierarchies are one way to apportion resources,
but this puts subordinates at a disadvantage. Among red
deer, the ability of a hind to rear sons is dependent on her
dominance. Only large, dominant females can successfully
rear sons; small subordinate females tend to rear daughters.
From an evolutionary point of view, sons are preferable be-
cause, as a harem master, sons will result in a greater num-
ber of grandchildren. However, sons, which tend to be
larger than daughters, need to be nursed more frequently
and for a longer period of time. Subordinate females do not
have access to enough food resources to adequately nurse
sons and, therefore, they tend to rear daughters and not
sons. Still, like the subordinate males in a baboon troop, sub-
ordinate females in a red deer harem may be better off in fit-
ness terms if they stay with a group, despite the cost
involved.

Living in close quarters means that illness and parasites
can pass from one animal to another more rapidly. Baboons
and other types of social primates invest much time in
grooming one another, and this most likely helps them re-
main healthy.

Social living has both advantages and
disadvantages. Only if the benefits, in terms of
individual reproductive success, outweigh the
disadvantages will societies evolve.
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Helpers at the Nest
In some bird species, offspring from one clutch of eggs may
stay at the nest helping parents rear the next batch of off-
spring. In a study of Florida scrub jays, the number of fledg-
lings produced by an adult pair doubled when they had
helpers. Mammalian offspring are also observed to help
their parents (Fig. 32.12). Among jackals in Africa, pairs
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alone managed to rear an average of 1.4 pups, whereas pairs
with helpers reared 3.6 pups.

Is the reproductive success of the helpers increased by
their altruistic behavior? It could be if the chance of their re-
producing on their own is limited. A flock of green wood-
hoopoes (Phoeniculus purpurens), an insect-eating bird of
Africa, may have as many as sixteen members but only one
breeding pair. The other sexually mature members help feed
and protect the fledglings and protect the home territory
from invasion by other green wood-hoopoes. Resources are
limited, particularly because nest sites are rare. Few acacia
trees have suitable cavities to serve as nest sites and those
that do are often occupied by other species. Moreover, pre-
dation by snakes within the cavities can be intense; even if a
pair of birds acquire an appropriate cavity, they would be
unable to protect their offspring by themselves. Therefore,
the cost of trying to establish a territory is clearly very high.

What are the benefits of staying behind to help? First, a
helper is contributing to the survival of its own kin. Therefore,
the helper actually gains a fitness benefit (albeit a smaller ben-
efit than it would achieve were it a breeder). Second, a helper
is more likely than a nonhelper to inherit a parental
territory—including other helpers. Helping, then, involves
making a minimal, short-term reproductive sacrifice in order
to maximize future reproductive potential. Once again, an ap-
parently altruistic behavior turns out to be an adaptation.

Inclusive fitness is measured by genes an
individual contributes to the next generation, either
directly by offspring or indirectly by way of
relatives. Many of the behaviors once thought to
be altruistic turn out, on closer examination, to be
examples of kin selection, and are adaptive. 

Is it ethical to keep animals in zoos where
they are not free to behave as they do in

the wild? If we keep animals in zoos are
we depriving them of their freedom?
Some point out that freedom is never ab-
solute. Even an animal in the wild is re-
stricted in various ways by its abiotic and
biotic environment. The so-called five free-
doms are to be free of starvation, cold, in-
jury, and fear, as well as free to wander
and express one’s natural behavior. Per-
haps it’s worth giving up a bit of the last
freedom to achieve the first four? Many
modern zoos do keep animals in habitats
that nearly match their natural one so that
they do have some freedom to roam and
behave naturally. Perhaps, too, we should
consider the education and enjoyment of

the many thousands of human visitors to a
zoo compared to the loss to a much
smaller number of animals kept in a zoo?

Today, reputable zoos rarely go out
and capture animals in the wild—they
usually get their animals from other zoos.
Most people feel it is never a good idea to
take animals from the wild except for very
serious reasons. Certainly, zoos should not
be involved in the commercial and often il-
legal trade in wild animals which still goes
on today. When animals are captured it
should be done by skilled biologists or
naturalists who know how to care and
transport the animal. 

Many zoos today are involved in the
conservation of animals. They provide the
best home possible while animals are re-

covering from injury or their numbers are
increased until they can be released to the
wild. Perhaps we can look upon zoos fa-
vorably if they can show that their animals
are being kept under good conditions, and
that they are also involved in the preserva-
tion of animals.

Questions
1. Do you think it is ethical to keep animals

in zoos? Under particular circumstances?
Explain.

2. Do the animals that are descended from
zoo animals have the right to be protected
as their parents were? Why or why not?

3. Do the same concerns about zoos also
apply to aquariums? Why or why not? 

Figure 32.12 Inclusive fitness.
A meerkat is acting as a baby-sitter for its young sisters and brothers
while their mother is away. Could this helpful behavior contribute to
the baby-sitter’s inclusive fitness?
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Summarizing the Concepts

Ethologists study how animals are organized to perform a particular
behavior and how it benefits them to survive and reproduce.

32.1 Genetic Basis of Behavior
Hybrid studies with lovebirds produce results consistent with the hy-
pothesis that behavior has a genetic basis. Garter snake experiments in-
dicate that the nervous system controls behavior. Aplysia DNA studies
indicate that the endocrine system also controls behavior.

32.2 Development of Behavior
The environment is influential in the development of behavioral re-
sponses, as exemplified by an improvement in laughing gull chick
begging behavior and an increased ability of chicks to recognize par-
ents. Modern studies suggest that most behaviors improve with expe-
rience. Even behaviors that were formerly thought to be fixed action
patterns (FAPs) or otherwise thought to be inflexible sometimes can be
modified.

Song learning in birds involves various elements—including the
existence of a sensitive period when an animal is primed to learn—and
the effect of social interactions.

32.3 Adaptiveness of Behavior
Traits that promote reproductive success are expected to be advan-
tageous overall despite any possible disadvantage. Males who pro-
duce many sperm are expected to compete to inseminate females.
Females who produce few eggs are expected to be selective about
their mates. Experiments with satin bowerbirds and birds of par-
adise support these bases for sexual selection.

The raggiana bird of paradise males gather in a lek—most likely
because females are widely scattered, as is their customary food source.
The food source for a related species, the trumpet manucode, is readily
available but less nutritious. These birds are monogamous—it takes
two parents to rear the young.

A cost-benefit analysis can be applied to competition between
males for mates in reference to a dominance hierarchy (e.g., baboons)
and territoriality (e.g., red deer).

32.4 Animal Societies
Animals that form social groups communicate with one another. Com-
munications such as chemical, auditory, visual, and tactile signals fos-
ter cooperation that benefits both the sender and the receiver.

There are benefits and costs to living in a social group. If animals
live in a social group, it is expected that the advantages (e.g., help to
avoid predators, raise young, and find food) will outweigh the disad-
vantages (e.g., tension between members, spread of illness and para-
sites, and reduced reproductive potential). This expectation can
sometimes be tested.

32.5 Sociobiology and Animal Behavior
In most instances, the individuals of a society act to increase their own
reproductive success. Sometimes animals perform altruistic acts, as
when individuals help their parents rear siblings. There is a benefit to
this behavior when one considers inclusive fitness, which involves
both direct selection and indirect selection.

In social insects, altruism is extreme but can be explained on the
basis that the insects are helping a reproducing sibling survive. A study
of wood-hoopoes, an African bird, shows that younger siblings may
help older siblings who reared them until the younger get a chance to
reproduce themselves.

Studying the Concepts

1. What two aspects of behavior particularly interest etholo-
gists? 672

2. Describe an experiment with lovebirds, and explain how it
shows that behavior has a genetic basis. 672

3. An experiment with garter snakes showed that what system
is involved in behavior? Explain the experiment and the
results. 672–73

4. Studies of Aplysia DNA show that the endocrine system is
also involved in behavior. Explain. 673

5. Some behaviors require practice before developing
completely. How does the experiment with laughing gull
chicks support this statement? 674

6. An argument can be made that social contact is an important
element in learning. Explain this with reference to imprinting
in mallard ducks and song learning in white-crowned spar-
rows. 675

7. Why would you expect behavior to be subject to natural
selection and be adaptive? 676

8. Reproductive behavior sometimes seems tied to how an
animal acquires food. Explain with reference to the two bird
of paradise species discussed in this chapter. 676

9. Explain how the anatomy and behavior of dominant male
baboons is both a benefit and a drawback. 677

10. Give examples of the different types of communication
among members of a social group. 680–81

11. What is a cost-benefit analysis and how does it apply to liv-
ing in a social group? Give examples. 683

12. How can altruism, as defined on page 683, be explained on
the basis of self-interest? 683–84

Testing Yourself

Choose the best answer for each question.
1. Which question is least likely to interest a behaviorist?

a. How do genes control the development of the nervous
system? 

b. Why do animals living in the tundra have white coats?
c. Does aggression have a genetic basis?
d. Why do some animals feed in groups and others feed singly?
e. Behaviorists only study specific animals.

2. Female sage grouse are widely scattered throughout the
prairie. Which of these would you expect?
a. A male will maintain a territory large enough to contain at

least one female.
b. Male and female birds will be monogamous, and both will

help feed the young.
c. Males will form a lek where females will choose a mate.
d. Males will form a dominance hierarchy for the purpose of

distributing resources.
e. All of these are correct.

3. White-crowned sparrows from two different areas sing with a
different dialect. If the behavior is primarily genetic, newly
hatched birds from each area will
a. sing with their own dialect.
b. need tutors in order to sing in their dialect.
c. sing only when a female is nearby.
d. learn to sing later.
e. Both a and c are correct.
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4. Orangutans are solitary but territorial. This would mean
orangutans defend their territory’s boundaries against
a. other male orangutans.
b. female orangutans.
c. all types of animals, whether orangutans or not.
d. animals that prey on them.
e. Both a and b are correct.

5. The resplendent plumes of a raggiana bird of paradise are
due to the fact that birds with the best display
a. are dominant over other birds.
b. have the best territories.
c. are chosen by females as mates.
d. are chosen by males and females as companions.
e. All of these are correct.

6. Subordinate females in a baboon troop do not produce off-
spring as often as dominant females. It is clear that
a. the cost of being in the troop is too high.
b. the dominant males do not mate with subordinate females.
c. subordinate females must benefit in some way from being

in the troop.
d. Subordinate females should leave the troop.
e. Both a and b are correct.

7. German blackcaps migrate southeast to Africa, and Austrian
blackcaps fly southwest to Africa. The fact that hybrids of
these two are intermediate shows that
a. the trait is controlled by the nervous system.
b. nesting is controlled by hormones.
c. the behavior is at least partially genetic.
d. behavior is according to the sex of animals.
e. Both a and c are correct.

8. At first laughing gull chicks peck at any model that looks like
a red beak; later they will not peck at any model that does not
look like a parent. This shows that the behavior
a. is a fixed action pattern.
b. undergoes development after birth.
c. is controlled by the nervous system.
d. is under hormonal control.
e. All of these are correct.

9. Which answer is based on anatomy? Males compete because
a. they have the size and weapons with which to compete.
b. they produce many sperm for a long time.
c. the testes produce the hormone testosterone.
d. only then do females respond to them.
e. Both a and c are correct.

10. Which answer is in keeping with evolutionary theory?
Females are choosy because
a. they do not have the size and weapons with which to

compete.
b. they invest heavily in the offspring they produce.
c. ovaries produce the hormones estrogen and progesterone.
d. they need time to get ready to respond.
e. All of these are correct.

Thinking Scientifically

1. In an experiment to determine the control of behavior, young
guinea pigs are placed in a cage and are fed a type of food
they do not ordinarily eat in the wild. When released, the
guinea pigs are offered various types of food, including the
one type they were fed while caged (page 673).

a. How might you attempt to show that the nervous system
is involved in food gathering and eating?

b. What will you conclude if all groups of guinea pigs choose
only the type of food they were recently fed?

c. What will you conclude if the guinea pigs choose only the
type of food they ordinarily eat in the wild?

2. Rewarding an animal with food helps them learn a behavior.
Based on this finding (page 674),
a. what advice might you have for parents?
b. what part of the brain must be involved in learning the

behavior?
c. what other experiments might support your hypothesis?
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Understanding the Terms

altruism 683
behavior 672
communication 680
dominance hierarchy 677
imprinting 675
inclusive fitness 683
learning 674

operant conditioning 674
pheromone 680
sexual selection 676
society 680
sociobiology 683
territoriality 679

Match the terms to these definitions:
a. Behavior related to the act of marking or defend-

ing a particular area against invasion by another species
member; area often used for the purpose of feeding, mating,
and caring for young.

b. Social interaction that has the potential to
decrease the lifetime reproductive success of the member
exhibiting the behavior.

c. Signal by a sender that influences the behavior of
a receiver.

d. Chemical substance secreted by one organism that
influences the behavior of another.

e. Increase in reproduction that results from direct
selection and indirect selection.

Using Technology

Your study of animal behavior is supported by these
available technologies.

Essential Study Partner CD-ROM
Ecology ££ Behavior
Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and
tools as you study this chapter.

http://www.mhhe.com/biosci/genbio/mader
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687

Population Ecology

Chapter Concepts

33.1 Scope of Ecology
• Ecology is the study of the interactions of

organisms with each other and the physical
environment. 688

• The scope of ecology encompasses the
individual, the population, the community, the
ecosystem, and the biosphere. 688

33.2 Characteristics of Populations
• Population size depends upon births, deaths,

immigration, and emigration. 690
• Two patterns of population growth (exponential

and logistic) have been developed. 690
• Mortality within a population is often illustrated

by a survivorship curve. 691

33.3 Regulation of Population Size
• Factors that affect population size are classified

as density-independent and density-dependent.
692

33.4 Life History Patterns
• Life history patterns range from one in which

many young receive little care to one in which
few young receive much care. 694

33.5 Human Population Growth
• The human population is still growing

exponentially, and how long this can continue is
not known. 695 These poppies are members of a population whose size is

determined by the carrying capacity of the environment.
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how the fishes feed (Fig. 33.1). Most organisms do not exist
singly; rather, they are part of a population, a functional unit
that interacts with the environment. A population is defined
as all the organisms within an area belonging to the same
species. At this level of study, ecologists are interested in fac-
tors that affect the growth and regulation of population size. 

A community consists of all the various populations in-
teracting at a locale. In a coral reef, there are numerous pop-
ulations of fishes, crustaceans, corals, and so forth. At this
level ecologists want to know how interactions like preda-
tion and competition affect the organization of a community.
An ecosystem contains a community of populations and
also the abiotic (nonliving) environment. Energy flow and
chemical cycling are significant aspects of understanding
how an ecosystem functions. The biosphere is that portion
of the entire earth’s surface where living things exist. 

Modern ecology is not just descriptive, it also develops
hypotheses that can be tested. A central goal of modern ecol-
ogy is to develop models which explain and predict the dis-
tribution and abundance of organisms. Ultimately, ecology
considers not one particular area, but the distribution and
abundance of populations in the biosphere. 

Ecology is the study of the interactions of
organisms with other organisms and with the
physical environment. These interactions determine
the distribution and abundance of organisms at a
particular locale and over the earth’s surface.

33.1 Scope of Ecology
Ecology is the study of the interactions of organisms with
each other and with the physical environment. Ecology, like
so many biological disciplines, is wide-ranging. At one of its
lowest levels, ecologists study how the individual organism
is adapted to its environment. For example, they study why
fishes in a coral reef live only in warm tropical waters and
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Imagine a watering hole that can accommodate 100 ze-
bras. If, at first, there are only two zebras, and each pair
of zebras produces only four zebras, how many more

generations could there be without overtaxing the water
hole? You’re correct if you say four and incorrect if you say
five. The problem is that you can’t just consider the newly ar-
rived zebras—you have to add the number of zebras already
there.

2 — 4 — 8 — 16 — 32 — 64 — 128

Also, notice that when it’s time to stop, there are only 62 ze-
bras (30 � 32). That’s one of the unusual things about pop-
ulation growth—at one point it seems as if there is plenty of
room, and then all of a sudden, there’s not enough room. 

Modern ecologists now recognize that knowledge of
population growth has almost unlimited application possibil-
ities, including the management of wildlife to prevent extinc-
tion and the maintenance of food (organic nutrients) sources
for the human population.

Organism Population Community Ecosystem

Figure 33.1 Ecological levels.
The study of ecology encompasses various levels, from the individual organism to the population, community, and ecosystem. 
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Density and Distribution of Populations
Population density is the number of individuals per unit area
or volume. If we calculated the density of the human popu-
lation, we would know how many individuals there are per
square mile, for example. From this we might get the im-
pression that humans are uniformly distributed, but we
know full well that most people live in cities. Even within a
city more people live in particular neighborhoods than oth-
ers. Population distribution is the pattern of dispersal of indi-
viduals within the area of interest. 

There are three patterns of distribution: uniform, ran-
dom, and clumped (Fig. 33.2). Human beings have the
clumped pattern of distribution, which is the most common
pattern. Today, ecologists want to discover what causes the
spatial distribution of organisms. With reference to human
beings, we know that many cities sprung up at the junction
of rivers or near inlets that make good harbors for ships. In a
study of the distribution of hard clams in a bay on the south
shore of Long Island, New York, it was found, as discussed
on page 693, that clams are apt to occur where the sediment
contains oyster shells. Hopefully, this information can be
used to transform areas of low abundance to areas of high
abundance of clams. 

As with clams, the distribution of organisms can be due
to abiotic factors. Physical factors like a particular inorganic
nutrient (the oyster shells provide calcium carbonate for the
formation of clam shells) can determine where organisms
occur. Also important are precipitation and temperature,
which can be limiting factors for the distribution of an or-
ganism. Limiting factors are those factors that particularly
determine whether an organism lives in an area. Trout live
only in cool mountain streams where there is a high oxygen
content, but carp and catfish are found in rivers near the
coast because they can tolerate warm waters, which have a
low concentration of oxygen. The timberline is the limit of
tree growth in mountainous regions or in high latitudes.
Trees cannot grow above the high timberline because of low
temperature and the fact that water remains frozen most of
the year. 

The distribution of organisms can also be due to biotic
(living) factors. In Australia, the red kangaroo does not live
outside inland areas because it is adapted to feeding on the
arid grasses that grow there. And there are more humans
where the soil is suitable for growing crops than where the
soil is rocky and poor in inorganic nutrients. 

Ecology as a science includes a study of the
distribution of organisms: where and why
organisms are located in a particular place at a
particular time.
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Figure 33.2 Patterns of distribution within a population.
Members of a population may be distributed uniformly, randomly, or
usually in clumps. a. Golden eagle pair distribution is uniform over a
suitable habitat area due to the territoriality of the birds. b. The
distribution of female moose with calves is random over a suitable
habitat. c. Human beings tend to be clumped in cities where many
people take up residence. Cities take resources from and send their
waste to surrounding regions.
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33.2 Characteristics of Populations
Populations have a particular pattern of growth and sur-
vivorship among other possible characteristics. 

Patterns of Population Growth
Populations have a certain size and the size can stay the
same from year to year, increase, or decrease, according to a
per capita rate of increase. Suppose, for example, a human
population presently has a size of 1,000 individuals, and the
birthrate is 30 per year, and the death rate is 10 per year. The
per capita rate of increase per year will be:

= 0.02 = 2.0% per year

(Notice that our per capita rate of increase disregarded either
immigration or emigration, which for the purpose of our dis-

30 – 10
1,000

cussion can be assumed to be equivalent.) The highest possi-
ble per capita rate of increase for a population is called its bi-
otic potential (Fig. 33.3). Whether the biotic potential is high
or low depends on such factors as the following:

1. usual number of offspring per reproduction
2. chances of survival until age of reproduction
3. how often each individual reproduces
4. age at which reproduction begins.

Suppose we are studying the growth of a population of
insects that are capable of infesting and taking over an area.
Under these circumstances exponential growth is expected.
An exponential pattern of population growth results in a J-
shaped curve (Fig. 33.4a). This pattern of population growth
can be likened to compound interest at the bank: as your
money increases, the more interest you will get. If the insect
population has 2,000 individuals and the per capita rate of
increase is 20% per month, then there will be 2,400 insects af-
ter one month, 2,880 after two months, and 3,456 after three
months, and so forth. 

Notice that a J-shaped curve has these phases: 

lag phase: during this phase, growth is slow because the
population is small. 

exponential growth phase: during this phase, growth is
accelerating and the population is exhibiting its
biotic potential.

Usually, exponential growth cannot continue for long
because of environmental resistance. Environmental resis-
tance is all those environmental conditions such as a limited
supply of food, an accumulation of waste products, in-
creased competition, or predation that prevent populations
from achieving their biotic potential. Due to environmental
resistance, growth levels off and a pattern of population
growth called logistic growth is expected. Logistic growth
results in an S-shaped growth curve (Fig. 33.4b). 
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Figure 33.3 Biotic potential.
Animal husbandry relies on biotic potential. If a single female pig has
her first litter at nine months, and produces two litters a year, each of
which contain an average of four females (which in turn reproduced at
the same rate), there would be 2,220 pigs by the end of three years.
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Figure 33.4 Patterns of population growth.
a. Exponential growth results in a J-shaped growth curve because the growth rate is positive. b. Logistic growth results in an S-shaped growth
curve because environmental resistance causes the population size to level off and be in a steady state.
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Notice that an S-shaped curve has these phases:

lag phase: during this phase, growth is slow because the
population is small.

exponential growth phase: during this phase, growth is
accelerating due to biotic potential.

deceleration phase: during this phase, the rate of
population growth slows down.

stable equilibrium phase: during this phase, there is little
if any growth because births and deaths are about
equal. 

The stable equilibrium phase is said to occur at the carrying
capacity of the environment. The carrying capacity is the
number of individuals the environment can normally
support. 

Our knowledge of logistic growth has practical impli-
cations. The model predicts that exponential growth will
occur only when population size is much lower than the
carrying capacity. So, as a practical matter, if we are using a
fish population as a continuous food source, it would be
best to maintain the population size in the exponential
phase of growth. Biotic potential is having its full effect
and the birth rate is the highest it can be during this phase.
If we overfish, the population will sink into the lag phase,
and it will be years before exponential growth recurs. On
the other hand, if we are trying to limit the growth of a
pest, it is best to reduce the carrying capacity rather than
reduce the population size. Reducing the population size
only encourages exponential growth to begin once again.
Farmers can reduce the carrying capacity for a pest by al-
ternating rows of different crops rather than growing one
type of crop per the entire field.

Exponential growth produces a J-shaped curve
because population growth accelerates over time.
Logistic growth produces an S-shaped curve
because the population size stabilizes when the
carrying capacity of the environment has been
reached. 

Survivorship 
Population growth patterns assume that populations are
made up of identical individuals. Actually, the individuals
are in different stages of their life span. Let us consider how
many members of an original group of individuals born at
the same time, called a cohort, are still alive after certain in-
tervals of time. If we plot the number surviving, a survivor-
ship curve is produced. 

For the sake of discussion, three types of idealized sur-
vivorship curves are recognized (Fig. 33.5a). The type I
curve is characteristic of a population like humans in which
most individuals survive well past the midpoint, and death
does not come until near the end of the life span. On the

other hand, the type III curve would be typical for a popula-
tion of oysters in which most individuals die very young. In
the type II curve, survivorship decreases at a constant rate
throughout the life span. This has been found typical of a
population of song birds. 

Sometimes populations do not fit any of these curves ex-
actly. For example, in a cohort of Poa annua plants, most in-
dividuals survive till six to nine months, and then the
chances of survivorship diminish at an increasing rate. 

There is much that can be learned about the life history
of a species by studying its survivorship curve. Would you
predict that most or few members of a population with a
type III survivorship curve are contributing offspring to the
next generation? Obviously since death comes early for
most members, only a few are living long enough to repro-
duce. What about the other two types of survivorship
curves? 

Populations have a pattern of survivorship that
becomes apparent from studying the survivorship
curve of a cohort.
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Figure 33.5 Survivorship curves.
Human beings have a type I survivorship curve: the individual usually
lives a normal life span and then death is increasingly expected.
Hydras have a type II curve in which chances of surviving are the
same for any particular age. Oysters have a type III curve: most
deaths occur during the free-swimming larva stage, but those that
survive to adulthood usually live a normal life span.
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33.3 Regulation of Population Size
Ecologists want to determine when and if the two patterns of
population growth just discussed occur in nature. They want
to know if the factors which regulate population growth are al-
ways extrinsic (environmental) or whether there are also in-
trinsic (based on the anatomy, physiology, or behavior of the
organism) factors which regulate population growth. 

In one study, 4 male and 21 female reindeer (Rangifer)
were released on St. Paul Island in the Bering Sea off Alaska
in 1911. St. Paul Island had a completely undisturbed envi-
ronment. The reindeer fed on lichens, which grow slowly
and cannot recover quickly from grazing. Normally, rein-
deer migrate seasonally, giving their food source a chance to
regrow, but these reindeer were confined to an island. Also,
there was little hunting pressure, and there were no preda-

tors. The herd grew exponentially to about 2,000 reindeer;
overgrazed the habitat; and then abruptly declined to only 8
animals in 1950. Such a precipitous drop is called a popula-
tion crash (Fig. 33.6). In this instance it does seem as if envi-
ronmental factors, such as food source and possibly disease,
are regulating population size. 

For some time ecologists have recognized that the envi-
ronment contains both abiotic and biotic components. They
suggested that abiotic factors like weather and natural disas-
ters were density-independent. By this they meant that the
number of organisms present did not influence the effect of
the factor. Fires don’t necessarily kill a larger percentage of
individuals as the population increases in size (Fig. 33.7). On
the other hand, biotic factors like parasitism, competition,
and predation were designated as density-dependent. Con-
sider, for example, an area in which there are only 100 holes
for crabs to hide in. The greater the number of crabs beyond
100, the better the chance a shorebird will find one and eat it.

In a population study of the great tit, Parus major, it was
found that the population size fluctuates above and below
the carrying capacity. While density-dependent and density-
independent factors are involved, the researchers believe
that territoriality, an intrinsic factor, also plays a role. Terri-
toriality is apparent when members of a population are
spaced out more than would be expected from a random oc-
cupation of the area. 

Density-independent and density-dependent
factors can often explain the population dynamics
of natural populations. Both types of factors are
extrinsic to the organism; perhaps intrinsic factors
like territoriality also play a role.
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Figure 33.6 Density-dependent effect. 
a. A reindeer, Rangifer. b. On St. Paul Island, Alaska, reindeer grew
exponentially for several seasons and then underwent a sharp
decline as a result of overgrazing the available range.

Figure 33.7 Density-independent effect. 
A fire can start and rage out of control regardless of how many
organisms are present.
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The hard clam is a commercially harvested bivalve mollusk that
is found throughout the Great South Bay located on the south
shore of Long Island. The clam is eaten raw on the half shell,
and is also baked. Hard clams are a necessary ingredient for
New England and Manhattan clam chowder. The Great South
Bay has often been referred to as a “hard clam factory” because
in the 1970s, over half of the hard clams harvested in the United
States came from its waters. For the past 20 years, Jeffrey Kass-
ner (Fig. 33A) has been studying the distribution of hard clams
in the eastern third of the bay for the Town of Brookhaven.

Knowing the distribution and abundance of hard clams, as
well as the responsible environmental factors of this distribu-
tion is important to Brookhaven because the hard clam industry
has an annual value of $10 million and employs 300 fishermen.
Of particular interest to Brookhaven is the possibility of using
this information to develop projects, such as utilizing aquacul-
ture technology, that will increase hard clam abundance.

Kassner first took a census of the hard clam population. For
several weeks during the summer, a barge-mounted crane with
a one square meter clamshell bucket was used to take bottom
grabs at 232 stations located throughout the study area. Each
bottom sample was placed in a one square meter wire sieve and
washed with a high pressure water hose to separate the hard
clams from the sediment so that the hard clams could be
counted and measured in order to calculate various demo-
graphic parameters of the hard clam population. The fieldwork
was physically hard, and by the end of the day, the crew of stu-
dents and biologists were tired, wet, and covered with mud. The
results, however, have proven to be well worth the effort.

Working with Dr. Robert Cerrato of the
State University of New York, Kassner has
drawn a composite census map showing
the distribution of and abundance of the
clams. He was surprised to find that hard
clams are not distributed uniformly
throughout the study area, but occur in dis-
tinct patches of high and low abundance. A
dense assemblage of clams is traditionally
referred to as a “clam bed” and six such
beds were identified.

Kassner and students found that nearly
all of the beds coincided with areas of high
shell content sediment associated with
“relict” oyster reefs. This observation is of
historical note as well as biological interest
because up until the early years of this cen-
tury, the Great South Bay was a major pro-
ducer of oysters and was the source of the

world famous “Blue Point Oyster.” Although oysters are no
longer found in the Great South Bay because of environmental
changes, they left behind a legacy in the sediment that now sup-
ports high abundances of hard clams.

The knowledge that hard clam abundance is positively asso-
ciated with relict oyster reefs might make it possible to trans-
form low-abundance areas into high-abundance areas. Kassner
felt he needed a complete sedimentary “portrait” of high- and
low-abundance areas. To develop one he borrowed techniques
generally associated with other marine science disciplines: from
shipwreck hunting, he used a side-scan sonar to map the topog-
raphy of the bottom; from deep-sea research, he used a ROV
(Remotely Operated Vehicle) to photograph the bottom; from
commercial fishing, a fathometer to map the bottom; and from
pollution studies, a sediment profile camera to photograph the
sediment-water interface where hard clams live and feed.

Kassner, with the help of students, is now in the process of
putting all this different information together on a single map.
Because it will take time and perhaps more studies to develop
the portrait, he is concurrently exploring the feasibility of hav-
ing shells placed on low-abundance areas in order to create new
relict oyster reefs. If this strategy works, it would be a tremen-
dous boon to the shellfish industry because nearly three-
quarters of the study area is low abundance.

Kassner feels his work is not only scientifically interesting, it
is also personally rewarding. Over the years, he has become
friends with many fishermen and knows that if he is successful,
he will be helping them to continue an occupation that in some
cases goes back generations.
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Distribution of Hard Clams in the Great South Bay

Figure 33A 
Jeffrey Kassner, with the help of students, is preparing a sedimentary “portrait” of high
and low clam abundance areas in Great South Bay, Long Island, New York. This
information will be used to increase the yield of clams for local fishermen.
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33.4 Life History Patterns
We have already had an opportunity to point out that popu-
lations vary on such particulars as their rate of growth and
life span. Such particulars are a part of a species’ life history
pattern, which is based on genetically determined variations
that are subject to natural selection. 

The logistic growth model has been used to suggest that
one possible pattern is an opportunistic pattern and the other
is an equilibrium pattern (Fig. 33.8). These are also called
r-selected and K-selected because in mathematical formulas
for population growth, r represents the per capita rate of in-
crease and K represents the carrying capacity. Members of
opportunistic populations are small in size, mature early,
and have a short life span. They tend to produce many rela-
tively small offspring and to forego parental care in favor of
a greater number of offspring. The more offspring, the more
likely some of them will survive a population crash. Because
of their short life span and ability to disperse to new locales,
density-dependent mechanisms such as predation and com-
petition are unlikely to play a major role in regulating popu-
lation size and growth rates. Classic examples of such
opportunistic species are many insects and weeds.

In contrast, we know there are populations whose size
remains pretty much at the carrying capacity. Resources
such as food and shelter are relatively scarce for these indi-
viduals, and those who are best able to compete will have

the largest number of offspring. These organisms allocate
energy to their own growth and survival and to the growth
and survival of their offspring. Therefore they are fairly
large, are slow to mature, and have a fairly long life span.
They are specialists rather than colonizers and tend to be-
come extinct when their normal way of life is destroyed. The
best possible examples of equilibrium species are found
among birds and mammals. The Florida panther is the
largest of the animals in the Florida Everglades, requires a
very large range, and produces few offspring, which must
be cared for. Currently, the Florida panther is unable to com-
pensate for a reduction in its range, and is therefore on the
verge of extinction. 

Nature is actually more complex than these two possible
life history patterns and most populations lie somewhere in
between these two extremes. For example a cod is a rather
large fish weighing 10–25 pounds and measuring up to
3 feet in length—but the cod releases gametes in vast num-
bers, the zygotes form in the sea, and the parents make no
further investment in developing offspring. Of the 6 to 7 mil-
lion eggs released by a single female cod, only a few will be-
come adult fish. 

Differences in the environment result in different
selection pressures and a range of life history
characteristics.

Figure 33.8 Life history patterns.
Dandelions are an opportunistic species with the characteristics
noted, and bears are equilibrium species with the characteristics
noted. Often the distinctions between these two possible life
history patterns are not as clear cut as they may seem.

Opportunistic Pattern

Small individuals
Short life span
Fast to mature
Many offspring
Little or no care of offspring

Equilibrium Pattern

Large individuals
Long life span
Slow to mature
Few offspring
Much care of offspring
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33.5 Human Population Growth
The human population has an exponential pattern of growth
and a J-shaped growth curve (Fig. 33.9c). It is apparent from
the position of 1999 on the growth curve in Figure 33.9a that
growth is still quite rapid. The equivalent of a medium-sized
city (200,000) is added to the world’s population every day,
and 88 million (the equivalent of the combined populations
of the United Kingdom, Norway, Ireland, Iceland, Finland,
and Denmark) are added every year.

The present situation can be appreciated by considering
the doubling time. The doubling time—the length of time it
takes for the population size to double—is now estimated to
be 47 years. Such an increase in population size will put ex-
treme demands on our ability to produce and distribute re-
sources. In 47 years, the world will need double the amount
of food, jobs, water, energy, and so on just to maintain the
present standard of living. 

Many people are gravely concerned that the amount of
time needed to add each additional billion persons to the
world population has taken less and less time. The first billion
didn’t occur until 1800; the second billion arrived in 1930; the
third billion in 1960, and today there are nearly 6 billion. Only
if the per capita rate of increase declines can there be zero
population growth, when the birthrate equals the death rate
and population size remains steady. The world’s population
may level off at 8, 10.5, or 14.2 billion, depending on the speed
with which the per capita rate of increase declines.

More-Developed Versus Less-Developed
Countries
The countries of the world can be divided into two groups.
The more-developed countries (MDCs), typified by coun-
tries in North America and Europe, are those in which pop-
ulation growth is low and the people enjoy a good standard
of living (Fig. 33.9a). The less-developed countries (LDCs),
such as countries in Latin America, Africa, and Asia, are
those in which population growth is expanding rapidly and
the majority of people live in poverty (Fig. 33.9b). (Some-
times the term third-world countries is used to mean the
less-developed countries. This term was introduced by
those who thought of the United States and Europe as the
first world and the former USSR as the second world.) 

The more-developed countries (MDCs) doubled their
populations between 1850 and 1950. This was largely due to
a decline in the death rate, the development of modern med-
icine, and improved socioeconomic conditions. The decline
in the death rate was followed shortly thereafter by a decline
in the birthrate, so that populations in the MDCs experi-
enced only modest growth between 1950 and 1975. This se-
quence of events (i.e., decreased death rate followed by
decreased birthrate) is termed a demographic transition.

Yearly growth of the MDCs as a whole has now stabi-
lized at about 0.1%. The populations of a few of the MDCs—
Italy, Denmark, Hungary, Sweden—are not growing or are
actually decreasing in size. In contrast, there is no leveling

Chapter 33 Population Ecology 69533-9

more-developed countries

less-developed 
countries

1999

1750
0

2

4

6

8

10

12

1800 1850 1900 1950 2000 2050 2100 2150

P
o

p
u

la
ti

o
n

 (
in

 b
ill

io
n

s)

Source: Population Reference Bureau.

b.

c.

Figure 33.9 World population growth.
People in the (a) more-developed countries have a high standard of living and will
contribute least, while people in the (b) less-developed countries have a low standard of
living and will contribute most to the world population growth. c. World population growth
to 1998 with estimates to 2150.
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off and no end in sight to U.S. population growth, as dis-
cussed in the reading on page 698. Although yearly growth
of the United States is only 0.6%, many people immigrate to
the United States each year. In addition, there was an un-
usually large number of babies born between 1947 and 1964
(called a baby boom). Therefore, a large number of women
are still of reproductive age. 

Although the death rate began to decline steeply in
the LDCs following World War II with the importation of
modern medicine from the MDCs, the birthrate remained
high. The yearly growth of the LDCs peaked at 2.5% be-
tween 1960 and 1965. Since that time, a demographic tran-
sition has begun: the decline in the death rate has slowed
and the birthrate has fallen. A yearly growth of 1.8% is ex-
pected by the end of the century. Still, because of expo-
nential growth, the population of the LDCs may explode
from 4.4 billion today to 10.2 billion in 2100. Most of this
growth will occur in Africa, Asia, and Latin America.
Ways to greatly reduce the expected increase have been
suggested: 

1. Establish and/or strengthen family planning programs.
A decline in growth is seen in countries with good
family planning programs supported by community
leaders. Currently, 25% of women in the sub-Saharan
Africa say they would like to delay or stop
childbearing, yet they are not practicing birth control;
likewise, 15% of women in Asia and Latin American
have an unmet need of birth control. 

2. Use social progress to reduce the desire for large
families. Many couples in the LDCs presently desire as
many as four to six children. But providing education,
raising the status of women, and reducing child
mortality are desirable social improvements that could
cause them to think differently. 

3. Delay the onset of childbearing. A delay in the onset of
childbearing and wider spacing of births could cause a
temporary decline in the birthrate and reduce the
present reproductive rate. 

Age Distributions
The age-structure diagrams of MDCs and LDCs in Figure
33.10 divide the population into three age groups: depen-
dency, reproductive, and postreproductive. The LDCs are
experiencing a population momentum because they have
more women entering the reproductive years than older
women leaving them.

Laypeople are sometimes under the impression that if
each couple has two children, zero population growth (no
increase in population size) will take place immediately.
However, replacement reproduction, as it is called, will still
cause most countries today to continue growing due to the
age structure of the population. If there are more young
women entering the reproductive years than there are older

women leaving them, then replacement reproduction will
still result in growth of the population.

Many MDCs have a stable age structure, but most
LDCs have a youthful profile—a large proportion of the
population is younger than the age of 15. This means that
their populations will still expand greatly, even after
replacement reproduction is attained. The more quickly
replacement reproduction is achieved, however, the
sooner zero population growth will result.

Currently, the less-developed countries are expanding
dramatically because of exponential growth. 
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Figure 33.10 Age-structure diagrams (1998).
The diagrams illustrate that (a) the MDCs are approaching
stabilization, whereas (b) the LCDs will expand rapidly due to their
age distributions. Source: United Nations Population Division, 1998.
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A Sustainable World  
While we are sometimes quick to realize that the
growing populations of the LDCs are putting a
strain on the environment, we should realize that
the excessive resource consumption of the MDCs
also stresses the environment. Environmental im-
pact is measured not only in terms of population
size, but in terms of resource consumption and the
pollution caused by each person in the population.
An average American family, in terms of per capita
resource consumption and waste production, is the
equivalent of 30 people in India (Fig. 33.11).

Before the industrial revolution, people felt
better connected to the plants and animals on
which they depended, and they were better able to
live in a sustainable way. After the industrial revo-
lution, we especially began to think of ourselves as
separate from nature and endowed with the right
to exploit nature as much as possible. But our in-
dustrial society lives on borrowed carrying capacity—
our cities not only borrow resources from the
country, our entire population borrows from the
past and future. The forests of the Carboniferous
period have become the fossil fuels that sustain our way of
life today, and the environmental degradation we cause is
going to be paid for by our children.

Ecologists have two favorite sayings: (1) Everything is
connected to everything else, and (2) there is no free lunch.
We have seen that if you affect one part of the carbon cycle,
you affect the entire balance of carbon in the entire world.
Ecological effects know no boundaries. Coal that is burned
in the Midwest releases acids into the atmosphere that af-
fect lakes in the Northeast. And plants and animals aren’t
the only organisms affected. Humans are dependent on
natural cycles just as much as any organism in the bio-
sphere. What we do to natural ecosystems will eventually
be felt by us also. The second saying means that we have to
pay for what we do. If we build a home on a floodplain, we
can expect that it will be flooded once in a while. When we
burn fossil fuels, we can expect acid rain and global warm-
ing as a consequence. Many times it is difficult to predict
the particular consequences, but we can be assured that
eventually they will become apparent. 

Overpopulation and overconsumption account for in-
creased pollution, and also for the present mass extinction
of wildlife. We are expected to lose one-third to two-thirds
of the earth’s species, any one of which could possibly
have made a significant contribution to agriculture or
medicine. It should never be said, “What use is this organ-
ism?” Aside from its contribution to the ecosystem in
which it lives, one never knows how a particular organism
might someday be useful to humans. Adult sea urchin
skeletons are now used as molds for the production of

small artificial blood vessels, and armadillos are used in
leprosy research.

It is clearly time for a new philosophy. In a sustain-
able world, development will meet economic needs of all
peoples while protecting the environment for future gen-
erations. Various organizations have singled out commu-
nities to serve as models of how to balance ecological and
economic goals. For example, in Clinch Valley of south-
west Virginia, the Nature Conservancy is helping to revive
the traditional method of logging with draft horses. This
technique, which allows the selective cutting of trees, pre-
serves the forest and prevents soil erosion, which is so
damaging to the environment. The United Nations has an
established bioreserve system, a global network of sites
that combine preservation with research on sustainable
management for human welfare. More than 100 countries
are now participants in the program. However, sustain-
ability is more than likely incompatible with the kinds of
consumption/waste patterns currently practiced in devel-
oped countries. 

All peoples can benefit from a sustainable world
where economic development and environmental
preservation are considered complementary, rather
than opposing, processes.
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Figure 33.11 Resource consumption for MDCs and LDCs. 
The populations of MDCs are smaller than LDCs. Yet, the MDCs produce most of
the hazardous wastes because their consumption of fossil fuels, metals, and
paper, for example, is much greater than the LDCs.
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Summarizing the Concepts

33.1 Scope of Ecology
Ecology is the study of the interactions of organisms with other organ-
isms and with the physical environment. Ecology encompasses several
levels of study: organism, population, community, ecosystem, and fi-
nally the biosphere. Population density is simply the number of indi-
viduals per unit area or volume. Distribution of these individuals can
be uniform, random, or clumped. Most members of a population are
clumped as are the members of a human population. Limiting factors
such as water, temperature, and availability of organic nutrients often
determine a population’s distribution. 

33.2 Characteristics of Populations
Future population size is dependent upon the per capita rate of increase.
The per capita rate of increase is calculated by subtracting the number of
deaths from the number of births and dividing by the number of indi-
viduals in the population. (Immigration and emigration are usually con-
sidered to be equal.) Every population has a biotic potential, the greatest
possible per capita rate of increase under ideal circumstances.

Two possible patterns of population growth are considered. Expo-
nential growth results in a J-shaped curve because as the population
increases in size so does the expected increase in new members. Most
environments restrict growth, and exponential growth cannot continue
indefinitely. Under these circumstances logistic growth occurs and an
S-shaped growth curve results. When the population reaches carrying
capacity, the population stops growing because environmental resis-
tance opposes biotic potential.

Populations tend to have one of three types of survivorship
curves, depending on whether most individuals live out the normal
life span, die at a constant rate regardless of age, or die early. 

33.3 Regulation of Population Size
Population growth is limited by density-independent (e.g., weather)
and density-dependent factors (predation, competition, and resource
availability). Do some populations have an intrinsic means of regulat-
ing population growth as opposed to density-independent and
density-dependent factors, which are extrinsic means? Territoriality is
given as an example of a possible intrinsic means of regulation. 

33.4 Life History Patterns
The logistic growth model has been used to suggest that life history
patterns depend on natural selection and vary from those species that
are opportunists to those that are in equilibrium with the carrying ca-
pacity of the environment. Opportunistic species produce many young
within a short period of time and rely on rapid dispersal to new, unoc-
cupied environments. Population size is regulated by density-
independent factors. Equilibrium species produce a limited number of
young, which they nurture for a long time, and population size is reg-
ulated by density-dependent factors. 

33.5 Human Population Growth
The human population is expanding exponentially, and it is unknown
when the population size will level off. Most of the expected increase
will occur in certain LDCs (less-developed countries) of Africa, Asia,
and Latin America. Support for family planning, human development,
and delayed childbearing could help prevent an expected increase. 

The answer to how to curb the expected
increase in the world’s population lies

in discovering how to curb the rapid pop-
ulation growth of the less-developed
countries. In these countries, population
experts have discovered what they call the
“the virtuous cycle.” Family planning
leads to healthier women, and healthier
women have healthier children, and the
cycle continues. Women no longer have to
have many babies for a few to survive.
More education is also helpful because
better educated people are more interested
in postponing childbearing and promot-
ing women’s rights. Women who have
equal rights with men tend to have fewer
children.

“There isn’t any place where women
have had the choice that they haven’t cho-
sen to have fewer children,” says Beverly
Winikoff at the Population Council in New
York City. “Governments don’t need to

resort to force.” Bangladesh is a case in
point. Bangladesh is one of the densest
and poorest countries in the world. In 1990
the birthrate was 4.9 children per woman
and now it is 3.3. This achievement was
due in part to the Dhaka-based Grameen
Bank, which loans small amounts of
money mostly to destitute women to start
a business. The bank discovered that when
women start making decisions about their
lives, they also start making decisions
about the size of their families. Family
planning within Grameen families is twice
as common as the national average; in fact,
those women who get a loan promise to
keep their families small! Also helpful has
been the network of village clinics that
counsel women who want to use contra-
ceptives. The expression “contraceptives
are the best contraceptives” refers to the
fact that you don’t have to wait for social
changes to get people to use contracep-

tives—the two feed back on each other. 
Unfortunately, some of the less-

developed countries faced with economic
crisis have cut back on their family plan-
ning programs, and the more-developed
countries have not taken up the slack. In-
deed, some foreign donors have also cut
back on aid—the U.S. by one-third.

Questions
1. Do you think less-developed countries

should simply make contraception
available, or should more persuasive
methods be employed? Explain. 

2. Do you think that more-developed
countries should be concerned about
population growth in the less-developed
countries? Why or why not? 

3. Are you in favor of foreign aid to help
countries develop family planning
programs? Why or why not?
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4. An S-shaped growth curve 
a. occurs when there is no environmental resistance.
b. includes an exponential growth phase.
c. occurs if survivorship is short-lived.
d. occurs in natural populations but not laboratory ones.
e. All of these are correct.

5. If a population has a type I survivorship curve (most live the
entire life span), which of these would you also expect?
a. a single reproductive event per adult
b. overlapping generations
c. sporadic reproductive events
d. reproduction occurring near the end of the life span
e. None of these are correct.

6. A pyramid-shaped age distribution means that the 
a. prereproductive group is the largest group.
b. population will grow for some time in the future.
c. more young women are entering the reproductive years

than older women leaving theirs.
d. country is more likely an LDC rather than an MDC.
e. All of these are correct.

7. Which of these is a population-independent regulating factor?
a. competition d. weather
b. predation e. resource availability
c. size of population

8. Fluctuations in population growth can correlate to changes in 
a. predation.
b. weather.
c. resource availability.
d. population regulating factors.
e. All of these are correct.

9. An equilibrium life history pattern includes all but 
a. large individuals.
b. long life span.
c. individuals slow to mature.
d. few offspring.
e. little or no care of offspring.

10. The human population
a. is undergoing exponential growth.
b. is not subject to environmental resistance.
c. fluctuates from year to year.
d. only grows if emigration occurs. 
e. All of these are correct.

11. Label this S-shaped growth curve.
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Studying the Concepts

1. What are the various levels of ecological study? 688
2. What are three types of distribution patterns for a popula-

tion? Explain why the human population has a clumped
pattern. 689

3. How do you calculate the per capita rate of increase for a
population? What is biotic potential? 690

4. What type growth curve indicates that exponential growth is
occurring? What are the environmental conditions for expo-
nential growth? 690

5. What type growth curve indicates that biotic potential is
being opposed by environmental resistance? What
environmental conditions are involved in environmental
resistance? 690

6. What is the carrying capacity of an area? 691
7. Describe the three general types of survivorship 

curves. 691
8. Give examples of extrinsic density-independent and 

density-dependent factors that regulate population 
size. 692

9. Give support to the belief that intrinsic factors might regulate
population size in some populations. 692

10. Name and give five contrasting characteristics for the two
extreme life history patterns. 694

11. Why would you expect the life histories of natural popula-
tions to have a mixture of characteristics from these two
patterns? 694

12. What type of growth curve presently describes the popula-
tion growth of the human population? 695

13. Distinguish between MDCs and LDCs. Include a reference to
age-structure diagrams. 695–96

14. Explain why the population of LDCs is expected to increase
tremendously. What steps could be taken to prevent this from
occurring? 696

Testing Yourself

Choose the best answer for each question.
1. Which of these levels of ecological study involves both abiotic

and biotic components?
a. organisms d. ecosystem
b. populations e. All of these are correct.
c. communities

2. When phosphorus is made available to an aquatic commu-
nity, the algal populations suddenly bloom. This indicates
that phosphorus is 
a. a density-dependent regulating factor.
b. gaseous.
c. a reproductive factor.
d. a limiting factor.
e. All of these are correct.

3. A J-shaped growth curve should be associated with
a. exponential growth.
b. biotic potential.
c. no environmental resistance.
d. high per capita rate of increase.
e. All of these are correct.
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Understanding the Terms

age-structure diagram 696
biosphere 688
biotic potential 690
carrying capacity 691
cohort 691
community 688
demographic transition 695
doubling time 695
ecology 688
ecosystem 688
environmental resistance 690

exponential growth 690
less-developed country (LDC)

695
logistic growth 690
more-developed country

(MDC) 695
population 688
replacement reproduction

696
sustainable world 697
zero population growth 696

Match the terms to these definitions:
a. Group of organisms of the same species occupy-

ing a certain area.
b. Maximum population growth rate under ideal

conditions.
c. Growth, particularly of a population, in which the

increase occurs in the same manner as compound interest.
d. Due to industrialization, a decline in the birthrate

following a reduction in the death rate so that the population
growth rate is lowered.

e. Largest number of organisms of a particular
species that can be maintained indefinitely by a given
environment.

Thinking Scientifically

1. Considering the population of zebras described in the first
paragraph:
a. Plot the growth curve for this zebra population using

number of zebras versus time.
b. How would you describe the shape of your curve?
c. If the zebra population happens to outstrip the carrying

capacity of the environment, what would happen to the
curve?

2. Consider this definition of overpopulation: “...where there are
more people than can live on the earth in comfort, happiness,
and health, and still leave the world a fit place for future
generations.” 1

a. Do comfort and happiness mean the typical standard of
living seen in developed countries or in less-developed
countries? Should everyone in the world have the same
standard of living? Why or why not?

b. What standard of health is acceptable for the developed
countries? Whose responsibility is it to achieve this end?

c. Should citizens and private industry work to find ways to
make the world an ecologically fit place for future genera-
tions? Why?

d. When discussing overpopulation, should we think in
terms of the world, the country, or the area?

1From George Morris, 1973. Overpopulation: Everyone’s Baby. London: Priory Press
Limited, p. 24.

Using Technology

Your study of population ecology is supported by these
available technologies:

Essential Study Partner CD-ROM
Ecology ££ Populations

££Human Impact
Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader
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701

Community
Ecology

Chapter Concepts

34.1 Community Composition and Diversity
• Communities are assemblages of interacting

populations that differ in composition and
diversity. 702

• Environmental and biotic factors influence
community composition and diversity. 703

• The ecological niche is the role an organism
plays in its community, including its habitat and
its interactions with other organisms. 703

34.2 Competition
• Competition often leads to resource partitioning,

which reduces competition between species. 704

34.3 Predation
• Predation often reduces prey population density,

which in turn can lead to a reduction in predator
population density. 707

34.4 Symbiosis
• Symbiotic relationships include parasitism,

commensalism, and mutalism. 710

34.5 Community Stability and Diversity
• Ecological succession is a change in species

composition and community structure and
organization over time. 712

• The intermediate disturbance hypothesis suggests
that the presence of patches that contain various
species increases biodiversity. 713

• Island biogeography suggests how to maintain
biodiversity, permitting the continuance of all
ecological interactions. 713

Monarch butterflies, Danus plexipus, are brightly colored. This
serves as a warning to predators that they are to be avoided.
Monarch butterflies are poisonous, and after a bird has experi-
enced one, it leaves the others alone.
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est community. And where does the forest end? Doesn’t it
gradually fade into the surrounding area? So the demarca-
tion of any community turns out to be somewhat arbitrary.

Two characteristics of communities—their composition
and diversity—allow us to compare communities. The com-
position of a community is simply a listing of the various
species in the community. The diversity includes both
species richness (the number of species) and evenness (the
relative abundance of individuals of different species). 

Just glancing at Figure 34.1 makes it easy for us to see
that a coniferous forest has a different composition from a
tropical rain forest. Pictorially we can see that narrow-
leaved evergreen trees are present in a coniferous forest, and
broad-leaved evergreen trees are numerous in a tropical rain
forest. Mammals also differ between the two communities,
as those listed demonstrate.

Diversity of a community goes beyond composition be-
cause it includes the number of species and also the abun-
dance of each species. To take an extreme example: a
deciduous forest in West Virginia has, among other species, 76
yellow poplar trees but only one American elm. If we walked
through this forest, we might miss seeing the American elm.
If, instead, the forest had 36 poplar trees and 41 American
elms, the forest would seem more diverse to us and indeed
would be more diverse. The greater the diversity, the greater
the number and the more even the distribution of species.
Ecologists can determine diversity by counting the number
and abundance of each type of species in the community. 

34.1 Community Composition and
Diversity

It is sometimes difficult to decide where one community
ends and another begins. A fallen log, for example, can be
considered a community. The fungi of decay break down the
log and provide food (organic nutrients) for the various in-
vertebrates living in the log that may feed on one another.
Yet it is quite possible that bugs and worms living in the log
could be eaten by a passing bird that flies about the entire
forest. This interaction means that the log is a part of the for-
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Step into a forest and look around. You will see animals
interacting with both plants and other animals. Insects
may be feeding on the leaves of trees and grasses or

visiting flowers. If you are lucky, you may see a hawk dart
from a tree on the edge of the forest and grab a rodent run-
ning through an adjoining meadow. All the members of a
particular species living in a location like a forest make up a
population, and all the populations interacting there form a
community. 

This chapter examines the various types of community
interactions and their importance to the structure of a com-
munity. Such interactions illustrate some of the most impor-
tant selection pressures impinging on individuals. They also
help us understand how biodiversity can be preserved. 

a. b.

moose
lynx
snowshoe hare
bear
red fox
wolf

monkey
sloth
anteater
kikajou
jaguar
tapir
bat

a. One species

b. Several species

Environmental Gradient
(such as moisture or temperature)
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Optimum range

Figure 34.1 Community structure.
Communities differ in their composition, as witnessed by their
predominant plants and animals. Diversity of communities is
described by the richness of species and their relative abundance.
a. A coniferous forest. Some mammals found here are listed to the
left. b. A tropical rain forest. Some mammals found here are listed to
the right.

Figure 34.2 Species richness of communities.
According to the individualistic hypothesis (a) each species is
distributed along environmental gradients according to its own
tolerance for abiotic factors, and (b) a community is believed to be an
assemblage of species that happen to occupy the same area
because of similar tolerances.
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Why do species assemble together in the same place at
the same time? For many years, most ecologists supported
the interactive model of community structure. According to
this model, a community is the highest level of organization
arising from cell to tissue, to organism, to populations, and
finally, to a community. Just as the parts of an organism are
dependent on one another, so species are dependent on bi-
otic interactions such as their food source. Further, like an
organism, a community remains stable because of homeo-
static mechanisms. This theory predicts that the same
species will recur in communities whose boundaries are dis-
tinct from one another. 

The individualistic model of community structure instead
hypothesizes that species assemble according to their toler-
ance for abiotic factors. The number of species in terrestrial
communities increases as we move from the northern lati-
tudes to the equator most likely because the weather at the
equator is warmer and there is more precipitation. A species’
range is based on its tolerance for such abiotic factors as tem-
perature, light, water availability, salinity, and so forth (Fig.
34.2a). It’s possible that species may assemble because their
tolerance ranges simply overlap (Fig. 34.2b). The individual-
istic model predicts that species will have independent dis-
tributions, and that the boundaries between communities
will not be distinct from one another.

Community composition is probably dependent on
both biotic interactions (e.g., organic food source)
and abiotic gradients (e.g., climate, inorganic
nutrients).

Habitat and Ecological Niche 
Each species occupies a particular position in the community,
both in a spatial sense (where it lives) and in a functional
sense (what role it plays). Its habitat is where an organism
lives and reproduces in its environment. The habitat of an or-
ganism might be the forest floor, a swift stream, or the ocean’s
edge. The ecological niche of an organism is the role it plays
in its community, including its habitat and its interactions
with other organisms. The niche includes the resources an or-
ganism uses to meet its energy, nutrient, and survival de-
mands. For a backswimmer, home is a pond or lake where it
eats other insects. The pond must contain vegetation where
the backswimmer can hide from its predators such as fish and
birds. On the other hand, the water must be clear enough for
the backswimmer to see its prey and warm enough for it to be
in active pursuit. Since it’s difficult to study the total niche of
an organism, some observations focus on a certain aspect of
an organism’s niche, as with the bird featured in Figure 34.3.

An organism’s niche is affected by extenuating circum-
stances; therefore, ecologists distinguish between the funda-
mental and realized niches. An organism’s fundamental niche
comprises all conditions under which an organism can po-
tentially survive and reproduce; the realized niche is the set of
conditions under which it actually exists in nature. 

Habitat is where an organism lives, and ecological
niche is the role an organism plays in its
community, including its habitat and its
interactions with other organisms.
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Aspects of Niche for Animals

• Time of day for feeding and season 
   of year for reproduction

• Habitat and food requirements

• Relationships with other organisms

• Effect on abiotic environment

Aspects of Niche for Plants

• Seasons of year for growth and
   reproduction

• Sunlight, water, and soil requirements

• Relationships with other organisms

• Effect on abiotic environment

Figure 34.3 Aspects of niche.
A description of an organism’s niche includes its resource requirements and its activities within the community.
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34.2 Competition 
Competition occurs when members of different species try
to utilize a resource (like light, space, or nutrients) that is in
limited supply. According to the competitive exclusion
principle, no two species can occupy the same niche at the
same time, if resources are limiting. While it may seem as if
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several species living in the same area are occupying the
same niche, it is usually possible to find slight differences.
For example, the various species of monkeys in Figure 34.4
have no difficulty living in close proximity because they
have different, although sometimes overlapping, habitats
and food requirements. 

So, for example, notice that even though the red colobus

Gray-Cheeked Mangabey
Cercoebus albigena

group size:
range size:

diet:

15
1,000 acres
inner bark of trees,
fruits, insects,
other small animals,
also a few leaves and
flowers.         

Black-and-White Colobus
      Colobus guereza

group size:
range size:
           diet:

10
40 acres
young leaves, mature
leaves, also some
buds, flowers, and
fruit.

L’Hoest’s Monkey
Cercopithecus l ’Hoesti

group size:
range size:
           diet:

20
unknown
fruits, shoots of
herbs, mushrooms, and
insects.

Figure 34.4 Diversity of monkey species in a tropical rain forest.
All of these monkey species can coexist in a tropical rain forest because they have different niches. Each prefers to live at a different height above
ground, and each feeds on slightly different foods.
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monkey and the gray-cheeked mangabey monkey both pre-
fer the upper canopy of a tropical rain forest, the first pri-
marily feeds on young leaves and flower buds while the
second primarily feeds on the inner bark of trees. The ranges
of these monkeys also differ. The red colobus monkey nor-
mally occupies only 90 acres, while the gray-cheeked
mangabey occupies as many as 1,000 acres. The blue mon-

key and the black and white colobus monkey both prefer the
mid-canopy area, but the first primarily feeds on fruit and
small insects while the second primarily feeds on leaves.
Similarly, the redtail monkey and L’Hoest’s monkey live in
the lower canopy, but the first primarily feeds on small in-
sects and fruit while the second feeds primarily on fruits and
shoots of herbs.
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Red Colobus
Colobus badius

group size:
range size:

diet:

50
90 acres
young leaves, flower
buds, stalks of
mature leaves, some
insects, fruits,
and flowers.

Blue Monkey
Cercopithecus mitus

group size:
range size:
         diet:

20
200 acres
fruit, small insects
flowers, flower buds,
and a few young
leaves.

Redtail
Cercopithecus ascanius

group size:
range size:

diet:

20
50 acres
small insects, fruit,
also some flowers and
their buds.
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The competitive exclusion principle was developed fol-
lowing experimentation with paramecia. When two species
of paramecia were grown separately, each survived; but
when they were grown in one test tube, resources were lim-
ited and only one species survived (Fig. 34.5).  What does it
take to have different ecological niches so that extinction of
one species is avoided? In another laboratory experiment,
two species of paramecia did continue to occupy the same
tube when one species fed on bacteria at the bottom of the
tube and the other fed on bacteria suspended in solution.
Under these circumstances, resource partitioning decreased
competition between the two species. What could have been
one niche became two niches because of a divergence of be-
havior in this case. The monkeys illustrated in Figure 34.4
are an example of resource partitioning.  As another exam-
ple, consider that swallows, swifts, and martins all eat flying
insects and parachuting spiders. These birds even fre-
quently fly in mixed flocks. But each type of bird has differ-
ent nesting sites and migrates at a slightly different time of
year. Therefore they are not competing for the same food
source when they are feeding their young. 

In all these cases of niche partitioning, we have merely

supposed that what we observe today is due to competition
in the past. Some ecologists are fond of saying that in doing
so we have invoked the “ghosts of competition past.” But
there are instances in which competition has actually been
observed. On the Scottish coast, a small barnacle (Chtham-
alus stellatus) lives on the high part of the intertidal zone, and
a large barnacle (Balanus balanoides) lives on the lower part
(Fig. 34.6). Free-swimming larvae of both species attach
themselves to rocks at any point in the intertidal zone,
where they develop into the sessile adult forms. In the lower
zone, the large Balanus barnacles seem to either force the
smaller Chthamalus individuals off the rocks or grow over
them. If the larger barnacle is removed, the smaller barnacle
grows equally well on all parts of the rock. The entire inter-
tidal zone is the fundamental niche for Chthamalus, but com-
petition is restricting the range of Chthamalus on the rocks.
Chthamalus is more resistant to drying out than is Balanus;
therefore, it has an advantage that permits it to grow in the
upper intertidal zone. The upper intertidal zone becomes
the realized niche for Chthamalus. 

Competition may result in resource partitioning.
When similar species seem to be occupying the
same ecological niche, it is usually possible to find
differences that indicate resource partitioning has
occurred. 
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P. aurelia grown separately

P. caudatum grown separately

Both species grown together
Time (days)
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Figure 34.5 Competition between two laboratory
populations of Paramecium. 
When grown alone in pure culture, Paramecium caudatum and
Paramecium aurelia exhibit sigmoidal growth. When the two species
are grown together in mixed culture, P. aurelia is the better
competitor, and P. caudatum dies out. Source: Data from G. F. Gause, The

Struggle for Existence, 1934, Williams & Wilkins Company, Baltimore, MD.

Figure 34.6 Competition between two species of
barnacles.
Competition prevents two species of barnacles from occupying as
much of the intertidal zone as possible. Both exist in the area of
competition between Chthamalus and Balanus. Above this area only
Chthamalus survives, and below it only Balanus survives.
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34.3 Predation
Predation occurs when one living organism, called the
predator, feeds on another, called the prey. In the broadest
sense, predaceous consumers include not only animals like
lions that kill zebras, but also filter-feeding blue whales that
strain krill from ocean waters, parasitic ticks that suck blood
from victims, and even herbivorous deer that browse on
trees and bushes. 

Predator-Prey Population Dynamics
Do predators reduce the population density of prey? On the
face of it, you would probably hypothesize that they do, and
your hypothesis would certainly be supported by a labora-
tory study in which the protozoan Paramecium caudatum
(prey) and Didinium nasutum (predator) were grown to-
gether in a culture medium. Didinium ate all the Paramecium
and then died of starvation. In nature, we can find a similar
example. When a gardener brought prickly-pear cactus to
Australia from South America, the cactus spread out of con-
trol until millions of acres were covered with nothing but
cacti. The cacti were brought under control when a moth
from South America, whose caterpillar feeds only on the
cactus, was introduced. Now both cactus and moth are
found at greatly reduced densities in Australia. 

There are mathematical for-
mulas that predict a cycling of
predator and prey populations
instead of a steady state. Cy-
cling could occur if (1) the
predator population overkills
the  prey and then the predator
population also declines in
number and (2) if the prey pop-
ulation overshoots the carrying
capacity and suffers a crash and
then the predator population
follows suit because of a lack of
food. In either case, the result
would be a series of peaks and
valleys with the predator popu-
lation lagging slightly behind
the prey.

A famous case of preda-
tor/prey cycles occurs between
the snowshoe hare and the
Canadian lynx, a type of small
cat (see Fig. 34.7). The snow-
shoe hare is a common herbi-
vore in the coniferous forests of
North America, where it feeds
on terminal twigs of various
shrubs and small trees. The
Canadian lynx feeds on snow-
shoe hares but also on ruffed

grouse and spruce grouse, two types of birds. Investigators
at first assumed that the first explanation given above was
sufficient to explain the cycling between the hare and lynx
populations. In other words, the lynx had brought about the
decline of the hare population. But others noted that the de-
cline in snowshoe hare abundance was accompanied by low
growth and reproductive rates that could be signs of a food
shortage. It appears that both explanations apply to the data
in Figure 34.7. In other words, both a predator-hare cycle
and a hare-food cycle have combined to produce an overall
effect, which is observed in Figure 34.7. It’s interesting to
note that the population densities of the grouse populations
also cycle, perhaps because the lynx switches to this food
source when the hare population declines. Predators and
prey do not normally exist as simple, two-species systems,
and therefore abundance patterns should be viewed with
the complete community in mind.

Interactions between predator/prey and between
prey and its own food source can interact to
produce complex cycles.
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Figure 34.7 Predator-prey interaction between a lynx and a snowshoe hare.
a. A Canadian lynx (Lynx canadensis) is a solitary predator. A long, strong forelimb with sharp claws grabs
its main prey, the snowshoe hare (Lepus americanus). b. The number of pelts received yearly by the
Hudson Bay Company for almost 100 years shows a pattern of ten-year cycles in population densities.
The snowshoe hare population reaches a peak abundance before that of the lynx by a year or more.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Prey Defenses
While predators have evolved strategies to secure the maxi-
mum amount of food with minimal expenditure of energy,
prey organisms have evolved strategies to escape predation.
Coevolution is present when two species adapt in response
to selective pressure imposed by the other.

In plants, the sharp spines of the cactus, the pointed
leaves of holly, and the tough, leathery leaves of the oak tree
all discourage predation by insects. Plants even produce
poisonous chemicals—some are hormone analogues that in-
terfere with the development of insect larvae. Animals have
varied antipredator defenses. Some of the more effective
defenses are concealment, fright, and warning coloration
(Fig. 34.8).

The ecology reading on page 709 tells what happens
when exotic (foreign) species are introduced into a commu-
nity. Prey species are devastated because they have no ade-
quate defense mechanism.

Mimicry
Mimicry occurs when one species resembles another that
possesses an antipredator defense. Mimicry can help a
predator capture food or it can help a prey avoid capture.
For example, snapping turtles have tongues and angler
fishes have lures that resemble worms for the purpose of
bringing fish within reach. To avoid capture, there are inch-
worms that resemble twigs and caterpillars that can trans-
form themselves into shapes that resemble snakes.

Batesian mimicry (named for Henry Bates, who discov-
ered it) occurs when a prey mimics another species that has
a successful antipredator defense. Many examples of Bates-
ian mimicry involve warning coloration. Among flies of the
family Syrphidae, which feed on the nectar and pollen of
flowers, one species resembles the wasp Vespula arenaria so
closely that it is difficult to tell them apart (Fig. 34.9). Once a
predator experiences the defense of the wasp, it remembers
the coloration and avoids all animals that look similar. There
are also examples of species that have the same defense and

resemble each other. For example, many coral snake species
have brilliant red, black, and yellow body rings. And the
stinging insects—bees, wasps, and hornets—all have the fa-
miliar black and yellow color bands. Mimics that share the
same protective defense are called Müllerian mimics after
Fritz Müller, who discovered this form of mimicry.

Just as with other prey defenses, behavior plays a role in
mimicry. Mimicry works better if the mimic acts like the
model. For example, beetles that resemble a wasp actively
fly from place to place and spend most of their time in the
same habitat as the wasp model. Their behavior makes them
resemble a wasp to an even greater degree. 

Prey escape predation by utilizing camouflage,
fright, flocking together, warning coloration, and
mimicry. 
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a. b. c.

Figure 34.8 Antipredator defenses.
a. Concealment. Flounders can take on the same coloration as their background. b. Fright. The South American lantern fly has a large false head
that resembles that of an alligator. This may frighten a predator into thinking it is facing a dangerous animal c. Warning coloration. The skin
secretions of dart-poison frogs are so poisonous that they were used by natives to make their arrows instant lethal weapons. The coloration of
these frogs warns others, like birds, to beware.

Figure 34.9 Mimicry.
Flies of the family Syrphidae are called flower flies because they are
likely to be found on flowers, where they drink nectar and eat pollen.
Some species mimic a wasp, which is protected from predation by
its sting.
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While some foreign species live peaceably amid their new
neighbors, many threaten entire economies and ecosystems.
The brown tree snake slipped onto Guam from southwestern
Pacific islands in the late 1940s. Since then, it has wiped out 9
of 11 native bird species, leaving the forests eerily quiet. . . . In-
deed, some conservationists now rank invasive species among
the top menaces to endangered species. “We’re losing more
habitat here to pests than to bulldozers,” says Alan Holt of the
Nature Conservancy of Hawaii. . . . As a remote archipelago,
Hawaii was particularly vulnerable to ecological disruption
when Polynesian voyagers arrived 1,600 years ago. Having
evolved in isolation for millions of years, many native species
had discarded evolutionary adaptations that deter predators.
The islands abounded with snails with no shells, plants with
no thorns, and birds that nested on the ground. Polynesian
hunters promptly wiped out several species of large, flightless
birds, but a stowaway in their canoes also did serious damage.
The Polynesian rat flourished, decimating dozens of species of
ground-nesting birds. The first Europeans and their many
plant and animal companions unleashed an even larger wave
of extinctions. In 1778, for instance, Capt. James Cook brought
ashore goats, which soon went feral, devastating native
plants. . . .

Biologists Art Medeiros and Lloyd Loope of Haleakala Na-
tional Park on Maui often feel they are fighting an endless
ground war. The park is home to a legion of endangered plants
and animals found nowhere else in the world. Six years ago, of-
ficials completed a 50-mile, $2.4 million fence to keep out
feral goats and pigs. But just as the forest
understory was beginning to recover,
rabbits released into the park by a bored
pet owner launched their own assault.
Staffers got to work with rifle and snare,
but soon after they’d bagged the last of
the rabbits, axis deer—miniature elk
from India—began hopping the fence.

Those are just the warmblooded in-
vaders. Medeiros and Loope also are de-
veloping chemical weapons for their,
thus far, losing battle against the Argen-
tine ant. This tiny terminator threatens
to wipe out the park’s native insects and
the rare native plants that depend on the
insects for pollination. “It’s an eraser,”
says Loope. “Shake down a flowering
bush inside ant territory and you’ll get
five species [of native insects]; outside
their range, you’ll get 10 times that.”

Another potential “eraser” at the
park gates is the Jackson’s chameleon, a

colorful Kenyan native that dines on insects and snails. Then
there’s the dreaded miconia. Since it was introduced to Tahiti as
an ornamental in 1937, the tree that locals call the “green cancer”
has overrun more than half the island. Its dense foliage shades
out other plants—from competing trees to the mosses that an-
chor soils and hold rainwater. As a result, many plants have
been pushed to the brink of extinction, and the mountainsides
are eroding, silting over coral reefs that help sustain fisheries. . . 

. . . Siccing pests on pests poses its own problems. Some re-
cruits have run amok, doing as much ecological damage as the
pests they were meant to control. In the 1880s, for instance,
Hawaiian sugar-cane growers brought in mongooses to prune
mice and rat populations (Fig. 34A). Prune they did, but they
also preyed heavily on native birds. Happily, biocontrol efforts
have been more successful in recent years. Nearly 90% of the
agents released in the past two decades have been known to at-
tack only the target pest, according to a study conducted jointly
by researchers at the Hawaii Department of Agriculture and the
University of Hawaii.

By all accounts, preventing invaders from gaining a foothold
in the first place is an even better strategy. A recent report by
Chris Bright of the Washington D.C.-based Worldwatch Insti-
tute recommends, among other measures, that importers be
made liable for damages caused by the exotics they introduce
and that emergency-response teams be established to jump on
new infestations. . . .
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Exotic Species Wreak Havoc

Figure 34A Mongoose catching a bird.
Mongooses were introduced to Hawaii in the last century to control rats, but they also prey on
native birds.
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34.4 Symbiosis
Symbiosis refers to interactions in which there is a close re-
lationship between members of two populations.

Parasitism 
Parasitism is a symbiotic relationship in which the parasite de-
rives nourishment from another called the host. Therefore, the
parasite benefits and the host is harmed (Table 34.1). Parasites

occur in all kingdoms of life. Bacteria (e.g., strep
infection), protists (e.g., malaria), fungi (e.g., rusts
and smuts), plants (e.g., mistletoe), and animals
(e.g., leeches) all contain parasitic members. The
effects of parasites on the health of the host can
range from a slight weakening effect to actually
killing them over time. 

In addition to providing nourishment, host
organisms also provide their parasites with a
place to live and reproduce, as well as a mecha-
nism for dispersing offspring to new hosts.
Many parasites have both a primary and sec-
ondary host. The secondary host may be a vector
that transmits the parasite to the next primary
host. As an example, we will consider the deer
tick called Ixodes dammini in the eastern and I.
ricinus in the western United States. Deer ticks
are arthropods that go through a number of
stages (egg, larva, nymph, adult). They are so
named because adults feed and mate on white-
tailed deer in the fall. The female lays her eggs on
the ground, and when the eggs hatch in the
spring they become larvae that feed primarily on
white-footed mice. If a mouse is infected with the
bacterium Borrelia burgdorfei, the larvae become
infected also. The fed larvae overwinter and molt
the next spring to become nymphs that can, by
chance, take a blood meal from a human. It is at
this time that the tick may pass the bacterium on
to a human who subsequently comes down with
Lyme disease characterized by arthritic-like
symptoms. The fed nymphs develop into adults
and the cycle begins again (Fig. 34.10).

Commensalism
Commensalism is a symbiotic relationship be-
tween two species in which one species is bene-
fited and the other is neither benefited nor harmed.
Often one species provides a home and/or trans-
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Figure 34.10 The life cycle of a deer tick. 
a. Adult ticks feed and mate on white-tailed deer, which accounts for the common name of the ticks. Female adults lay their eggs in soil and then
die. b. In the spring and summer, larvae feed mainly on white-footed mice. They then overwinter. c. During the next summer, nymphs feed on
white-footed mice or other animals, including humans. If a nymph infected with the bacterium Borrelia burgdorfei feeds on a human, the human
gets Lyme disease. d. Deer tick before feeding and after feeding. Actual size is shown along with enlarged size.

Species 1 Species 2

Parasitism* Benefited Harmed

Commensalism Benefited No effect

Mutualism Benefited Benefited

Table 34.1 Symbiosis

*Can be considered a type of predation.
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portation for the other species such as when barnacles attach
themselves to the backs of whales. Remoras are fishes that
attach themselves to the bellies of sharks by means of a modi-
fied dorsal fin acting as a suction cup. The remoras obtain a
free ride and also feed on the remains of the shark’s meals.
Clownfishes live within the waving mass of tentacles of sea
anemones. Because most fishes avoid the poisonous tentacles of
the anemones, clownfishes are protected from predators.

If clownfishes attract other fishes on which the anemone
can feed, this relationship borders on mutualism. Other ex-
amples of commensalism may also be  mutualistic. For ex-
ample, cattle egrets benefit from grazing near cattle because
the cattle flush insects and other animals from the vegeta-
tion as they graze. To some it seems like wasted effort to try
to classify symbiotic relationships into the three categories
of parasitism, commensalism, and mutualism. The amount
of harm or good two species seem to do one another is de-
pendent on what the investigator chooses to measure. 

Mutualism 
Mutualism is a symbiotic relationship in which both mem-
bers of the association benefit. Mutualistic relations need not
be equally beneficial to both species. We can imagine that the
relationship between plants and their animal pollinators be-
gan when herbivores, like insects, feasted on pollen. The pro-
vision of nectar may have spared the pollen and at the same
time allowed the animal to become an instrument of pollina-
tion. Lichens can grow on rocks because their fungal member
conserves water and leaches minerals that are provided to
the algal partner, which photosynthesizes and provides or-
ganic food for both populations. When each is grown sepa-

rately in the laboratory, the algae seem to do fine but the fun-
gus does poorly. For that reason, it’s been suggested that the
fungus is parasitic at least to a degree on the algae.

Ants form mutualistic relationships with both plants
and insects. In tropical America, the bullhorn acacia tree is
adapted to provide a home for ants of the species
Pseudomyrmex ferruginea (Fig. 34.11). Unlike other acacias,
this species has swollen thorns with a hollow interior, where
ant larvae can grow and develop. In addition to housing the
ants, the acacias provide them with food. The ants feed from
nectaries at the base of the leaves and eat fat and protein-
containing nodules called Beltian bodies, which are found at
the tops of some of the leaves. The ants constantly protect
the plant from caterpillars of moths and butterflies and other
plants that might shade it because, unlike other ants, they
are active twenty-four hours a day. Indeed, when the ants on
experimental trees were poisoned, the trees died. 

Cleaning symbiosis is a symbiotic relationship in which the
individual being cleaned is often a vertebrate. Crustaceans,
fish, and birds act as cleaners and are associated with a variety
of vertebrate clients. Large fish in coral reefs line up at cleaning
stations and wait their turn to be cleaned by small fish that
even enter the mouths of the large fish. It’s been suggested that
cleaners may be exploiting the relationship by feeding on host
tissues as well as on ectoparasites. On the other hand, cleaning
could ultimately lead to net gains in client fitness. 

Symbiotic relationships do occur between species,
but it may be too simplistic to divide them into
parasitic, commensalistic, and mutualistic
relationships. 
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Figure 34.11 Mutualism between the bullhorn acacia tree and ants.
The bullhorn acacia tree (Acacia) is adapted to provide nourishment for ants (Pseudomyrmex ferruginea). a. The thorns are hollow and the ants
live inside. b. The base of leaves has nectaries (openings) where ants can feed. c. Leaves of the bullhorn acacia have bodies at the tips that ants
harvest for larval food.
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34.5 Community Stability and
Diversity 
Communities are subject to disturbances that can range in
severity from a storm blowing down a patch of trees to a
beaver damming a pond to a volcanic eruption. We know
from observation that following these disturbances, we’ll
see changes in the area over time. 

Ecological Succession
Ecological succession is a change in community composi-
tion over time. On land, primary succession occurs in areas
where there is no soil formation such as following a volcanic
eruption or a glacial retreat. Secondary succession begins in
areas where soil is present, as when a cultivated field like the
cornfield returns to a natural state. Notice that we roughly
observe a change from grasses to shrubs to a mixture of
shrubs and trees.

The first species to begin secondary succession are
called pioneer species, that is, plants that are invaders of dis-
turbed areas, and then the succession progresses through a
series of stages that are also described in Figure 34.12. Again
we observe a series that begins with grasses and proceeds
from shrub stages to a mixture of shrubs and trees, until fi-
nally there are only trees. 

Succession also occurs in aquatic communities, as when
lakes and ponds undergo a series of stages by which they
disappear and become filled in.

Models of Succession 
The climax-pattern model of succession says that particular ar-
eas will always lead to the same type of community, which

is called a climax community. This model is based on the ob-
servation that climate, in particular, determines whether a
desert, a type of grassland, or a particular type of forest re-
sults. Therefore, for example, there is a coniferous forest in
northern latitudes, a deciduous forest in temperate zones,
and a tropical rain forest in the tropics. 

Does each stage in succession facilitate or inhibit the
next stage?  To support a facilitation model it can be observed
that shrubs can’t grow on dunes until dune grass has caused
soil to develop. Similarly, in the example given in Figure
34.12, shrubs can’t arrive until grasses have made the soil
suitable to them. So, it’s possible that each successive com-
munity prepares the way for the next, so that grass-shrub-
forest development occurs in a sequential way.

On the other hand, the inhibition model says that
colonists hold on to their space and inhibit the growth of
other plants until the colonists die or are damaged. Still an-
other possible model is called a tolerance model. The toler-
ance model predicts that different types of plants can colonize
an area at the same time. Sheer chance determines which
seeds arrive first, and successional stages may simply reflect
the length of time it takes species to mature. This alone could
account for the herb-shrub-forest development one often
sees (Fig. 34.12). The length of time it takes for trees to de-
velop might simply give the impression that there is a rec-
ognizable series of plant communities from the simple to the
complex. In reality, the models we have mentioned are not
mutually exclusive and succession is probably a complex
process.

Ecological succession which occurs after a
disturbance probably involves complex processes,
and the end result cannot always be foretold.
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Figure 34.12 Secondary succession in a forest. 
In secondary succession in a large conifer plantation in central New York State, certain species are common to particular stages. However, the
process of regrowth shows approximately the same stages as secondary succession from a cornfield.
(After R. L. Smith, 1960.)
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Among those species that became extinct were the top
predators (e.g., the jaguar, puma, and ocelot). Therefore,
medium-size terrestrial mammals (e.g., coatimundi) in-
creased in number and preyed on birds, their eggs, and
nestlings among other animals. Not surprising, there are
now fewer bird species on BCI than previously. 

Conservationists point out that humans create “islands”
when natural areas are surrounded by farms, towns, and
cities. Unless these areas are large and connected in some
way to other natural areas that provide colonists, more ex-
tinctions will necessarily occur. 

Predation and Biodiversity 
In certain communities, predation by a particular species re-
duces competition and increases diversity. If the starfish Pisas-
ter is removed from areas along the rocky intertidal zone on
the west coast of North America, the mussel Mytilus increases
in number and excludes other invertebrates and algae from
attachment sites on the rocks. The species richness declines
drastically. Predators that regulate competition and maintain
the diversity of a community are now called keystone preda-
tors. The elephant is a possible keystone predator in Africa.
Elephants feed on shrubs and small trees, causing woodland
habitats to become open grassland. This is not beneficial to
the elephant, which needs woody species in its diet, but it is
beneficial to other ungulates that graze on grasses. 

Data from various sources suggest that
biodiversity is increased when an area is large with
many habitats and when normal ecological
interactions, such as predation, are maintained. 

Intermediate Disturbance Hypothesis
Increasingly, it has become apparent that the most complex
communities most likely consist of habitat patches that are
at various stages of succession. Each successional stage has
its own mix of plants and animals, and if a sample of all
stages is present, community diversity would be greatest. 

The intermediate disturbance hypothesis states that a mod-
erate amount of disturbance is required for a high degree of
community diversity. Fires, for example, promote under-
story plant diversity by preventing longer-lived shrub
species from outcompeting annuals. Naturally, if widespread
disturbances occur frequently, diversity is expected to be lim-
ited; on the other hand, if disturbances such as fires are very
infrequent, diversity will also be limited (Fig. 34.13).  

Island Biogeography
According to the equilibrium hypothesis of island biogeog-
raphy, every island has a balance between rate of immigra-
tion of new species and the rate of extinction of species that
are already on the island (Fig. 34.14). What could affect these
two rates? The size of the island is certainly one important
variable: a large island would get more colonists and suffer
the least amount of extinction, while a small island would
get fewer colonists and suffer the most amount of extinction. 

This theory applies to biodiversity! In Panama, Barro
Colorado Island (BCI) was created in the 1910s when a river
was dammed to form a lake. As predicted by the equilib-
rium hypothesis of island biogeography, BCI lost species be-
cause it was an island now cut off from the mainland.
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Figure 34.13 The intermediate disturbance hypothesis.
This hypothesis is illustrated by a graph: diversity is greatest when
disturbances are intermediate in frequency and size. What is the
relative community diversity when disturbances are frequent and take
in a large area? What is the relative community diversity when
disturbances are infrequent and small in size?

Figure 34.14 Theory of island biogeography.
The biodiversity of any island whether surrounded by water or by
human society is a balance between immigration and extinction.
Large islands will be more diverse than small islands. Similarly, large
terrestrial areas that are in contact with other natural areas will be
more diverse than those that have limited access.
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Summarizing the Concepts

34.1 Community Composition and Diversity
A community is an assemblage of populations interacting with one an-
other within the same environment. Communities differ in their com-
position (species found there) and their diversity (species richness and
relative abundance). Abiotic factors such as latitude and environmen-
tal gradients seem to largely control community composition.

An organism’s habitat is where it lives in the community. An eco-
logical niche is defined by the role an organism plays in its community,
including its habitat and how it interacts with other species in the com-
munity. 

34.2 Competition
According to the competitive exclusion principle, no two species can
occupy the same niche at the same time when resources are limiting.
When resources are partitioned between two or more species, resource
partitioning has occurred. Often we have to assume that we are seeing
the results of competition. Barnacles competing on the Scottish coast
may be an example of present ongoing competition. 

34.3 Predation
Predator-prey interactions between two species are influenced by envi-
ronmental factors. Sometimes predation can cause prey populations to
decline and remain at relatively low densities, or a cycling of popula-
tion densities may occur. 

Prey defenses take many forms: camouflage, use of fright, and
warning coloration are three possible mechanisms. Batesian mimicry
occurs when one species has the warning coloration but lacks the de-
fense. Müllerian mimicry occurs when two species with the same
warning coloration have the same defenses. 

34.4 Symbiosis
In a parasitic relationship, the parasite benefits and the host is harmed. In
a commensalistic relationship, neither party is harmed. And in a mutu-
alistic relationship, both partners benefit. Parasites often utilize more
than one host as is the case with deer ticks. In a commensalistic relation-
ship, one species often provides a home and/or transportation for an-
other species. Mutualistic relationships are quite varied. Flowers and
their pollinators, algae and fungi in a lichen, ants who have a plant part-
ner, and cleaning symbiosis are all examples of mutualistic relationships.

34.5 Community Stability and Diversity
A change in community composition over time is called ecological succes-
sion. A climax community is associated with particular geographic areas. 

Heterogeneity caused by the presence of patches in different
stages of succession results in the most diversity. The intermediate dis-
turbance hypothesis states that a moderate amount of disturbance is re-
quired for a high degree of community diversity. 

In keeping with the equilibrium hypothesis of island biogeogra-
phy, a natural area must be large and in contact with other natural areas
in order to preserve biodiversity. Only then can interactions like preda-
tion and competition which also preserve diversity continue as before. 
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Today, we are very much concerned
about emerging diseases caused by

parasites. Emerging diseases are ones like
AIDS and Ebola, which emerge from their
natural host to cause illness in humans. In
1993, the hantavirus strain emerged from
the common deer mouse and killed about
60 young people in the Southwest. In the
case of hantavirus, we know that climate
was involved. An unusually mild winter
and wet spring caused piñon trees to
bloom well and provide pine nuts to the
mice. The increasing deer mouse popula-
tion came into contact with humans, and
the hantavirus leaped easily from mice to
humans. The prediction is that global
warming will upset normal weather cycles
and result in outbreaks of hantavirus as
well as malaria, dengue and yellow fevers,
filariasis, encephalitis, schistosomiasis,
and cholera. Clearly any connection be-
tween global warming and emerging dis-

eases offers another reason why green-
house gases should be curtailed. 

In December of 1997, 159 countries
met in Kyoto, Japan, to work out a proto-
col that would reduce greenhouse gases
worldwide. Greenhouse gases are those
like carbon dioxide and methane, which
allow the sun’s rays to pass through but
then trap the heat from escaping. It is be-
lieved that the emission of greenhouse
gases, especially from power plants, will
cause earth’s temperature to rise 1.5°–4.5°

by 2060. The U.S. Senate does not want to
ratify the agreement because it does not in-
clude a binding emissions commitment
from the less-developed countries. While
the U.S. presently emits a large proportion
of the greenhouse gases, China is expected
to pass the United States in about 2020 to
become the biggest source of greenhouse
emissions. 

Negotiations with the developing

countries is still going on and some cre-
ative ideas have been put forward. Why
not have a trading program that allows
companies to buy and sell emission credits
across international boundaries? Accom-
panying that would be a market in green-
house reduction techniques. If it became
monetarily worth their while, companies
in developing countries would have an in-
centive to reduce greenhouse emissions.

Questions
1. Should the less-developed countries as

well as the more-developed countries be
expected to reduce their greenhouse
emissions? Why or why not?

2. Do you approve of giving companies
monetary incentives to reduce greenhouse
emissions? Why or why not?

3. If you were a CEO, would you be willing
to reduce greenhouse emissions simply
because they cause a deterioration of the
environment and probably cause human
illness? Why or why not? 
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Studying the Concepts

1. Compare and contrast community composition with commu-
nity diversity. What are the two aspects of community diver-
sity? 702

2. Describe the habitat and ecological niche of some particular
organism. 703

3. What is the competitive exclusion principle? How does the
principle relate to resource partitioning? 704-06

4. What is the special significance of the barnacle experiment off
the coast of Scotland? 706

5. Why might you expect a cycling between predator and prey
populations? 707

6. Give examples of prey defenses. What is mimicry, and why
does it work as a prey defense? 708

7. Give examples of parasitism, commensalism, and mutualism
in order to show the differences between these interactions.
710-11

8. What is ecological succession? Discuss three models to
explain the process of succession. 712

9. What is the intermediate disturbance hypothesis, and how
does it relate to community diversity? 713

10. How can predation increase biodiversity? 713

Testing Yourself

1. Place a dot on the following graph to indicate “intermediate
disburbance.” What does the graph tell you about the rela-
tionship between community diversity and disturbance? 

4. Clownfishes live among sea anemone tentacles, where they
are protected. If the clownfish provides no service to the
anemone, this is an example of
a. competition. d. commensalism.
b. predation. e. mutualism.
c. parasitism.

5. Two species of barnacles vie for space in the intertidal zone.
The one that remains is
a. the better competitor.
b. better adapted to the area.
c. the better predator on the other.
d. the better parasite on the other.
e. Both a and b are correct.

6. A bullhorn acacia provides a home and nutrients for ants.
Which statement is correct?
a. The plant is under the control of pheromones produced by

the ants.
b. The ants protect the plant.
c. They compete with one another.
d. They have coevolved to occupy different ecological 

niches.
e. All of these are correct.

7. The ecological niche of an organism
a. is the same as its habitat.
b. includes how it competes and acquires food.
c. is specific to the organism.
d. is usually occupied by another species.
e. Both b and c are correct.

8. The frilled lizard of Australia suddenly opened its mouth
wide and unfurled folds of skin around its neck. Most likely
this was a way to
a. conceal itself.
b. warn that it was noxious to eat.
c. scare a predator.
d. scare its prey.
e. All of these are correct.

9. When one species mimics another species, the mimic some-
times
a. lacks the defense of the model.
b. possesses the defense of the model.
c. is brightly colored.
d. competes with another mimic.
e. All of these are correct.

10. Which of these models of succession are mismatched?
a. climax model—last stage is the one typical of that commu-

nity.
b. facilitation model—each stage helps the next stage to take

place.
c. inhibition model—each stage hinders the next stage from

occurring.
d. tolerance model—chance determines which plants are

present, and life cycles determine how long each stage is
present.

e. None of these are mismatched.
11. Which of these most likely would help account for diversity

in a coral reef?
a. warm temperatures d. prey defenses
b. presence of predation e. All of these are correct.
c. intermediate disturbance
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Choose the best answer for each question.
2. Six species of monkeys are found in a tropical forest. Most

likely, they
a. occupy the same ecological niche.
b. eat different foods and occupy different ranges.
c. spend much time fighting each other.
d. are from different stages of succession.
e. All of these are correct.

3. Leaf cutter ants keep fungal gardens. The ants provide food for
the fungus but also feed on the fungus. This is an example of
a. competition. d. parasitism.
b. predation. e. mutualism.
c. commensalism.
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Understanding the Terms

climax community 712
coevolution 708
commensalism 710
community 702
competition 704
competitive exclusion

principle 704
ecological niche 703
ecological succession 712
habitat 703

keystone predator 713
mimicry 708
mutualism 711
parasitism 710
predation 707
predator 707
prey 707
resource partitioning 706
symbiosis 710

Match the terms to these definitions:
a. Theory that no two species can occupy the same

niche.
b. Directional pattern of change in which one com-

munity replaces another until a community typical of the area
results.

c. Relationship that occurs when two different
species live together in a unique way; it may be beneficial,
neutral, or detrimental to one and/or the other species.

d. Role an organism plays in its community, includ-
ing its habitat and its interactions with other organisms.

e. Symbiotic relationship in which one species is
benefited, and the other is neither harmed nor benefited.

Thinking Scientifically

1. There are two types of competition: scramble competition, in
which all organisms have equal access to resources, and con-
test competition, in which a contest decides which organism
will have access to resources.
a. When a large population of blowfly larvae are provided

with a limited amount of food in the laboratory, most
larvae die from lack of food. Which type of competition
most likely took place? Why?

b. In a baboon troop, certain males receive food and mate
first. These males receive this treatment because they suc-
cessfully fought other males. Which type of competition
occurred? Why?

c. In nature, blowflies are not restricted to a particular terri-
tory, although baboons are. How does this information
help to explain why scramble competition is seen in the
one species and contest competition is seen in the other?

2. Sometimes it is difficult to determine what type of symbiotic
relationship organisms have.
a. In lichens, fungal hyphae characteristically penetrate algal

cells via specialized organs called haustoria. What type of
symbiotic relationship is suggested by this information?
Why?

b. In lichens, algae are surrounded and mechanically pro-
tected by the meshwork of fungal hyphae, which absorb
water and minerals from the substrate. If the algae benefit
from this arrangement, what type of relationship do the
two organisms have? Why?

c. Both the fungi and the algae found in a lichen can exist
separately. Is this counter to a parasitic relationship, but
consistent with a mutualistic one?

Using Technology

Your study of community ecology is supported by these available
technologies:

Essential Study Partner CD-ROM
Ecology ££ Communities

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader
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Biosphere

Chapter Concepts

35.1 Climate and the Biosphere
• Solar radiation provides the energy that drives

climate differences in the biosphere. 718
• Global air circulation patterns and physical

features produce the various patterns of
temperature and rainfall about the globe. 719

35.2 Biomes of the World
• Communities can be divided into a few major

classes of terrestrial and aquatic biomes. 721

35.3 Terrestrial Biomes
• The earth’s major terrestrial biomes are forests

(broadleaf and coniferous), shrublands,
grasslands (tropical savanna and temperate
grasslands), tundra, and deserts. 722

35.4 Aquatic Biomes
• The earth’s major aquatic biomes are of two

types: freshwater and saltwater (usually 
marine). 731

• Ocean currents also affect the climate and the
weather over the continents. 736

Coral reefs located in shallow tropical waters are among the most
productive of the biological communities. Some fish feed on plank-
ton brought by the tides, but photosynthesizing algae also produce
food (organic nutrients) for themselves and other members of the
reef.
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35.1 Climate and the Biosphere
The distribution of biomes in the biosphere is dependent
upon (1) variations in reception of solar radiation due to a
spherical earth, (2) the tilt of the earth’s axis as it rotates
about the sun, (3) distribution of land masses and oceans,
and (4) topography (landscape) features. Due to these fac-
tors, climate is particularly dictated by temperature and
rainfall differences throughout the biosphere. 

Air Circulation
Because the earth is a sphere, the sun’s rays are more direct
at the equator and more spread out at polar regions. There-
fore, the tropics are warmer than temperate regions (Fig.
35.1a). The tilt of the earth as it orbits around the sun causes
one pole or the other to be closer to the sun (except at the
spring and fall equinoxes), and this accounts for the sea-
sonal changes in climate in all parts of the earth except the
equator (Fig. 35.1b). When the Northern Hemisphere is hav-
ing winter, the Southern Hemisphere is having summer and
vice versa. 

718 Part 7 Behavior and Ecology 35-2

As the space shuttle orbits the earth, astronauts inside
train a variety of cameras and other survey instru-
ments on the planet below them. The first target is the

frigid land near the North Pole. Having little rainfall and de-
void of light most of the year, this Arctic tundra only teems
with life in summer, when animals such as caribou migrate to
the region. The shuttle scientists next concentrate their at-
tention on a tropical rain forest in South America, home to a
tremendous diversity of animal and plant species—many
still undocumented. The astronauts then direct their devices
toward the Sahara, the massive desert that spans Northern
Africa. As dry as the Arctic tundra, but considerably warmer,
the desert is nevertheless home to an impressive variety of
hardy plants and animals. Finally, the shuttle passes above
the waters of the south Pacific, where the scientists try to
determine if the weather phenomenon called El Niño will
strike again. In its brief time in orbit, the shuttle has studied
strikingly different parts of the earth’s biosphere, the thin
layer of water, land, and air inhabited by living organisms.

Figure 35.1 Distribution of solar energy.
a. Since the earth is a sphere, beams of solar energy striking the earth near one of the poles is spread over a wider area than similar beams
striking the earth at the equator. b. The seasons of the Northern and Southern Hemispheres are due to the tilt of the earth on its axis as it rotates
about the sun.
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In the atmosphere, heat always passes from warm areas
to colder areas. If the earth were standing still, and were a
solid, uniform ball, all air movements—which we call
winds—would be in two directions. Warm equatorial air
would rise and move directly to the poles, creating a zone of
lower pressure that would be filled by cold polar air moving
equatorward.

Because the earth rotates, and because its surface con-
sists of continents and oceans, the flows of warm and cold
air are modified into three large circulation cells in each
hemisphere (Fig. 35.2). At the equator, the sun heats the air
and evaporates water. The warm moist air rises, cools, and
loses most of its moisture as rain. The greatest amounts of
rainfall on earth are near the equator. The rising air flows to-
ward the poles, but at about 30° north and south latitude it
sinks toward the earth’s surface and reheats. As the air de-
scends and warms, it becomes very dry, creating zones of
low rainfall. The great deserts of Africa, Australia, and the
Americas occur at these latitudes. At the earth’s surface, the
air flows both poleward and equatorward. At about 60°
north and south latitude, the air rises and cools, producing
another zone of high rainfall. This moisture supports the
great forests of the Temperate Zone. Part of this rising air
flows equatorward, and part continues poleward, descend-
ing near the poles, which are zones of low precipitation. 

The earth is not standing still; it is rotating on its axis
daily. The spinning of the earth affects the winds, so that the
major global circulation systems flow toward the east or west
rather than directly north or south (Fig. 35.2). Between about
30° north latitude and 30° south latitude, the winds blow
from the southeast to the west in the Southern Hemisphere

and from the northeast to the west in the Northern Hemi-
sphere (the east coasts of continents at these latitudes are
wet). These are called trade winds because sailors depended
upon them to fill the sails of their trading ships. Between 30°
and 60° north and south latitude, strong winds, called the
prevailing westerlies, blow from west to east. The west coasts
of the continents at these latitudes are wet, as is the Pacific
Northwest where a massive evergreen forest is located.
Weaker winds, called the polar easterlies, blow from east to
west at still higher latitudes of their respective hemispheres. 

Topography means the physical features or “the lay” of
the land. One topographical feature that affects climate is
the presence of mountains. As air blows up and over a
mountain range, it rises and cools. This side of the moun-
tain, called the windward side, receives more rainfall than
the other side, called the leeward side. On the leeward side,
the air descends, picks up moisture and produces clear
weather (Fig. 35.3). The difference between the windward
side and the leeward side can be quite dramatic. In the
Hawaiian Islands, for example, the windward side of the
mountains receives more than 750 cm of rain a year, while
the leeward side, which is in a rain shadow, gets on the av-
erage only 50 cm of rain and is generally sunny. In the
United States, the western side of the Sierra Nevada Moun-
tains is lush, while the eastern side is a semidesert. 

The distribution of solar energy and the rotation and
path of the earth about the sun affect how the winds
blow and the amount of rainfall that regions of the
biosphere receive. Topography also affects rainfall. 
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Figure 35.2 Global wind circulation.
At the equator, warm air rises and loses its moisture. At 30°, dry air
descends; therefore, deserts occur at 30° latitude around the world.
Because the earth is rotating on its axis, the trade winds move from
the northeast to west in the Northern Hemisphere, and from the
southeast to the west in the Southern Hemisphere. The westerlies
move toward the east.

Figure 35.3 Formation of a rain shadow.
When winds from the sea cross a coastal mountain range, they rise
and release their moisture as they cool this side of a mountain, which
is called the windward side. The leeward side of mountains receives
relatively little rain and is therefore said to lie in a “rain shadow.”
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Figure 35.4 Pattern of biome distribution.
a. Pattern of world biomes in relation to
temperature and moisture. The dashed line
encloses a wide range of environments in which
either grasses or woody plants can dominate the
area, depending on the soil type. b. The same type
of biome can occur in different regions of the world,
as shown on this global map.
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35.2 Biomes of the World
A biome is the largest biogeographical unit of the biosphere.
Although the term arose with reference only to terrestrial
communities, we will be using it for both terrestrial and
aquatic communities. A biome has a particular mix of plants
and animals that are adapted to living under certain envi-
ronmental conditions, of which climate has an overriding in-
fluence. For example, when terrestrial biomes are plotted
according to their mean annual temperature and mean an-
nual rainfall, a particular pattern results (Fig. 35.4a). The dis-
tribution of biomes is shown in Figure 35.4b. Even though
Figure 35.4 shows definite demarcations, the biomes gradu-
ally change from one type to the other. Also, although we
will be discussing each type of biome separately, we should
remember that each biome has inputs from and outputs to
all the other terrestrial and aquatic biomes of the biosphere. 

The pattern of life on earth is determined principally by
climate, which is influenced also by topographical features.

The effect of a temperature gradient can be seen not only
when we consider latitude but also when we consider alti-
tude. If you travel from the equator to the North Pole, it is
possible to observe first a tropical rain forest, followed by a
temperate deciduous forest, a coniferous forest, and tundra,
in that order, and this sequence is also seen when ascending
a mountain (Fig. 35.5). The coniferous forest of a mountain is
called a montane coniferous forest, and the tundra near the
peak of a mountain is called an alpine tundra. When going
from the equator to the South Pole, you would not reach a
region corresponding to a coniferous forest and tundra of
the Northern Hemisphere. Why not? Look at the distribu-
tion of the land masses—they are shifted toward the north. 

The distribution of biomes is determined by
physical factors such as climate (principally
temperature and rainfall), which varies according
to latitude and altitude. 
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Figure 35.5 Climate and biomes.
Biomes change with altitude just as they do with latitude because vegetation is partly determined by temperature. Rainfall also plays a significant
role, which is one reason why grasslands, instead of tropical or deciduous forests, are sometimes found at the base of mountains.
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35.3 Terrestrial Biomes
There are many major terrestrial biomes, and we will con-
sider these: tundra, coniferous forests (taiga, temperate rain
forest), temperate deciduous forest, tropical rain forest, sa-
vanna, temperate grasslands, shrubland, and desert.

Tundra
The Arctic tundra biome, which encircles the earth just south
of ice-covered polar seas in the Northern Hemisphere, covers
about 20% of the earth’s land surface (Fig. 35.6).
(A similar community, called the alpine tundra, occurs above
the timberline on mountain ranges.) The Arctic tundra is cold
and dark much of the year. Because rainfall amounts to only
about 20 cm a year, the tundra could possibly be considered a
desert, but melting snow creates a landscape of pools and
mires in the summer, especially because so little evaporates.
Only the topmost layer of earth thaws; the permafrost beneath
this layer is always frozen, and, therefore, drainage is minimal.

Trees are not found in the tundra because the growing
season is too short, their roots cannot penetrate the per-
mafrost, and they cannot become anchored in the boggy soil
of summer. In the summer, the ground is covered with short
grasses and sedges, but there also are numerous patches of
lichens and mosses. Dwarf woody shrubs, such as dwarf
birch, flower and seed quickly while there is plentiful sun
for photosynthesis.

A few animals live in the tundra year-round. For exam-
ple, the mouselike lemming stays beneath the snow; the
ptarmigan, a grouse, burrows in the snow during storms;
and the musk ox conserves heat because of its thick coat and
short, squat body. In the summer, the tundra is alive with
numerous insects and birds, particularly shorebirds and wa-
terfowl that migrate inland. Caribou and reindeer also mi-
grate to and from the tundra, as do the wolves that prey
upon them. Polar bears are common near the coast.
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Figure 35.6 The tundra.
a. In this biome, which is nearest the polar regions, the vegetation
consists principally of lichens, mosses, grasses, and low-growing
shrubs. b. Pools of water that do not evaporate nor drain into the
permanently frozen ground attract many birds that feed on the
plentiful insects in the summer. c. Caribou, more plentiful in the
summer than the winter, feed on lichens, grasses, and shrubs. c.

a.

b.
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Coniferous Forests
Coniferous forests are found in three loca-
tions: in the taiga, which extends around
the world in the northern part of North
America and Eurasia; near mountain
tops (where it is called a montane conif-
erous forest), and also along the Pacific
coast of North America, as far south as
northern California.

The taiga (Fig. 35.7a, b) typifies the
coniferous forest with its cone-bearing
trees, such as spruce, fir, and pine. These
trees are well adapted to the cold be-
cause both the leaves and bark have
thick coverings. Also, the needlelike
leaves can withstand the weight of
heavy snow. There is a limited under-
story of plants, but the floor is covered
by low-lying mosses and lichens beneath
the layer of needles. Birds harvest the
seeds of the conifers, and bears, deer,
moose, beaver, and muskrat live around
the cool lakes and along the streams.
Wolves prey on these larger mammals. A
montane coniferous forest also harbors
the wolverine and mountain lion.

The coniferous forest that runs along
the west coast of Canada and the United
States is sometimes called a temperate
rain forest. The prevailing winds mov-
ing in off the Pacific Ocean lose their
moisture when they meet the coastal
mountain range. The plentiful rainfall
along with a rich soil have produced
some of the tallest conifer trees ever in
existence, including the coastal red-
woods. This forest is also called an old-
growth forest because some trees are as
old as 800 years. It truly is an evergreen
forest because all trees are covered with
mosses, ferns, and other plants that grow
on their trunks. Whether the limited por-
tion remaining should be preserved
from logging has been quite a contro-
versy. Unfortunately, the controversy
has centered around the northern spot-
ted owl, which is endemic to this area.
The actual concern is conservation of
this particular ecosystem.
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Figure 35.7 The taiga.
The taiga, which means swampland, spans northern Europe, Asia, and North America. The
appellation “spruce-moose” refers to the dominant presence of spruce trees and moose,
which frequent the ponds.

bull moose,
Alces americanus
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Temperate Deciduous Forests
Temperate deciduous forests are found south of the taiga in
eastern North America (Fig. 35.8), eastern Asia, and much of
Europe. The climate in these areas is moderate, with rela-
tively high rainfall (75–150 cm per year). The seasons are
well defined, and the growing season ranges between 140
and 300 days. The trees, such as oak, beech, and maple, have
broad leaves and are termed deciduous trees; they lose their
leaves in the fall and grow them in the spring. 

The tallest trees form a canopy, an upper layer of leaves
that are the first to receive sunlight. Even so, enough sunlight
penetrates to provide energy for another layer of trees called
understory trees. Beneath these trees are shrubs that may
flower in the spring before the trees have put forth their
leaves. Still another layer of plant growth—mosses, lichens,

and ferns—resides beneath the shrub layer. This stratification
provides a variety of habitats for insects and birds. Ground
life is also plentiful. Squirrels, cottontail rabbits, shrews,
skunks, woodchucks, and chipmunks are small herbivores.
These and ground birds such as turkeys, pheasants, and
grouse are preyed on by red foxes. White-tail deer and black
bears have increased in number of late. In contrast to the
taiga, amphibians and reptiles occur in this biome because the
winters are not as cold. Frogs and turtles prefer an aquatic ex-
istence, as do the beaver and muskrat, which are mammals. 

Autumn fruits, nuts, and berries provide a supply of food
for the winter, and the leaves, after turning brilliant colors and
falling to the ground, contribute to the rich layer of humus.
The minerals within the rich soil are washed far into the
ground by the spring rains, but the deep tree roots capture
these and bring them back up into the forest system again. 
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Figure 35.8 Temperate deciduous forest.
A temperate deciduous forest is home to many and varied plants and animals. Millipedes can be found among leaf litter; chipmunks feed on
acorns; and bobcats prey on these and other small mammals.
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After DNA analysis, scientists were amazed to find that some
60% of loggerheads drowning in the nets and hooks of fisheries
in the Mediterranean Sea were from U.S. Southeast beaches.
Since the unlucky creatures were a good representative sample
of the turtles in the area, that meant that more than half the
young turtles living in the Mediterranean Sea had hatched from
nests on beaches in Florida, Georgia, and South Carolina. Some
20,000 to 50,000 loggerheads die each year due to the Mediter-
ranean fisheries, which may partly explain the decline of log-
gerheads nesting on U.S. Southeast beaches observed for the last
25 years. . . .

At the Institute of Arctic Biology at the University of Alaska,
Fairbanks, graduate student Sandra Talbot recently finished se-
quencing DNA by hand from Alaskan brown bears. Wildlife ge-
neticist Gerald Shields, who heads the program, and Talbot
have determined that there are two types of brown bears in
Alaska. One type resides only on southeastern Alaska’s Admi-
ralty, Baranof, and Chichagof Islands, known as the ABC Is-
lands. . . .

The other brown bear in Alaska is found throughout the rest
of the state, as well as in Siberia and western Asia. A third dis-
tinct type of brown bear, known as the Montana grizzly, resides
in other parts of North America. The three distinct types com-
prise all of the known brown bears in the New World.

The ABC bears’ uniqueness may be bad news for the timber
industry, which has expressed interest in logging parts of the
ABC Islands. Says Shields, “Studies show that when roads are
built and the habitat is fragmented, the population of brown
bears declines. Our genetic observations suggest they are truly
unique, and we should consider their heritage. They could
never be replaced by transplants. . . .”

In what will become a classic exam-
ple of how DNA analysis might be used
to protect endangered species from fu-
ture ruin, scientists from the United
States and New Zealand recently carried
out discreet experiments in a Japanese
hotel room on whale sushi bought in lo-
cal markets. A staple of the Japanese
diet, sushi is a rice and meat concoction
wrapped in seaweed. Armed with a
miniature DNA sampling machine, the
scientists found that of the 16 pieces of
whale sushi they examined, many were
from whales that are endangered or pro-
tected under an international morato-
rium on whaling. “Their findings
demonstrated the true power of DNA

studies,” says David Woodruff, a conservation biologist at the
University of California, San Diego.

One sample was from an endangered humpback, four were
fin whale, one was from a northern minke, and another from a
beaked whale. Stephen Palumbi, of the University of Hawaii,
says the technique could be used for monitoring and verifying
catches. Until then, he says, “no species of whale can be consid-
ered safe.”

Meanwhile, Ken Goddard, director of the unique U.S. Fish
and Wildlife Service Forensics Laboratory in Ashland, Oregon,
is already on the watch for wildlife crimes in the United States
and 122 other countries that send samples to him for analysis.
“DNA is one of the most powerful tools we’ve got,” says God-
dard, a former California police crime-lab director.

The lab has blood samples, for example, for all of the wolves
being released into Yellowstone Park— ”for the obvious reason
that we can match those samples to a crime scene,” says God-
dard. The lab has many cases currently pending in court that he
cannot discuss. But he likes to tell the story of the lab’s first
DNA-matching case. Shortly after the lab opened in 1989, Cali-
fornia wildlife authorities contacted Goddard. They had seized
the carcass of a trophy-size deer from a hunter. They believed the
deer had been shot illegally on a 3,000-acre preserve owned by
actor Clint Eastwood. The agents found a gut pile on the prop-
erty but had no way to match it to the carcass. The hunter had
two witnesses to deny the deer had been shot on the preserve.

Goddard’s lab analysis made a perfect match between tissue
from the gut pile and tissue from the carcass. Says Goddard:
“We now have a cardboard cutout of Clint Eastwood at the lab
saying ‘Go ahead: Make my DNA.’”
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Figure 35A Brown bear diversity.
These two brown bears appear to be similar, but DNA studies recently revealed that one type
known as an ABC bear resides only on southeastern Alaska’s Admiralty, Baranof, and
Chichagof Islands.
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Tropical Forests
In the tropical rain forests of South America, Africa, and the
Indo-Malayan region near the equator, the weather is al-
ways warm (between 20° and 25°C), and rainfall is plentiful
(with a minimum of 190 cm per year). This may be the rich-
est biome, both in terms of number of different kinds of
species and their abundance.

A tropical rain forest has a complex structure, with many
levels of life (Fig. 35.9). Some of the broadleaf evergreen trees
grow from 15 to 50 meters or more. These tall trees often have
trunks buttressed at ground level to prevent their toppling
over. Lianas, or woody vines, that encircle the tree as it grows,
also help to strengthen the trunk. The diversity of species is
enormous—a 10-km2 area of tropical rain forest may contain
750 species of trees and 1,500 species of flowering plants.

Although there is animal life on the ground (e.g., pacas,
agoutis, peccaries, and armadillos), most animals live in the

trees (Fig. 35.10). Insect life is so abundant that the majority
of species have not been identified yet. Termites play a vital
role in the decomposition of woody plant material, and ants
are found everywhere, particularly in the trees. The various
birds, such as hummingbirds, parakeets, parrots, and tou-
cans, are often beautifully colored. Amphibians and reptiles
are well represented by many types of frogs, snakes, and
lizards. Lemurs, sloths, and monkeys are well-known pri-
mates that feed on the fruits of the trees. The largest carni-
vores are the big cats—the jaguars in South America and the
leopards in Africa and Asia.

Many animals spend their entire life in the canopy, as do
some plants. Epiphytes are plants that grow on other plants
but usually have roots of their own that absorb moisture and
minerals leached from the canopy; others catch rain and debris
in hollows produced by overlapping leaf bases. The most com-
mon epiphytes are related to pineapples, orchids, and ferns.
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Figure 35.9 Tropical rain forest.
Levels of life in a tropical rain forest. Even the canopy (solid layer of leaves) has levels, and some organisms spend their entire life in one
particular level. Long lianas (hanging vines) climb into the canopy, where they produce leaves. Epiphytes are air plants that grow on the trees but
do not parasitize them.
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While we usually think of tropical forests as being non-
seasonal rain forests, there are tropical forests with wet and
dry seasons in India, Southeast Asia, West Africa, South and
Central America, the West Indies, and northern Australia.
Here, there are deciduous trees, with many layers of growth
beneath the trees. In addition to the animals just mentioned,
certain of these forests also contain elephants, tigers, and
hippopotamuses. 

Whereas the soil of a temperate deciduous forest biome
is rich enough for agricultural purposes, the soil of a tropical
rain forest biome is not. Nutrients are cycled directly from
the litter to the plants again. Productivity is high because of
high temperatures, a yearlong growing season, and the rapid
recycling of nutrients from the litter. (In humid tropical
forests, iron and aluminum oxides occur at the surface, caus-
ing a reddish residue known as laterite. When the trees are
cleared, laterite bakes in the hot sun to a bricklike consistency
that will not support crops.) Swidden agriculture, often
called slash-and-burn agriculture, is a type of agriculture that
has been successful, but also destructive, in the tropics. Trees
are felled and burned, and the ashes provide enough nutri-
ents for several harvests. Thereafter, the forest must be al-
lowed to regrow, and a new section must be cut and burned.

Figure 35.10 Animals of the tropical rain forest.
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Shrublands
It is difficult to define a shrub, but in general shrubs are
shorter than trees (4.5–6 m) with a woody persistent stem,
and no central trunk. Shrubs have small but thick evergreen
leaves that often are coated with a waxy material that pre-
vents loss of moisture from the leaves. Their thick under-
ground roots survive the dry summers and frequent fires
and take deep moisture from the soil. Shrubs are adapted to
withstand arid conditions and can also quickly sprout new
growth after a fire. As a point of interest, you will recall that
a shrub stage is a part of the process of both primary and
secondary succession. 

Shrublands tend to occur along coasts that have dry
summers and receive most of their rainfall in the winter. A
shrubland is found along the cape of South Africa, the west-
ern coast of North America, and the southwest and southern
shores of Australia, around the Mediterranean Sea, and in
central Chile. The dense shrubland that occurs in California
is known as chaparral (Fig. 35.11). This type of shrubland,
called the Mediterranean type, lacks an understory and
ground litter, and is highly flammable. The seeds of many
species require the heat and scarring action of fire to induce
germination. Other shrubs sprout from the roots after a fire.

There is also a northern shrub area that lies west of the
Rocky Mountains. This area is sometimes classified as a cold
desert, but the region is dominated by sagebrush and other
hardy plants. Some of the birds found here are dependent
upon sagebrush for their existence. 

Grasslands
Grasslands occur where rainfall is greater than 25 cm but is
generally insufficient to support trees. Natural grasslands
once covered more than 40% of the earth’s land surface, but
many areas that once were grasslands are now used for the
cultivation of crops, such as wheat and corn. In temperate
areas, where rainfall is between 10 and 30 inches a year,
grasslands occur. Here, it is too dry for forests and too wet
for deserts to form. 

The grasses are well adapted to a changing environment
and can tolerate a high degree of grazing, flooding, drought,
and sometimes fire. Where rainfall is high, large tall grasses
that reach more than 2 meters in height (e.g., pampas grass)
can flourish. In drier areas, shorter grasses between 5 and 10
cm are dominant. Low-growing bunch grasses (e.g., grama
grass) grow in the United States near deserts. Grasses also
generally grow in different seasons; some grassland animals
migrate, and ground squirrels hibernate, when there is little
grass for them to eat. 

The temperate grasslands include the Russian steppes,
the South American pampas, and the North American
prairies (Fig. 35.12). When traveling across the United
States from east to west, the line between the temperate
deciduous forest and a tall-grass prairie is roughly along
the border between Illinois and Indiana. The tall-grass
prairie requires more rainfall than does the short-grass
prairie that occurs near deserts. Large herds of bison—es-
timated at hundreds of thousands—once roamed the
prairies, as did herds of pronghorn antelope. Now, small
mammals, such as mice, prairie dogs, and rabbits, typi-
cally live belowground, but usually feed aboveground.

Hawks, snakes, badgers, coyotes, and foxes feed
on these mammals. Virtually all of these grass-
lands, however, have been converted to agricul-
tural lands.

Savannas, which are grasslands that contain
some trees, occur in regions where a relatively
cool dry season is followed by a hot, rainy one
(Fig. 35.13). One tree that can survive the severe
dry season is the flat-topped acacia, which sheds
its leaves during a drought. The African savanna
supports the greatest variety and number of large
herbivores of all the biomes. Elephants and gi-
raffes are browsers that feed on tree vegetation.
Antelopes, zebras, wildebeests, water buffalo, and
rhinoceroses are grazers that feed on grasses. Any
plant litter that is not consumed by grazers is at-
tacked by a variety of small organisms, among
them termites. Termites build towering nests in
which they tend fungal gardens, their source of
food. The herbivores support a large population
of carnivores. Lions and hyenas hunt in packs,
cheetahs hunt singly by day, and leopards hunt
singly by night.
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Figure 35.11 Shrubland.
Shrublands, such as chaparral in California, are subject to raging
fires, but the shrubs are adapted to quickly regrow.
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Figure 35.13 The savanna.
The African savanna varies from grassland to widely spaced shrubs and
trees because the soil is low in moisture and nutrients. This biome supports
a large and varied assemblage of grazers (e.g., zebras and wildebeests)
and browsers (e.g., giraffes). Cheetahs and lions prey on these.

Figure 35.12 The prairie. 
Tall-grass prairies are seas of grasses dotted by pines and junipers. Bison, once abundant,
are now being reintroduced into certain areas.
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Deserts
As discussed previously, deserts are usually found at lati-
tudes of about 30°, in both Northern and Southern Hemi-
spheres. The winds which descend in these regions lack
moisture. Therefore, the annual rainfall is less than 25 cm.
Days are hot because a lack of cloud cover allows the sun’s
rays to penetrate easily, but the nights are cold because heat
escapes easily into the atmosphere.

The Sahara, which stretches all the way from the At-
lantic coast of Africa to the Arabian Peninsula, and a few
other deserts have little or no vegetation. But most have a
variety of plants (Fig. 35.14). The best-known desert peren-
nials in North America are the succulent, spiny-leafed cacti,
which have stems that store water and carry on photosyn-
thesis. Also common are nonsucculent shrubs, such as the
many-branched sagebrush with silvery gray leaves and the
spiny-branched ocotillo that produces leaves during wet pe-
riods and sheds them during dry periods. 

Some animals are adapted to the desert environment.
Reptiles and insects have waterproof outer coverings that
conserve water. A desert has numerous insects, which pass
through the stages of development from pupa to the next
pupa again when there is rain. Reptiles, especially lizards
and snakes, are perhaps the most characteristic group of ver-
tebrates found in deserts, but running birds (e.g., the road-
runner) and rodents (e.g., the kangaroo rat) are also well
known (Fig. 35.14). Larger mammals, like the coyote, prey
on the rodents, as do the hawks.
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Figure 35.14 The desert.
Plants and animals that live in a desert are adapted to arid conditions. The plants are either succulents that retain moisture or shrubs with woody stems
and small leaves that lose little moisture. The kangaroo rat feeds on seeds and other vegetation; the roadrunner preys on insects, lizards, and snakes.
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35.4 Aquatic Biomes
Aquatic biomes are classified as two types: freshwater (in-
land) or saltwater (usually marine). Brackish water, however,
is a mixture of fresh and salt water. Figure 35.15 shows how
these communities are joined physically. In the water cycle,
the sun’s rays cause seawater to evaporate and the salts are
left behind. The vaporized fresh water rises into the atmo-
sphere, cools, and falls as rain either over the ocean or over the
land. A lesser amount of water also evaporates from and re-
turns to the land. Since land lies above sea level, gravity even-
tually returns all fresh water to the sea, but in the meantime, it
is contained within standing waters (lakes and ponds), flow-
ing waters (streams and rivers), and groundwater.

When rain falls, some of the water sinks or percolates into
the ground and saturates the earth to a certain level. The top of
the saturation zone is called the groundwater table, or simply
the water table. Wherever the earth contains basins or chan-
nels, water will appear to the level of the water table. The

water within basins is called lakes and ponds, and the water
within channels is called streams or rivers. Sometimes ground-
water is also located in underground rivers called aquifers.

Humans have the habit of channeling aboveground rivers
and filling in wetlands (lands that are wet for at least part of
the year). These activities degrade ecosystems and eventually
cause seasonal flooding. Wetlands provide food and habitats
for fish, waterfowl, and other wildlife. They also purify waters
by filtering them and by diluting and breaking down toxic
wastes and excess nutrients. Wetlands directly absorb storm
waters and also absorb overflows from lakes and rivers. In this
way they protect farms, cities, and towns from the devastating
effects of floods. There are now federal and local laws for the
protection of wetlands, but they are not always enforced.

Aquatic biomes can be classified as freshwater or
saltwater. The two sets of communities interact
and are joined by the water cycle.
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stonefly larva, Plecoptera sp. red banded trout, Salmo gairdneri

carp, Cyprinus carpio

Figure 35.15 Streams and rivers. 
Mountain streams have cold, clear water that flows over waterfalls and rapids. The feet of this long-legged stonefly insect larva are clawed,
helping it to hold on to stones. Trout are found in occasional pools of the highly oxygenated water. As the streams merge, a river forms that gets
increasingly wider and deeper until it meanders across broad, flat valleys. Carp are adapted to water that contains little oxygen and has much
sediment. At its mouth, a river may divide into many channels where wetlands and estuaries are located.
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Lakes 
Lakes are bodies of fresh water often classified by their nu-
trient status. Oligotrophic (nutrient-poor) lakes are charac-
terized by low organic matter and low productivity.
Eutrophic (nutrient-rich) lakes are characterized by high or-
ganic matter and high productivity. Such lakes are usually
situated in naturally nutrient-rich regions or are enriched by
agricultural or urban and suburban runoffs. Oligotrophic
lakes can become eutrophic through large inputs of nutri-
ents (Fig. 35.16). This process is called eutrophication. 

In the temperate zone, deep lakes are stratified in the
summer and winter. In summer, lakes in the temperate zone
have three layers of water that differ in temperature (Fig.
35.17). The surface layer, the epilimnion, is warm from solar
radiation; the middle thermocline experiences an abrupt

drop in temperature; and the hypolimnion is cold. These dif-
ferences in temperature prevent mixing. The warmer, less
dense water of the epilimnion “floats” on top of the colder,
more dense water of the hypolimnion.

As the season progresses, the epilimnion becomes
nutrient-poor, while the hypolimnion begins to be depleted
of oxygen. The phytoplankton found in the sunlit epi-
limnion use up nutrients as they photosynthesize. Photo-
synthesis releases oxygen, giving this layer a ready supply.
Detritus naturally falls by gravity to the bottom of the lake,
and here oxygen is used up as decomposition occurs. De-
composition releases nutrients, however.

In the fall, as the epilimnion cools, and in the spring, as
it warms, an overturn occurs. In the fall, the upper epi-
limnion waters become cooler than the hypolimnion waters.
This causes the surface water to sink and the deep water to
rise. The fall overturn continues until the temperature is
uniform throughout the lake. At this point, wind aids in the
circulation of water so that mixing occurs. Eventually, oxy-
gen and nutrients become evenly distributed.
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epilimnion 24° – 25°C
thermocline 13° – 18°C
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Figure 35.16 Types of lakes.
Lakes can be classified according to whether they
are (a) oligotrophic (nutrient-poor) or (b) eutrophic
(nutrient-rich). Eutrophic lakes tend to have large
populations of algae and rooted plants, resulting in
a large population of decomposers that use up
much of the oxygen, leaving little oxygen for fishes.

Figure 35.17 Lake stratification.
Temperature profiles of a large oligotrophic lake in a temperate region vary with the
season. During spring and fall overturn, the deep waters receive oxygen from surface
waters, and surface waters receive inorganic nutrients from deep waters.
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As winter approaches, the water cools. Ice formation be-
gins at the top, and the ice remains there because ice is less
dense than cool water. Ice has an insulating effect, prevent-
ing further cooling of the water below. This permits aquatic
organisms to live through the winter in the water beneath
the surface of the ice.

In the spring, as the ice melts, the cooler water on top
sinks below the warmer water on the bottom. The spring
overturn continues until the temperature is uniform
through the lake. At this point, wind aids in the circulation
of water as before. When the surface waters absorb solar ra-
diation, thermal stratification occurs once more.

This vertical stratification and seasonal change of temper-
atures in a lake basin influence the seasonal distribution of fish
and other aquatic life in the lake basin. For example, coldwater
fish move to the deeper water in summer and inhabit the up-
per water in winter. In the fall and spring just after mixing oc-
curs, phytoplankton growth at the surface is most abundant.

Life Zones
In both fresh and salt water, free-drifting microscopic organ-
isms, called plankton, are important components of the com-
munity. Phytoplankton are photosynthesizing algae that

become noticeable when a green scum or red tide appears on
the water. Zooplankton are animals that feed on the phyto-
plankton. Lakes and ponds can be divided into several life
zones. The littoral zone is closest to the shore, the limnetic zone
forms the sunlit body of the lake, and the profundal zone is be-
low the level of light penetration (Fig. 35.18). The benthic zone
includes the sediment at the soil-water interface. Aquatic
plants are rooted in the shallow littoral zone of a lake, and
various microscopic organisms cling to these plants and to
rocks. Some organisms such as the water strider live at the
water-air interface and can literally walk on water. In the lim-
netic zone, small fishes, such as minnows and killifish feed
on plankton and also serve as food for large fishes. In the pro-
fundal zone, there are zooplankton and fishes such as white-
fish that feed on debris that falls from above. Pike species are
“lurking predators.” They wait among vegetation around the
margins of lakes and surge out to catch passing prey. 

A few insect larvae are in the limnetic zone, but they are
far more prominent in both the littoral and profundal zones.
Midge larvae and ghost worms are common members of the
benthos. The benthos are animals that live on the bottom in
the benthic zone. In a lake, the benthos include crayfish,
snails, clams, and various types of worms and insect larvae.
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Figure 35.18 Zones of a lake.
Rooted plants and clinging organisms live in the littoral zone. Phytoplankton, zooplankton, and fishes are in the sunlit limnetic zone. Water
striders stand on the surface film of water with water-repellent feet. Crayfishes and mollusks are in the profundal zone and also the littoral zone.
Pike are top carnivores prized by fishermen.
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Coastal Communities
Near the mouth of a river, a salt marsh in the temperate zone
and a mangrove swamp in the subtropical and tropical zones
are likely to develop. Also, the silt carried by a river may
form mudflats. It is proper to think of seacoasts and mud-
flats, salt marshes, and mangrove swamps as belonging to
one ecological system.

Estuaries
An estuary is a partially enclosed body of water where
fresh water and seawater meet and mix (Fig. 35.19). A
river brings fresh water into the estuary, and the sea, be-
cause of the tides, brings salt water. Coastal bays, tidal
marshes, fjords (an inlet of water between high cliffs),
some deltas (triangular-shaped areas of land at the
mouths of rivers), and lagoons (a body of water separated
from the sea by a narrow strip of land) are all examples of
estuaries.

Organisms living in an estuary must be able to with-
stand constant mixing of waters and rapid changes in
salinity. Not many organisms are suited to this environ-
ment, but for those that are suited, there is an abundance
of nutrients. An estuary acts as a nutrient trap because the
sea prevents the rapid escape of nutrients brought by a
river.

Although only a few small fish permanently reside in an
estuary, many develop there, so that there is always an
abundance of larval and immature fish. It has been esti-
mated that well over half of all marine fishes develop in the
protective environment of an estuary, which explains why
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Marine snails, at the base of salt
marsh cordgrass, feed on algae.

b.

a.

Figure 35.20 Types of estuaries.
Many types of regions qualify as estuaries, such as the salt marsh
depicted in Figure 35.19 and (a) mudflats, which are frequented by
migrant birds, and (b) mangrove swamps skirting the coastlines of
many tropical and subtropical lands. The tangled roots of mangrove
trees trap sediments and nutrients that sustain many immature forms
of sea life.

Figure 35.19 Estuary structure and function.
Since an estuary is located where a river flows into the ocean, it receives nutrients from land. Estuaries serve as a nursery for the spawning and
rearing of the young for many species of fishes, shrimp and other crustaceans, and mollusks.
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estuaries are called the nurseries of the sea. Estuaries are also
feeding grounds for many birds, fish, and shellfish because
they offer a ready supply of food. 

Salt marshes dominated by salt marsh cordgrass are of-
ten associated with estuaries. So are mudflats and mangrove
swamps, where sediment and nutrients from the land collect
(Fig. 35.20).

Seashores
Both rocky and sandy shores are constantly bombarded by
the sea as the tides roll in and out (Fig. 35.21). The littoral
zone lies between the high and low water marks. The lit-
toral zone of a rocky beach is divided into subzones. In the
upper portion of the littoral zone, barnacles are glued so
tightly to the stone by their own secretions that their cal-
careous outer plates remain in place even after the enclosed
shrimplike animal dies. In the midportion of the littoral
zone, brown algae known as rockweed may overlie the bar-
nacles. In the lower portions of the littoral zone, oysters and

mussels attach themselves to the rocks by filaments called
byssal threads. Also present are snails called limpets and
periwinkles. But periwinkles have a coiled shell and secure
themselves by hiding in crevices or under seaweeds, while
limpets press their single flattened cone tightly to a rock.
Below the littoral zone, macroscopic seaweeds, which are
the main photosynthesizers, anchor themselves to the rocks
by holdfasts.

Organisms cannot attach themselves to shifting, unsta-
ble sands on a sandy beach; therefore, nearly all the perma-
nent residents dwell underground. They either burrow
during the day and surface to feed at night, or they remain
permanently within their burrows and tubes. Ghost crabs
and sandhoppers (amphipods) burrow themselves above
the high tide mark and feed at night when the tide is out.
Sandworms and sand (ghost) shrimp remain within their
burrows in the littoral zone and feed on detritus whenever
possible. Still lower in the beach, clams, cockles, and sand
dollars are found.
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Figure 35.21 Seacoasts.
a. The littoral zone of a rocky coast, where the tide comes in and out,
has different types of shelled and algal organisms at its upper,
middle, and lower portions. b. Some organisms of a rocky coast live
in tidal pools. c. A sandy shore looks devoid of life except for the
birds that feed there. However, a number of invertebrate species
burrow in the sand and sediment beneath the sand. 
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Oceans
Climate is driven by the sun, but the oceans play a major
role in redistributing heat in the biosphere. Water tends to be
warm at the equator and much cooler at the poles because of
the distribution of the sun’s rays, as we have discussed be-
fore (see Fig. 35.1a). Air takes on the temperature of the wa-
ter below, and warm air moves from the equator to the
poles. In other words, the oceans make the winds blow. (The
land masses also play a role, but the oceans hold heat longer
and remain cool longer during periods of changing temper-
ature than do solid continents.)

When the wind blows strongly and steadily across a
great expanse of ocean for a long time, friction from the
moving air begins to drag the water along with it. Once the
water has been set in motion, its momentum, aided by the
wind, keeps it moving in a steady flow we call a current. Be-
cause the ocean currents eventually strike land, they move
in a circular path—clockwise in the Northern Hemisphere
and counterclockwise in the Southern Hemisphere (Fig.
35.22). As the currents flow, they take warm water from the
equator to the poles. One such current, called the Gulf
Stream, brings tropical Caribbean water to the east coast of
North America and the higher latitudes of western Europe.
Without the Gulf Stream, Great Britain, which has a rela-

tively warm temperature, would be as cold as Greenland. In
the Southern Hemisphere, another major ocean current
warms the eastern coast of South America. 

Also, in the Southern Hemisphere a current called the
Humboldt Current flows toward the equator. The Hum-
boldt Current carries phosphorus-rich cold water north-
ward along the west coast of South America. During a
process called upwelling, cold offshore winds cause cold
nutrient-rich waters to rise and take the place of warm
nutrient-poor waters. In South America, the enriched waters
cause an abundance of marine life that supports the fisheries
of Peru and northern Chile. Birds feeding on these organ-
isms deposit their droppings on land, where it is mined as
guano, a commercial source of phosphorus. When the Hum-
boldt Current is not as cool as usual, upwelling does not oc-
cur, stagnation results, the fisheries decline, and climate
patterns change globally. This phenomenon, which is dis-
cussed in the accompanying reading, is called El
Niño–Southern Oscillation. 

Major ocean currents move heat from the equator
to cooler parts of the biosphere. The Gulf Stream
warms the east coast of North America and parts
of Europe.
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Figure 35.22 Ocean currents.
The arrows on this map indicate the locations and directions of the major ocean currents set in motion by the global wind circulation. By carrying
warm water to cool latitudes (e.g., Gulf Stream) and cool water to warm latitudes (e.g., Humboldt Current), these currents have a major effect on
the world’s climates.
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where funds to import replacement supplies of food are limited.
There can even be a backward movement of winds and ocean

currents so that the waters can warm to more than 14° above nor-
mal along the west coast of the Americas. Now a severe El Niño
has occurred, and the weather changes are dramatic in the Amer-
icas also. Southern California is hit by storms and even hurri-
canes, and the deserts of Peru and Chile receive so much rain
that flooding occurs. A jet stream (strong wind currents) can
carry moisture into Texas, Louisiana, and Florida, with flooding
a near certainty. Or the winds can turn northward and deposit
snow in the mountains along the west coast so that flooding
occurs here in the spring. Some parts of the United States, how-
ever, benefit from an El Niño. The Northeast is warmer than
usual, few if any hurricanes hit the east coast, and there is a lull
in tornadoes throughout the Midwest. Altogether, a severe El
Niño affects the weather over three-quarters of the globe.

Eventually an El Niño dies out and normal conditions return.
The normal cold-water state off the coast of Peru is known as La
Niña (the girl). Figure 35B contrasts the weather conditions of a
La Niña with those of an El Niño. Since 1991, the sea surface has
been almost continuously warm and there have been two
recording-breaking El Niños. What could be causing more of the
El Niño state rather than the La Niña state? Some scientists are
seeking data to relate this environmental change to global
warming. Global warming is a rise in environmental tempera-
ture due to greenhouse gases, like carbon dioxide, in the atmo-
sphere. Like the glass of a greenhouse, the gases allow the sun’s
rays to pass through, but trap the heat. Greenhouse gases are
pollutants that human beings have been pumping into the
atmosphere since the industrial revolution.

El Niño—Southern Oscillation

Figure 35B a. La Niña
• Upwelling off the west coast of South America brings cold

waters to the surface.
• High barometric pressure over southeastern Pacific.
• Monsoons associated with Indian Ocean occur.
• Hurricanes off the east coast of the U.S.

b. El Niño
• Great ocean warming off the west coast of the Americas.
• Low barometric pressure over southeastern Pacific.
• Monsoons associated with Indian Ocean fail.
• Hurricanes off the west coast of the U.S.

Climate largely determines the distribution of life on earth.
Short-term variations in climate, which we call weather, also
have a pronounced effect on living things. There is no better ex-
ample than an El Niño. Originally, El Niño referred to a warm-
ing of the seas off the coast of Peru at Christmas time—hence its
name El Niño, “the boy child” for the Christ child Jesus. 

Now scientists prefer the term El Niño-Southern Oscillation
(ENSO) for a severe weather change brought on by an interac-
tion between the atmosphere and ocean currents. Ordinarily the
southeast trade winds move along the coast of South America
and turn west because of the earth’s daily rotation on its axis. As
the winds drag warm ocean waters from east to west, there is an
upwelling of nutrient-rich cold water from the ocean’s depths
that results in a bountiful Peruvian harvest of anchovies. When
the warm ocean waters reach their western destination, the
monsoons bring rain to India and Indonesia. Scientists have
noted that these events correlate with a difference in the baro-
metric pressure over the Indian Ocean and the southeastern
Pacific—the barometric pressure is low over the Indian Ocean
and the barometric pressure is high over the southeastern
Pacific. But when a “southern oscillation” occurs and the baro-
metric pressures switch, an El Niño begins. 

During an El Niño, both the northeast and the southeast trade
winds slacken. Upwelling no longer occurs and the anchovy fish-
ery off the coast of Peru plummets. During a severe El Niño, wa-
ters from the east never reach the west and the winds lose their
moisture in the middle of the Pacific instead of over the Indian
Ocean. The monsoons fail and there is drought in India, Indonesia,
Africa, and Australia. Harvests decline, cattle must be slaugh-
tered, and famine is likely in highly populated India and Africa,

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Pelagic Division
The oceans cover approximately three-quarters of our
planet. The geographic areas and zones of an ocean are
shown in Figure 35.23. It is customary to place the organ-
isms of the oceans into either the pelagic division (open wa-
ters) or the benthic division (ocean floor).

The pelagic division includes the neritic province and
the oceanic province. The neritic province has a greater
concentration of organisms than the oceanic province be-
cause the neritic province is sunlit and has a supply of in-
organic nutrients for photosynthesizers. Phytoplankton,
consisting of suspended algae, is food not only for zoo-
plankton but also for small fishes. These small fishes in
turn are food for commercially valuable fishes—herring,
cod, and flounder.

The oceanic province lacks the inorganic nutrients of the
neritic province, and therefore does not have as high a con-
centration of phytoplankton, even though the epipelagic

zone is sunlit. Still, the photosynthesizers are food for a large
assembly of zooplankton, which are food for herrings and
bluefishes. These, in turn, are eaten by larger mackerels, tu-
nas, and sharks. Flying fishes, which glide above the surface,
are preyed upon by dolphins (not to be confused with por-
poises, which also are present). Whales are other mammals
found in the epipelagic zone. Baleen whales strain krill
(small crustacea) from the water, and the toothed sperm
whales feed primarily on the common squid.

Animals in the mesopelagic zone are carnivores, are
adapted to the absence of light, and tend to be translucent,
red colored, or even luminescent. There are luminescent
shrimps, squids, and fishes, such as lantern and hatchet
fishes.

The bathypelagic zone is in complete darkness except
for an occasional flash of bioluminescent light. Carnivores
and scavengers are found in this zone. Strange-looking
fishes with distensible mouths and abdomens and small,
tubular eyes feed on infrequent prey.
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Figure 35.23 Marine environment.
Organisms reside in the pelagic division (blue), where waters are divided as indicated. Organisms also reside in the benthic division (brown), with
surfaces divided and in the zones indicated.
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Benthic Division
The benthic division includes organisms that
live on or in the soil of the continental shelf
(sublittoral zone), the continental slope (bathy-
al zone), and the abyssal plain (abyssal zone)
(Fig. 35.24). These are the organisms of the sub-
littoral, bathyal, and abyssal zones.

Seaweed grows in the sublittoral zone, and
it can be found in batches on outcroppings as
the water gets deeper. There is more diversity
of life in the sublittoral and bathyal zones than
in the abyssal zone. In these first two zones,
clams, worms, and sea urchins are preyed
upon by starfishes, lobsters, crabs, and brittle
stars. Photosynthesizing algae occur in the
sunlit sublittoral zone, but benthic organisms
in the bathyal zone are dependent on the slow
rain of detritus from the waters above. 

The abyssal zone is inhabited by animals
that live at the soil-water interface of the
abyssal plain (Fig. 35.24). It once was thought
that few animals exist in this zone because of
the intense pressure and the extreme cold. Yet
many invertebrates live here by feeding on de-
bris floating down from the mesopelagic zone.
Sea lilies rise above the seafloor; sea cucumbers
and sea urchins crawl around on the sea bot-
tom; and tube worms burrow in the mud.

The flat abyssal plain is interrupted by
enormous underwater mountain chains called
oceanic ridges. Along the axes of the ridges,
crustal plates spread apart and molten magma
rises to fill the gap. At hydrothermal vents,
seawater percolates through cracks and is
heated to about 350°C, causing sulfate to react
with water and form hydrogen sulfide (H2S).
Chemosynthetic bacteria that obtain energy
from oxidizing hydrogen sulfide exist freely or
mutualistically within the tissues of organ-
isms. They are the start of food chains for a
community that includes huge tube worms
and clams.  It was a surprise to find communi-
ties of organisms living so deep in the ocean,
where light never penetrates. Unlike photo-
synthesis, chemosynthesis does not require
light energy.
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Figure 35.24 Pelagic division.
Organisms of the epipelagic, mesopelagic, and bathypelagic zones are shown. The
abyssal zone is a part of the benthic division.

The neritic province and the
epipelagic zone of the oceanic
province receive sunlight and contain
the organisms with which we are
most familiar. The organisms of the
benthic division are dependent upon
debris that floats down from above.
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Coral Reefs
Coral reefs (Fig. 35.25) are areas of biological abundance
found in shallow, warm, tropical waters just below the sur-
face of the water. Their chief constituents are stony corals,
animals that have a calcium carbonate (limestone) exoskele-
ton, and calcareous red and green algae. Corals do not usu-
ally occur individually; rather, they form colonies derived
from an individual coral that has reproduced by means of
budding. Corals provide a home for a microscopic alga
called zooxanthellae. The corals, which feed at night, and
the algae, which photosynthesize during the day, are mutu-
alistic and share materials and nutrients. The close relation-
ship of corals and zooxanthellae may be the reason why
coral reefs form only in shallow sunlit water—the algae uti-
lize sunlight for photosynthesis.

A reef is densely populated with life, perhaps because
reefs are areas of intermediate disturbance (p. 713). The large
number of crevices and caves provide shelter for filter feed-
ers (sponges, sea squirts, and fan worms) and for scavengers
(crabs and sea urchins). The barracuda, moray eel, and
sharks are top predators in coral reefs. There are many types
of small beautifully colored fishes. Parrot fishes feed directly
on corals, and others feed on plankton or detritus. Small
fishes become food for larger fishes like snappers that are
caught for human consumption. 
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Figure 35.25 Coral reefs.
A coral reef is a rich community of marine organisms.

Pollution of fresh water comes from two
sources. Point sources, like paper mills

or other industries that discharge pollu-
tants directly into nearby rivers and bod-
ies of water, are easily identifiable.
Nonpoint sources, which are simply due
to runoff from the land, are not easily iden-
tifiable. Although the public generally be-
lieves that big corporations are still
causing most of the freshwater pollution,
this is not the case. Instead, nonpoint
sources are causing most of the problem.
Agricultural fertilizers are the chief cause
of nitrate contamination of drinking-water
wells. Excessive nitrates in a baby’s blood-
stream can lead to a slow suffocation
known as blue-baby syndrome. Agricul-
tural herbicides are suspected carcinogens
in the tap water of scattered communities
coast to coast. A 1993 runoff from a dairy
farm carried a parasite called cryp-
tosporidium to the drinking water of Mil-
waukee, Wisconsin, sickening thousands
of people, and killing a few. What can be
done? Some farmers are already using irri-

gation methods that deliver water directly
to plant roots, no-till agriculture that re-
duces the loss of top soil and cuts back on
herbicide use, and integrated pest man-
agement that relies heavily on good bugs
to kill bad bugs. Perhaps more should do
so. Encouraged—in some cases
compelled—by state and federal agents,
dairy farmers have built sheds, concrete
containments, and underground liquid
storage tanks to hold the wastes from
rainy days. Then, the manure can be
trucked to fields and spread as fertilizer. 

Home owners, like business golf clubs
and ski resorts, also contribute to the prob-
lem. The manicuring of lawns, the use of
motor vehicles, and the construction and
use of roads and buildings all add contam-
inants to streams, lakes, and aquifers. Citi-
zens around Grand Traverse Bay on the
eastern shore of Lake Michigan have got-
ten the message, especially because they
want to keep on enjoying water-dependent
activities like boating, bathing, and fishing.
James Haverman, a concerned member of

the Traverse Bay Watershed Initiative says,
“If we can’t change the way people live
their everyday lives, we are not going to be
able to make a difference.” Builders in Tra-
verse County are already required to con-
trol soil erosion with filter fences, steer
rainwater away from exposed soil, build
sediment basins, and plant protective
buffers. Should similar restrictions hold for
home builders? Presently they must have a
25-foot setback from wetlands and a 50-
foot setback from lakes and creeks. They
are also encouraged to pump out their sep-
tic systems every two years. 

Questions
1. Do you approve of legislation that

requires farmers and homeowners to
protect freshwater supplies? Why or why
not?

2. Should landscapers and gardeners be
required to follow certain restrictions?
Why or why not?

3. Do you approve of legislation that
restricts the number of homes in a
particular area? Why or why not? 

Coral reefs, which are areas of biological 
abundance, occur in tropical seas.
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Summarizing the Concepts

35.1 Climate and the Biosphere
Because the earth is a sphere, the sun’s rays at the poles are spread out
over a larger area than the vertical rays at the equator. The temperature
at the surface of the earth therefore decreases from the equator to each
pole. The earth is tilted on its axis, and the seasons change as the earth
rotates annually about the sun. 

Warm air rises near the equator and loses its moisture and then de-
scends at about 30° north and south latitude, and so forth to the poles.
When the air descends, it is dry, and therefore the great deserts of the
world are formed at 30° latitudes. Because the earth rotates on its axis
daily, the winds blow in opposite directions above and below the equa-
tor. Topography also plays a role in the distribution of moisture. Air ris-
ing over coastal ranges loses its moisture on the windward side,
making the leeward side arid.

35.2 Biomes of the World
The term biome is used to refer to terrestrial and aquatic communities.
Biomes are distributed according to climate; that is, temperature and
rainfall influence the pattern of biomes about the world. The signifi-
cance of temperature is also seen by observing that the same sequence
of biomes is seen when traveling to northern latitudes as traveling up a
mountain. 

35.3 Terrestrial Biomes
The tundra is the northernmost biome and consists largely of short
grasses and sedges and dwarf woody plants. Because of the cold win-
ters and short summers, most of the water in the soil is frozen the year
round. This is called the permafrost. 

The taiga, a coniferous forest, has less rainfall than other types of
forests. The temperate deciduous forest has trees that gain and lose
their leaves because of the alternating seasons of summer and winter.
Tropical rain forests are the most complex and productive of all biomes.

Shrublands usually occur along coasts that have dry summers and
receive most of their rainfall in the winter. Among grasslands, the sa-
vanna, a tropical grassland, supports the greatest number of different
types of large herbivores. The prairie, found in the United States, has a
limited variety of vegetation and animal life. 

Deserts are characterized by a lack of water—they are usually
found in places with less than 25 cm a year. Some plants, such as cacti,
are succulents, and others are shrubs with thick leaves they often lose
during dry periods. 

35.4 Aquatic Biomes
Rain falls in mountains, and streams develop that join to form a river
which runs into the sea. Streams, rivers, lakes, and wetlands are differ-
ent communities. 

In deep lakes of the temperate zone, the temperature and the con-
centration of nutrients and gases in the water vary with depth. The en-
tire body of water is cycled twice a year, distributing nutrients from the
bottom layers. Lakes and ponds have three life zones. Rooted plants
and clinging organisms live in the littoral zone, plankton and fishes are
in the sunlit limnetic zone, and bottom-dwelling organisms like cray-
fishes and mollusks are in the profundal zone. 

Estuaries (e.g., salt mashes, mudflats, mangrove forests) are near
the mouth of a river. Estuaries are the nurseries of the sea. Marine com-
munities are divided into coastal communities and the oceans. The
coastal communities, especially estuaries, are more productive than the
oceans.

An ocean is divided into the pelagic division and the benthic divi-
sion. The oceanic province of the pelagic division (open waters) has
three zones. The epipelagic zone receives adequate sunlight and sup-
ports the most life. The mesopelagic zone contains organisms adapted
to minimum and no light, respectively. The benthic division (ocean
floor) includes organisms living on the continental shelf in the sublit-
toral zone, the continental slope in the bathyal zone, and the abyssal
plain in the abyssal zone. Coral reefs are extremely productive com-
munities found in shallow tropical waters.

Studying the Concepts

1. Tell how a spherical earth and the path of the earth about the
sun affect climate. 718–19

2. Describe the air circulation about the earth; tell why deserts
are apt to occur at 30° north and south of the equator. 
Why does the Pacific coast of California get plentiful 
rainfall? 719

3. Name the terrestrial biomes you would expect to find when
going from the base to the top of a mountain. 721

4. Describe the location, the climate, and the populations of the
Arctic tundra, coniferous forests (both taiga and temperate
rain forest), temperate deciduous forests, tropical forests,
shrubland, grasslands (both prairie and savanna), and
deserts. 722–24, 726–30

5. Describe the overturn of a temperate lake, and the life zones
of a lake, and the organisms you would expect to find in each
zone. 732–33

6. Describe the coastal communities, and discuss the impor-
tance of estuaries to the productivity of the ocean. 734–35

7. Describe the ocean currents and how the Gulf Stream
accounts for Great Britain having a mild temperature. 736

8. Describe the zones of the open ocean and the organisms you
would expect to find in each zone. 738–39

9. Describe a coral reef, including the varied organisms found
there. 740

Testing Yourself

Choose the best answer for each question.
1. The seasons are best explained by

a. the distribution of temperature and rainfall in biomes. 
b. the tilt of the earth on its axis as it rotates about the sun. 
c. the daily rotation of the earth on its axis.
d. the fact that the equator is warm and the poles are 

cold. 
2. The mild climate of Great Britain is best explained by

a. the winds called the westerlies.
b. the spinning of the earth on its axis. 
c. Great Britain being a mountainous country.
d. the flow of ocean currents.

3. The location of deserts at 30° is best explained by which
statement?
a. Warm air rises and loses its moisture; cool air descends

and becomes warmer and drier.
b. Ocean currents give up heat as they flow from the equator

to the poles.
c. Cool ocean breezes cool the coast during the day.
d. All of these are correct.
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4. Which of these is mismatched?
a. tundra—permafrost
b. savanna—acacia trees
c. prairie—epiphytes
d. coniferous forest—evergreen trees

5. All of these phrases describe the tundra except
a. low-lying vegetation. 
b. northernmost biome. 
c. short growing season. 
d. many different types of species. 

6. The forest with a multilevel understory is the
a. tropical rain forest.
b. coniferous forest.
c. tundra.
d. temperate deciduous forest.

7. All of these phrases describe a tropical rain forest except
a. nutrient-rich soil.
b. many arboreal plants and animals.
c. canopy composed of many layers.
d. broad-leaved evergreen trees.

8. Phytoplankton are more likely to be found in which life zone
of a lake?
a. limnetic zone c. benthic zone
b. profundal zone d. All of these are correct.

9. An estuary acts as a nutrient trap because of the
a. action of rivers and tides.
b. depth at which photosynthesis can occur.
c. amount of rainfall received.
d. height of the water table.

10. Which area of an ocean has the greatest concentration of
nutrients?
a. epipelagic zone and benthic zone
b. epipelagic zone only
c. benthic zone only
d. neritic province
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Understanding the Terms

alpine tundra 721
Arctic tundra 722
benthic division 739
biome 721
biosphere 718
chaparral 728
climate 718
coral reef 740
desert 730
El Niño–Southern Oscillation

736
epiphyte 726
estuary 734
eutrophication 732
fall overturn 732
hydrothermal vent 739
lake 732

montane coniferous forest 721
pelagic division 738
permafrost 722
phytoplankton 733
plankton 733
rain shadow 719
savanna 728
shrubland 728
spring overturn 733
taiga 723
temperate deciduous

forest 724
temperate rain forest 723
tropical rain forest 726
upwelling 736
zooplankton 733

Match the terms to these definitions:
a. End of a river where fresh water and salt water

mix as they meet.
b. Major terrestrial community characterized by

certain climatic conditions and dominated by particular types
of plants.

c. Ocean floor, which supports a unique set of
organisms in contrast to the pelagic division.

d. Terrestrial biome that is a grassland in Africa,
characterized by few trees and a severe dry season.

e. Thin layer around the earth that supports life.Thinking Scientifically

1. Concerning biome structure, use the data given in Figure 35.4a
a. to hypothesize what two environmental conditions are

most influential in determining the type of biome.
b. If a deciduous forest is destroyed by fire, what less complex

biome might take its place? If a grassland biome is over-
grazed, what less complex biome might takes its place?

c. Hypothesize that the greater amount of life in tropical rain
forest is related to a plentiful supply of sunlight. Explain
why this might be so.

d. Hypothesize that the great diversity of a tropical rain for-
est is explained by the competitive exclusion principle.
Explain why this might be so.

e. Hypothesize that the great diversity of a tropical rain for-
est is related to a plentiful supply of varied foods. Explain
why this might be so.

2. Concerning the mix of plants and animals in a biome,
a. give two reasons based on the principle of adaptation to

the environment why you would expect to find a squid in
the ocean and not in tropical rain forest.

b. give two reasons why you would expect to find a monkey
in a tropical rain forest and not in a grassland.

c. give two reasons why you would expect to find a zebra in
a grassland and not in a tropical rain forest.

Using Technology

Your study of the biosphere is supported by these available
technologies:

Essential Study Partner CD-ROM
Ecology ££ Biosphere

Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and tools as
you study this chapter.

http://www.mhhe.com/biosci/genbio/mader

Life Science Animations 3D Video
42 Nutrient Cycling

d. give two reasons why you would expect to find a polar
bear in the Arctic tundra along the coast and not in a desert.

e. What general conclusions can you draw from these examples?
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Ecosystems and
Human Interferences

Chapter Concepts

36.1 The Nature of Ecosystems 
• An ecosystem is a community of organisms

along with its physical and chemical
environment. 744

• Autotrophs make their own food;
photoautotrophs carry on photosynthesis.
Heterotrophs, on the other hand, take in
preformed food. 744

• Solar energy enters biotic communities via
photosynthesis, and as organic molecules pass
from one organism to another, heat is returned
to the atmosphere. 745

36.2 Global Biogeochemical Cycles
• Chemicals cycle within and between ecosystems

in global biogeochemical cycles. 748
• Biogeochemical cycles are gaseous (carbon cycle,

nitrogen cycle) or sedimentary (phosphorus
cycle). 748

• The addition of carbon dioxide (and other gases)
to the atmosphere is associated with global
warming. 750

• The production of fertilizers from nitrogen gas is
associated with acid deposition, photochemical
smog, and temperature inversions. 752

• Fertilizer also contains mined phosphate;
fertilizer runoff is associated with water
pollution. 754

36.3 Human Impact on Biodiversity
• Global warming, acid deposition, photochemical

smog, water pollution, ozone depletion, and
tropical rain forest destruction are all involved in
reducing biodiversity. 756

• Conservation biology is the scientific study of
biodiversity and the management of ecosystems
for the preservation of all species, including
Homo sapiens. 757

Humans usually live in developed areas with a limited variety of
species, and these areas are sources of pollution that is harmful to
all forms of life.

743
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36.1 The Nature of Ecosystems M

An ecosystem is a community along with its physical and
chemical environment. The populations are the biotic com-
ponent, and the physical and chemical environment make
up the abiotic component of an ecosystem. In ecosystems,
populations are classified according to how they get their
food (organic nutrients) (Fig. 36.1). Autotrophs make their
own food and heterotrophs feed on other organisms. Het-
erotrophs include decomposers which feed on organic ma-
terial in the soil. 

Autotrophs
Because autotrophs produce their own food (organic nutri-
ents) for themselves and other members of the community,
they are called producers. Chemoautotrophs are bacteria

that obtain energy by oxidizing inorganic compounds, such
as ammonium (NH4

�) and hydrogen sulfide (H2S), and they
use this energy to synthesize carbohydrates. The chemoau-
totrophs that function in the nitrogen cycle will be discussed
on page 752. Photoautotrophs are photosynthesizers that
produce most of the food for the biosphere. Algae and sea
grasses carry on photosynthesis in aquatic habitats. Algae
make up the phytoplankton, which are photosynthesizing
organisms suspended in water. Green plants are the domi-
nant photosynthesizers on land. 

Heterotrophs
Heterotrophs need a preformed source of food. They are the
consumers—they consume food. Herbivores are animals
that graze directly on plants or algae. In terrestrial habitats,
insects are small herbivores, while in aquatic habitats, zoo-
plankton, such as many types of protozoa, play that role.
Carnivores feed on other animals; birds that feed on insects
are carnivores, and so are hawks that feed on birds. This ex-
ample illustrates that there are primary consumers (e.g., in-
sects), secondary consumers (e.g., birds), and tertiary consumers
(e.g., hawks). Omnivores are animals that feed both on
plants and animals. As you most likely know, humans are
omnivores. 

The bacteria and fungi of decay are decomposers that
break down dead organic matter, including animal wastes.
Some animals feed on detritus, which is decomposing
particles of organic matter. Earthworms and some beetles,
termites, and maggots consume terrestrial detritus. Decom-
posers perform a very valuable service because they release
inorganic substances that are taken up by plants once more. 

The biotic components of an ecosystem can be
classified according to the way they get their food. 
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Alow rumble shook the ground and Dan smiled with
quiet satisfaction. He had led the successful effort to
persuade the state to dynamite the eroding dam on

the river. Soon, for the first time in three decades, salmon
would again swim upstream to spawn, one small sign that
the region was returning to its natural state. Although he
worked for the state as a conservation biologist, Dan
thought his parents, both environmental activists, would be
proud. As a child, they had dragged him around the globe to
protest the destruction of rain forests in Brazil, campaign
against acid rain in Europe, and expose the dumping of toxic
waste into New England rivers. Such journeys had instilled in
Dan an appreciation for the complex interactions between
animals and their surroundings and a concern about how
quickly people’s actions could disrupt this natural order. This
chapter will describe some of what Dan has learned about
ecosystems and the upheaval in them that people can
cause.

Figure 36.1 Biotic components of an ecosystem.
In the savanna biome, (a) the grasses, which are producers, are eaten by many types of herbivores, such as these zebras. (b) Lions are
carnivores that feed on zebras.

a. b.
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Energy Flow and Chemical Cycling
When we diagram all the biotic components of an ecosys-
tem, as in Figure 36.2 it is possible to illustrate that every
ecosystem is characterized by two fundamental phenom-
ena: energy flow and chemical cycling. Energy flow begins
when producers absorb solar energy, and chemical cycling
begins when producers take in inorganic nutrients from
the physical environment. Thereafter, producers make
food for themselves and indirectly for the other popula-
tions of the ecosystem. Energy flow occurs because all the
energy content of organic nutrients is eventually converted
to heat, which dissipates in the environment. Therefore
most ecosystems cannot exist without a continual supply
of solar energy. Chemicals cycle when inorganic nutrients
are returned to the producers from the atmosphere or soil,
as appropriate.

Only a portion of the food made by autotrophs is passed
on to heterotrophs because plants use organic molecules to
fuel their own cellular respiration. Only about 55% of the
food made by producers is available to heterotrophs. Simi-
larly, only a small percentage of food taken in by het-
erotrophs is available to higher level consumers. Figure 36.3
shows why. A certain amount of the food eaten by a herbi-
vore is never digested and is eliminated as feces. Metabolic
wastes are excreted as urine. Of the assimilated energy, a
large portion is utilized during cellular respiration and
thereafter becomes heat. Only the remaining food which is

converted into increased body weight (or additional off-
spring) becomes available to carnivores.

The elimination of feces and urine by a heterotroph,
and indeed the death of all organisms, does not mean that
substances are lost to an ecosystem. They represent the
food made available to decomposers. Since decomposers
can be food for other heterotrophs of an ecosystem, the sit-
uation can get a bit complicated. Still, we can conceive that
all the solar energy that enters an ecosystem eventually be-
comes heat. And this is consistent with the observation that
ecosystems are dependent on a continual supply of solar
energy.  

The laws of thermodynamics support the concept that
energy flows through an ecosystem. The first law states
that energy cannot be created (nor destroyed). This ex-
plains why ecosystems are dependent on a continual out-
side source of energy, usually solar energy, which is used
by photosynthesizers to produce food. The second law
states that with every transformation some energy is de-
graded into a less available form such as heat. Because
plants carry on cellular respiration, for example, only
about 55% of the original energy absorbed by plants is
available to an ecosystem. 

Energy flows through an ecosystem, while
chemicals cycle within and between ecosystems.
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Figure 36.2 Nature of an ecosystem.
Chemicals cycle but energy flows through an ecosystem. All the
energy derived from the sun eventually dissipates as heat as energy
transformations repeatedly occur.

Figure 36.3 Energy balances.
Only about 10% of the food energy taken in by a herbivore is passed
on to carnivores. A large portion goes to detritus feeders in the ways
indicated, and another large portion is used for cellular respiration.
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Figure 36.5 Food chain.
Trace this grazing food chain in the grazing food web depicted in Figure 36.4.
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Grazing food web

Detritus food web
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dead twigs
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Figure 36.4 Forest food webs.
Two linked food webs are shown for a forest ecosystem: a grazing food web and a detrital food web.
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Food Webs and Trophic Levels 
The principles we have been discussing can now be ap-
plied to an actual example—a forest in New Hampshire. In
this forest, the producers include sugar maple, beech, and
yellow birch trees. The complicated feeding relationships
that exist in natural ecosystems are called food webs. A
food web shows how organisms acquire their food. For ex-
ample, Figure 36.4 shows that insects in the form of cater-
pillars feed on leaves, while mice, rabbits, and deer feed on
leaf tissue at or near the ground. Birds, chipmunks, and
mice feed on fruits and nuts, but they are in fact omnivores
because they also feed on caterpillars. These herbivores
and omnivores all provide nutrients for a number of differ-
ent carnivores. This portion of the diagram is called a graz-
ing food web because it begins with aboveground plant
material.

The lower half of Figure 36.4 is devoted to the detrital
food web. Detritus, along with the bacteria and fungi of de-
cay, can be food for larger decomposers. Because some of
these, like shrews and salamanders, become food for above-
ground carnivores, the detrital and the grazing food webs
are connected. 

We naturally tend to think that aboveground vegetation
like trees are the largest storage form of organic matter and
energy, but this is not necessarily the case. In this particular
forest, the organic matter lying on the forest floor and mixed
into the soil contains much more energy than does the leaf
matter of living trees. The soil contains over twice as much
energy as the forest floor. Therefore, more energy in a forest
may be funneling through the detrital food web than
through the grazing food web. 

Trophic Levels
You can see that Figure 36.4 would allow us to link organ-
isms one to another in a straight line manner, according to
who eats whom. Such diagrams are called food chains (Fig.
36.5). For example, in the grazing food web we can find this
grazing food chain:

leaves £ caterpillars £ tree birds £ hawks

And in the detrital food web we could find this detrital food
chain: 

dead organic matter £ soil microbes £ earthworms £ etc.

A trophic level is all the organisms that feed at a particu-
lar link in a food chain. In the grazing food web, going
from left to right, the trees are primary producers (first
trophic level), the first series of animals are primary con-
sumers (second trophic level), and the next group of ani-
mals are secondary consumers (third trophic level) and so
forth.

Ecological Pyramids
Ecologists portray the energy relationships between
trophic levels in the form of ecological pyramids, dia-

grams whose building blocks designate the various
trophic levels (Fig. 36.6). (We need to keep in mind that
sometimes organisms don’t fit into one trophic level. For
example, chipmunks feed on fruits and nuts, but they also
feed on leaf-eating insects.)

A pyramid of numbers simply tells how many organ-
isms there are at each trophic level. It’s easy to see that a
pyramid of numbers could be completely misleading. For
example, in Figure 36.4 you would expect each tree to con-
tain numerous caterpillars; therefore there would be more
herbivores than autotrophs! The problem, of course, has to
do with size. Autotrophs can be tiny, like microscopic al-
gae, or they can be big like beech trees; similarly, herbi-
vores can be small like caterpillars, or they can be large
like elephants. 

Pyramids of biomass eliminate size as a factor since bio-
mass is the number of organisms multiplied by their
weight. You would certainly expect the biomass of pro-
ducers to be greater than the biomass of the herbivores,
and that of the herbivores to be greater than the carni-
vores. In some aquatic ecosystems such as lakes and open
seas, where algae are the only producers, the herbivores
may have a greater biomass than the producers when you
take their measurements. Why? The reason is that over
time, the algae reproduce rapidly, but they are also consumed
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producers

herbivores

carnivores

top carnivores

Figure 36.6 Ecological pyramid.
An ecological pyramid shows the relationship between either the
number of organisms, the biomass, or the amount of energy
theoretically available at each trophic level. 
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at a high rate. Pyramids, like this one, that have more 
herbivores than producers are called inverted pyramids:

There are ecological pyramids of energy also, and they
generally have the appearance of Figure 36.6. Ecologists are
now beginning to rethink the usefulness of utilizing pyra-
mids to describe energy relationships. One problem is what
to do with the decomposers, which are rarely included in
pyramids, and yet a large portion of energy becomes detri-
tus in many ecosystems. 

There is a rule of 10% with regard to biomass (or energy)
pyramids. It says that, in general, the amount of biomass (or
energy) from one level to the next is reduced by a magnitude
of 10. Thus, if an average of 1,000 kg of plant material is con-
sumed by herbivores, about 100 kg is converted to herbivore
tissue, 10 kg to first-level carnivores, and 1 kg to second-
level carnivores. The rule of 10% suggests that few carni-
vores can be supported in a food web. This is consistent with
the observation that each food chain has from three to four
links, rarely five. 

36.2 Global Biogeochemical Cycles M

All organisms require a variety of organic and inorganic nu-
trients. Carbon dioxide and water are necessary for photo-
synthesis. Nitrogen is a component of all the structural and
functional proteins and nucleic acids that sustain living tis-
sues. Phosphorus is essential for ATP and nucleotide

zooplankton

relative
dry weight

phytoplankton

production. In contrast to energy, inorganic nutrients are
used over and over again by autotrophs. 

Since the pathways by which chemicals circulate
through ecosystems involve both living (biosphere) and
nonliving (geological) components, they are known as bio-
geochemical cycles. For each element, chemical cycling may
involve (1) a reservoir—a source normally unavailable to
producers, such as fossilized remains, rocks, and deep-sea
sediments; (2) an exchange pool—a source from which or-
ganisms do generally take chemicals, such as the atmo-
sphere or soil; and (3) the biotic community—through which
chemicals move along food chains, perhaps never entering a
pool (Fig. 36.7).

There are two general categories of biogeochemical cy-
cles. In a gaseous cycle, exemplified by the carbon and nitro-
gen cycles, the element returns to and is withdrawn from the
atmosphere as a gas. In the sedimentary cycle, exemplified by
the phosphorus cycle, the element is absorbed from the sed-
iment by plant roots, passed to heterotrophs, and is eventu-
ally returned to the soil by decomposers, usually in the same
general area. 

The diagrams on the next few pages make it clear that
nutrients can flow between terrestrial and aquatic ecosys-
tems. In the nitrogen and phosphorus cycles, these nutrients
run off from a terrestrial to an aquatic ecosystem and in that
way enrich aquatic ecosystems. Decaying organic material
in aquatic ecosystems can be a source of nutrients for inter-
tidal inhabitants like fiddler crabs. Sea birds feed on fish but
deposit guano (droppings) on land, and in that way phos-
phorus from the water is deposited on land. It would seem
that anything put into the environment in one ecosystem
could find its way to another ecosystem. Scientists find the
soot from urban areas and pesticides from agricultural fields
in the snow and animals of the Arctic. 
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Figure 36.7 Model for chemical cycling.
Nutrients cycle between these components of ecosystems: Reservoirs such as fossil fuels, minerals in rocks, and sediments in oceans are
normally relatively unavailable sources, but pools such as those in the atmosphere, soil, and water are available sources of chemicals for the
biotic community. Human activities remove chemicals from reservoirs and pools and make them available to the biotic community, and the result
can be pollution. 
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The Water Cycle
The water (hydrologic) cycle is described in Figure 36.8.
Fresh water is distilled from salt water. The sun’s rays cause
fresh water to evaporate from seawater, and the salts are left
behind. Vaporized fresh water rises into the atmosphere,
cools, and falls as rain over the oceans and the land. 

Water evaporates from land and from plants (evapora-
tion from plants is called transpiration). It also evaporates
from bodies of fresh water, but since land lies above sea
level, gravity eventually returns all fresh water to the sea. In
the meantime, water is contained within standing waters
(lakes and ponds), flowing water (streams and rivers), and
groundwater.

When rain falls, some of the water sinks or percolates
into the ground and saturates the earth to a certain level. The
top of the saturation zone is called the groundwater table, or
simply, the water table. Sometimes groundwater is also lo-
cated in aquifers, rock layers that contain water and will re-
lease it in appreciable quantities to wells or springs.

Aquifers are recharged when rainfall and melted snow per-
colate into the soil. In some parts of the country, especially
arid areas and southern Florida, withdrawals from aquifers
exceed any possibility of recharge. This is called “ground-
water mining.” In these locations the groundwater is drop-
ping, and residents may run out of groundwater, at least for
irrigation purposes, within a few short years. Fresh water,
which makes up only about 3% of the world’s supply of wa-
ter, is called a renewable resource because a new supply is
always being produced. But it is possible to run out of fresh
water when the available supply is not adequate and/or is
polluted so that it is not usable.

In the water cycle, fresh water evaporates from the
bodies of water. Water that falls on land enters the
ground, surface waters, or aquifers. Water
ultimately returns to the ocean—even the quantity
that remains in aquifers for some time. 
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Figure 36.8 The water (hydrologic) cycle.
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The Carbon Cycle
In the carbon cycle, both terrestrial and aquatic organisms
exchange carbon dioxide with the atmosphere (Fig. 36.9).
On land, plants take up carbon dioxide from the air, and
through photosynthesis they incorporate carbon into food
that is used for other living things. When organisms (e.g.,
plants, animals, and decomposers) respire, a portion of this
carbon is returned to the atmosphere as carbon dioxide. In
aquatic ecosystems, the exchange of carbon dioxide with the
atmosphere is indirect. Carbon dioxide from the air com-
bines with water to produce bicarbonate ion (HCO3

�), a
source of carbon for algae, which also produce food through
photosynthesis. And when aquatic organisms respire, the
carbon dioxide they give off becomes bicarbonate ion. 

Living and dead organisms are reservoirs for carbon. If
decomposition of dead remains fails to occur, they are subject
to physical processes that transform them into coal, oil, and
natural gas. We call these reservoirs for carbon the fossil fuels.
Most of the fossil fuels were formed during the Carboniferous
period, 286 to 360 million years ago, when an exceptionally
large amount of organic matter was buried before decompos-
ing. Another reservoir for carbon is calcium carbonate shells,
which accumulate in ocean bottom sediments.

Carbon Dioxide and Global Warming 
A transfer rate is defined as the amount of a nutrient that
moves from one component of the environment to another
within a specified period of time. The width of the arrows in
Figure 36.9 indicates the transfer rate of carbon dioxide. The
transfer rates due to photosynthesis and respiration, which in-
cludes decay, are just about even. However, there is now more
carbon dioxide being deposited in the atmosphere than being
removed. In 1850, atmospheric carbon dioxide was about 280
parts per million (ppm) and today it is about 350 ppm. This in-
crease is largely due to the burning of fossil fuels and the de-
struction of forests to make way for farmland and pasture.

The emission of other gases due to human activities is
also taking place. Altogether the following gases are ex-
pected to contribute significantly to global warming:

Gas From

Carbon dioxide (CO2) Fossil fuel and wood burning

Nitrous oxide (N2O) Fertilizer use and animal wastes

Methane (CH4) Biogas (bacterial decomposi-
tion, particularly in the guts of 
animals, in sediments, and in 
flooded rice paddies)
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Figure 36.9 The carbon cycle.
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as the oceans warm, temperatures in the polar regions
will rise to a greater degree than other regions. If so, glac-
iers would melt, and sea levels will rise, not only due to
this melting but also because water expands as it warms.
Water evaporation will increase, and most likely there
will be increased rainfall along the coasts and dryer con-
ditions inland. The occurrence of droughts will reduce
agricultural yields and also cause trees to die off. Expan-
sion of forests into Arctic areas might not offset the loss of
forests in the temperate zones. Coastal agricultural lands
such as the deltas of Bangladesh, India, and China would
be inundated, and billions of dollars will have to be spent
to keep coastal cities, like New York, Boston, Miami, and
Galveston in the United States from disappearing into
the sea.

The atmosphere is an exchange pool for carbon
dioxide. Fossil fuel combustion in particular has
increased the amount of carbon dioxide in the
atmosphere. Global warming is predicted because
carbon dioxide and other gases impede the
escape of infrared radiation from the surface of the
earth. 
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These gases are called greenhouse gases because just like the
panes of a greenhouse they allow solar radiation to pass
through but hinder the escape of infrared rays (heat) back
into space. Figure 36.10 shows the earth’s radiation balances.
One thing to be learned from this diagram is that water va-
por is a greenhouse gas: clouds also reradiate heat back to
earth. If the earth’s temperature rises due to the greenhouse
effect, more water will evaporate, forming more clouds, set-
ting up a positive feedback effect that could increase global
warming. 

Today, data collected around the world show a steady
rise in the concentration of the various greenhouse gases.
Methane, another significant greenhouse gas, given off by
oil and gas wells, rice paddies, and organisms, is increasing
by about 1% a year. Such data are used to generate computer
models that predict the earth may warm to temperatures
never before experienced by living things. The global cli-
mate has already warmed about 0.6°C since the industrial
revolution. Computer models are unable to consider all pos-
sible variables, but the earth’s temperature may rise 1.5-
4.5°C by 2100 if greenhouse emissions continue at the cur-
rent rates. 

Global warming will bring about other effects, which
computer models attempt to forecast. It is predicted that
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also cause the atmosphere to absorb and reradiate infrared
rays toward the surface of the earth. As the concentration 
of greenhouse gases increases, the temperature of the
earth is expected to increase also.
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Figure 36.10 Earth’s radiation balances. 
The contribution of greenhouse gases (far right) to the earth’s surface is called global warming.
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The Nitrogen Cycle 
Nitrogen is an abundant element in the atmosphere. Nitrogen
(N2) makes up about 78% of the atmosphere by volume, yet
nitrogen deficiency sometimes limits plant growth. Plants
cannot incorporate nitrogen gas into organic compounds and
therefore depend on various types of bacteria to make nitro-
gen available to them in the nitrogen cycle (Fig. 36.11).

Nitrogen fixation occurs when nitrogen (N2) is converted
to a form that plants can use. Some nitrogen-fixing bacteria
live in nodules on the roots of legumes. They make nitrogen-
containing organic compounds available to a host plant.
Cyanobacteria in aquatic ecosystems and free-living bacteria
in soil are able to fix nitrogen gas as ammonium (NH4

�).
Plants can use NH4

� and nitrate (NO3
�) from the soil. After

NO3
� is taken up, it is enzymatically reduced to NH4

�, which
is used to produce amino acids and nucleic acids.

Nitrification is the production of nitrates. Nitrogen gas
(N2) is converted to nitrate (NO3

�) in the atmosphere when
cosmic radiation, meteor trails, and lightning provide the
high energy needed for nitrogen to react with oxygen. Am-

monium (NH4
�) in the soil is converted to nitrate by

chemoautotrophic soil bacteria in a two-step process. First,
nitrite-producing bacteria convert ammonium to nitrite
(NO2

�), and then nitrate-producing bacteria convert nitrite
to nitrate. Notice the subcycle in the nitrogen cycle that in-
volves dead organisms and animal wastes, ammonium, ni-
trites, nitrates, and plants. This subcycle does not
necessarily depend on nitrogen gas at all (Fig. 36.11).

Denitrification is the conversion of nitrate to nitrous ox-
ide and nitrogen gas. There are denitrifying bacteria in both
aquatic and terrestrial ecosystems. Denitrification balances
nitrogen fixation, but not completely.

Nitrogen and Air Pollution 
Human activities significantly alter transfer rates in the ni-
trogen cycle. Because we produce fertilizers, thereby con-
verting N2 to NO3

�, and burn fossil fuels, the atmosphere
contains three times the nitrogen oxides (NOx) than it would
otherwise. Fossil fuel combustion also pumps much sulfur
dioxide (SO2) into the atmosphere. Both nitrogen oxides and
sulfur dioxide are converted to acids when they combine
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plants, resulting in leaf mottling and reduced growth.
Normally, warm air near the ground is able to escape

into the atmosphere. Sometimes, however, air pollutants,
such as those in smog and soot, trap warm air near the earth.
During a thermal inversion there is cold air at ground level
beneath a layer of warm stagnant air above. Some areas sur-
rounded by hills are particularly susceptible to the effects of
a temperature inversion because the air tends to stagnate,
and there is little turbulent mixing (Fig. 36.13). 

Fertilizer use also results in the release of nitrous oxide
(N2O), a greenhouse gas and a contributor to ozone shield
depletion in the stratosphere, a topic to be discussed later. 

Atmospheric N2, a reservoir and exchange pool for
nitrogen, must be fixed by bacteria in order to
make nitrogen available to plants. Environmental
problems are associated with the release of nitrous
oxide (N2O) and nitrogen oxides (NOx) due to the
action of bacteria on fertilizers and fossil fuel
combustion, respectively.

Chapter 36 Ecosystems and Human Interferences 75336-11

with water vapor in the atmosphere. These acids return to
earth as either wet deposition (acid rain or snow) or dry de-
position (sulfate and nitrate salts).

Increased deposition of acids has drastically affected
forests and lakes in northern Europe, Canada, and northeast-
ern United States because their soils are naturally acidic and
their surface waters are only mildly alkaline (basic) to begin
with. The forests in these areas are dying (Fig. 36.12), and
their waters cannot support normal fish populations. Acid
deposition reduces agricultural yields and corrodes marble,
metal, and stonework, an effect that is noticeable in cities. 

Nitrogen oxides (NOx) and hydrocarbons (HC) react
with one another in the presence of sunlight to produce
photochemical smog, which contains ozone (O3) and PAN
(peroxyacetylnitrate). Hydrocarbons come from fossil fuel
combustion, but additional amounts come from various
other sources as well, including paint solvents and pesti-
cides. Breathing ozone affects the respiratory and nervous
systems, resulting in respiratory distress, headache, and
exhaustion. These symptoms are particularly apt to ap-
pear in young people. Ozone is especially damaging to

cool air

warm inversion layer

cool air

Thermal inversion

cooler air

cool air

warm air

a.  Normal pattern

b.  
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Figure 36.12 Acid deposition.
a. Many forests in higher elevations of northeastern North America
and Europe are dying due to acid deposition. b. Air pollution due to
emissions from factories and fossil fuel burning is the major cause of
acid deposition, which contains nitric acid (H2NO3) and sulfuric acid
(H2SO4).

Figure 36.13 Thermal inversion.
a. Normally, pollutants escape into the atmosphere when warm air
rises. b. During a thermal inversion, a layer of warm air (warm
inversion layer) overlies and traps pollutants in cool air below. c. Los
Angeles is particularly susceptible to thermal inversions, and this
accounts for why this city is the “air pollution capital” of the United
States.

b.

a.
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The Phosphorus Cycle
On land, the weathering of rocks makes phosphate ions
(PO4

3� and HPO4
2�) available to plants, which take up phos-

phate from the soil (Fig. 36.14). Some of this phosphate runs
off into aquatic ecosystems where algae take phosphate up
from the water before it becomes trapped in sediments. Phos-
phate in sediments only becomes available when a geological
upheaval exposes sedimentary rocks to weathering once
more. Phosphorus does not enter the atmosphere; therefore,
the phosphorus cycle is called a sedimentary cycle.

The phosphate taken up by producers is incorporated
into a variety of molecules, including phospholipids and
ATP or the nucleotides that become a part of DNA and RNA.

Animals eat producers and incorporate some of the phos-
phate into teeth, bones, and shells that do not decompose for
very long periods. Death and decay of all organisms, and
also decomposition of animal wastes, do, however, make
phosphate ions available to producers once again. Because
available phosphate is generally taken up very quickly, it is
often a limiting inorganic nutrient in most ecosystems. A
limiting nutrient is one that regulates the growth of organ-
isms because it is in shorter supply than other nutrients in
the environment. 

Phosphorus and Water Pollution
Human beings boost the supply of phosphate by mining
phosphate ores for fertilizer and detergent production.
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pollutants to the oceans. Some 5 million metric tons of oil a
year—or more than one gram per 100 square meters of the
oceans’ surfaces—end up in the oceans. Large oil spills kill
plankton, fish fry, and shellfishes, as well as birds and ma-
rine mammals. The largest tanker spill in U.S. territorial wa-
ters occurred on March 24, 1989, when the tanker Exxon
Valdez struck a reef in Alaska’s Prince William Sound and
leaked 44 million liters of crude oil. 

In the last 50 years, we have polluted the seas and ex-
ploited their resources to the point that many species are at
the brink of extinction. Fisheries once rich and diverse, such
as George’s Bank off the coast of New England, are in se-
vere decline. Haddock was once the most abundant species
in this fishery, but now it accounts for less than 2% of the to-
tal catch. Cod and bluefin tuna have suffered a 90% reduc-
tion in population size. In warm, tropical regions, many
areas of coral reefs are now overgrown with algae because
the fish that normally keep the algae under control have
been killed off. 

Sedimentary rock is a reservoir for phosphorus; for
the most part producers are dependent on
decomposers to make phosphate available to
them. Fertilizer production and other human
activities add phosphate to aquatic ecosystems,
contributing to water pollution. 
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Runoff of phosphate and nitrogen due to fertilizer use, ani-
mal wastes from livestock feedlots, as well as discharge from
sewage treatment plants results in eutrophication (overen-
richment). Eutrophication can lead to an algal bloom, appar-
ent when green scum floats on the water. When the algae die
off, decomposers use up all available oxygen during cellular
respiration. The result is a massive fish kill.  

Figure 36.15 lists the various sources of water pollution.
Point sources are sources of pollution that are specific, and
nonpoint sources are those caused by runoff from the land.
Industrial wastes can include heavy metals and organochlo-
rides, such as those in some pesticides. These materials are
not degraded readily under natural conditions nor in con-
ventional sewage treatment plants. They enter bodies of wa-
ter and are subject to biological magnification because they
remain in the body and are not excreted. Therefore, they be-
come more concentrated as they pass along a food chain. Bi-
ological magnification occurs more readily in aquatic food
chains because aquatic food chains have more links than ter-
restrial food chains. Humans are the final consumers in food
chains, and in some areas, human milk contains detectable
amounts of DDT and PCBs, which are organochlorides.

Coastal regions are the immediate receptors for local
pollutants, and are the final receptors for pollutants carried
by rivers that empty at a coast. Waste dumping occurs at sea,
but ocean currents sometimes transport both trash and pol-
lutants back to shore. Offshore mining and shipping add
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Figure 36.15 Sources of surface water pollution. 
Many bodies of water are dying due to the introduction of pollutants from point sources, which are easily identifiable, and nonpoint sources,
which cannot be specifically identified.
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36.3 Human Impact on Biodiversity 
All of the human activities we have discussed thus far have
a negative impact on biodiversity. Global warming may
mean that coastal ecosystems, such as marshes, swamps,
and bayous, will have to move inland to higher ground as
the sea level rises, but many of these are blocked in by artifi-
cial structures and may be unable to move inland. Acid de-
position is associated with dead or dying lakes and forests,
particularly in North America and Europe. We have pol-
luted the seas and exploited their resources to the point that
many species are on the brink of extinction. Still there are
other human activities that will adversely affect the number
of species on earth.

Stratospheric Ozone Depletion
The earth’s atmosphere is divided into layers. The tropo-
sphere envelops us as we go about our day-to-day lives.
Ozone in the troposphere is a pollutant, but in the strato-
sphere, some 50 km above the earth, ozone (O3) forms a
layer, called the ozone shield, that absorbs most of the
wavelengths of harmful ultraviolet (UV) radiation so that
they do not strike the earth. Life on earth is threatened if
the ozone shield is reduced. UV radiation impairs crop
and tree growth and also kills off
plankton (microscopic plant and ani-
mal life) that sustain oceanic life. With-
out an adequate ozone shield, living
things, our food sources, and health
are threatened. UV radiation causes
mutations that can lead to skin cancer
and can make the lens of the eyes de-
velop cataracts. It also is believed to
adversely affect the immune system
and our ability to resist infectious
diseases.

Depletion of the ozone shield
within the stratosphere in recent years
is, therefore, of serious concern. It be-
came apparent in the 1980s that some
worldwide depletion of ozone had oc-
curred, and that by the 1990s there was
a severe depletion of some 40–50%
above the Antarctic every spring (Fig.
36.16). Severe depletions of the ozone
layer are commonly called “ozone
holes.” Nitrous oxide is one cause of
ozone depletion, but, in large part, the
cause of ozone depletion can be traced
to chlorine atoms (Cl) that are released
in the troposphere but rise into the
stratosphere. Chlorine atoms combine
with ozone and strip away the oxygen
atoms one by one. One atom of chlorine

can destroy up to 100,000 molecules of ozone before set-
tling to the earth’s surface as chloride many years later.
These chlorine atoms come from the breakdown of chloro-
fluorocarbons (CFCs), chemicals much in use by humans
from 1955 to 1990. The best-known CFC is Freon, a heat
transfer agent still found in refrigerators and air condition-
ers today. CFCs were used as cleaning agents and during
the production of styrofoam found in coffee cups, egg car-
tons, insulation, and paddings. Their use as a propellent in
spray cans has been outlawed in the United States and sev-
eral other countries but not in western Europe. Although
most countries of the world have agreed to stop using
CFCs by the year 2000, CFCs already in the atmosphere
will be there for over a hundred years before they stop
their destructive activity.

Ozone depletion is one of our air pollution
problems. The others are global warming, acid
deposition and photochemical smog. 
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Figure 36.16 Ozone shield depletion. 
These satellite observations show that the amount of ozone over the South Pole between
October 1979 and October 1994 fell by more than 50%. Green represents an average amount
of ozone, blue less, and purple still less.
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Tropical Rain Forest Destruction
Tropical rain forests are much more biologically diverse than
temperate forests (see Fig. 36.4). For example, temperate
forests across the entire United States contain about 400 tree
species. In the rain forest, a typical ten-hectare area holds as
many as 750 types of trees. Tropical rain forests are also noted
for their animal diversity. On the eastern slopes of the Andes,
there are 80 or more species of frogs and toads, and in
Ecuador, there are more than 1,200 species of birds—roughly
twice as many as those inhabiting all of the United States and
Canada. Therefore, a very serious side effect of deforestation
in tropical countries is a loss of biological diversity.

A National Academy of Sciences study estimated that a
million species of plants and animals are in danger of disap-
pearing within 20 years as a result of deforestation in tropical
countries. Many of these life forms have never been studied,
and yet they may be useful sources of food or medicines. Fig-
ure 36.17 lists other deleterious effects of deforestation.

Logging of tropical forests occurs because industrialized
nations prefer furniture made from costly tropical woods and
because people want to farm the land. In Brazil, the govern-
ment allows citizens to own any land they clear in the Amazon
forest (along the Amazon River). When they arrive, the people
practice slash-and-burn agriculture, in which trees are cut
down and burned to provide inorganic nutrients and space to
raise crops. Unfortunately, the fertility of the land is sufficient
to sustain agriculture for only a few years. Once the cleared
land is incapable of sustaining crops, the farmer moves on to
another part of the rain forest to slash and burn again. In the
meantime, cattle ranchers move in. Cattle ranchers are the
greatest beneficiaries of deforestation, and increased ranching
is therefore another reason for tropical rain forest destruction.
A newly begun pig-iron industry in Brazil also indirectly re-
sults in further exploitation of the
rain forest. The pig iron must be
processed before it is exported, and
smelting the pig iron requires the use
of charcoal (burnt wood).

Conservation Biology
Conservation biology is a relatively new scientific discipline
that brings together people and knowledge from many dif-
ferent fields to attempt to solve the biodiversity crisis. Con-
servation biology wants to understand the effects of human
activities on species, communities, and ecosystems, and de-
velop practical approaches to preventing the extinctions of
species and the destruction of ecosystems. In the past, ecolo-
gists have preferred to study the workings of ecosystems not
tainted by human activities, and wildlife managers have
been concerned with managing a small number of species for
the marketplace and for recreation. Therefore, neither en-
deavor has addressed the possibility of preserving entire bi-
ological communities, although humans are active in the
area. Conservation biologists want to draw from scientific re-
search and experience in the field to develop a management
program that will preserve an ecosystem.

Many conservation biologists believe that each species
has a value all its own, regardless of its direct material value
to humans. Other conservation biologists are willing to test
the hypothesis of sustainability; that it is possible to manage
ecosystems so that biodiversity is preserved while still meet-
ing the economic needs of humans.

Much scientific research is being directed on how to pre-
serve ecosystems and, therefore, biodiversity. The reading
on the next page describes work being done at the Univer-
sity of Rhode Island. 

Conservation biology is the scientific study of
biodiversity, leading to the preservation of species
and the management of ecosystems for
sustainable human welfare. 
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Figure 36.17 Tropical rain forest. 
Forest destruction leads to the
detrimental effects listed. 

Deforestation:
forests take up carbon dioxide from the
atmosphere
forests are home for plants and animals
tropical rain forests contain unique plants
trees hold the soil
saw mills and paper mills pollute
first step toward converting land to industrialized
or urbanized areas

Loss of CO2 sink:

Loss of biodiversity:
Loss of possible medicinal plants:
Soil erosion:
Water pollution:
Ecosystems destruction:

There is much concern
worldwide about the loss
of biological diversity due
to the destruction of
tropical rain forests.
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The MERL (Marine Ecosystem Research Laboratory) enclo-
sures shown in Figure 36A provide marine researchers with a
unique means to experiment with an entire marine ecosystem.
The tanks measure 1.8 meters in diameter and 5 meters deep
and are located outdoors, exposed to natural sunlight. To initi-
ate a typical experiment, a benthic (bottom of the ocean) com-
munity is collected, usually from a silt-clay area in
Narragansett Bay, off the coast of Rhode Island. A 37-cm-thick
bed of sediment weighing roughly a ton is placed into each
tank. Thirteen cubic meters of unfiltered seawater are trans-
ferred from the adjacent bay with nondisruptive displacement
pumps. Mechanical mixing provides water movement in the
enclosures to simulate wind and wave movement in the field.
In the summer, cooling is provided, and in the winter, heat is
provided to keep the enclosure temperatures similar to those
in the bay.

When set up in this manner, unmanipulated enclosures
maintain healthy ecosystems for many months and with prop-
erties that are similar to those actually found in the bay. Their
large size and proximity to laboratory facilities allows repetitive
sampling of all biological populations at relatively short time in-
tervals. Because there are 14 enclosures, replication of experi-
ments with controls is possible.

Experiments are done to determine the effect of a contami-
nant and to study the fate of chemicals within an entire coastal
ecosystem. One set of MERL experiments addressed the prob-
lem of chronic additions of oil hydrocarbons to coastal waters.
Water runoff from land, especially in urban areas, carries a
continuous trickle of oil to coastal environments. The total
amounts of petroleum hydrocarbons introduced into coastal
waters through urban runoff and river
runoff are believed to be greater than in-
troductions through oil spills. Daily ad-
ditions of fuel oil, of the type regularly
used in home furnaces, were made into
three replicate enclosures. Two experi-
ments were conducted. The first 5.5-month
experiment added oil to achieve about
0.2 ppm total hydrocarbons in the water,

while the second 4-month experiment achieved about 0.1 ppm
total hydrocarbons. Thereafter, recovery from the oil additions
was studied for one year.

These levels of fuel hydrocarbons are below those that
cause most tested marine species to die. One objective of the
experiments was to develop an index system that could be
used to indicate the health of an ecosystem. It was hypothe-
sized that community diversity and primary productivity
would be lower in the treated enclosures compared to the con-
trols. The oil additions had a clear effect on the populations in
the enclosures. Zooplankton and benthic macroorganisms
were greatly reduced in abundance. Benthic populations re-
mained depressed for at least a year after the treatments were
stopped.

Even though the additions of oil clearly had a major impact
on the communities in the enclosures, neither of the original hy-
potheses turned out to be correct. Although the population lev-
els were quite different in treated and control tanks, measures of
the diversity of benthic organisms in treated and control enclo-
sures were indistinguishable. With oil treatments, there were in-
creases in phytoplankton abundance and primary productivity
instead of the expected decrease. In hindsight, the reason for the
increase in phytoplankton abundance was clear. The oil was
more toxic to the organisms that may graze the phytoplankton
than to the phytoplankton itself. With the population of grazers
reduced, the abundance and production of phytoplankton
increased.

This is a good example of the interactions within an ecosys-
tem, and the inherent difficulty of predicting how any compo-
nent of an ecosystem will respond to stress.
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Marine Enclosures for Whole-Ecosystem Studies

Figure 36A Marine Ecosystem
Research Laboratory (MERL).
MERL enclosures at the University of
Rhode Island’s Graduate School of
Oceanography. Students are shown
taking samples and measurements. 
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Summarizing the Concepts

36.1 The Nature of Ecosystems
Ecosystems contain biotic (living) components and abiotic (physical)
components. The biotic components of ecosystems are either producers
or consumers. Producers are autotrophs that produce their own food.
Consumers are heterotrophs that take in preformed food. Consumers
may be herbivores, carnivores, omnivores, or decomposers. 

Energy flows through an ecosystem. Producers transform solar
energy into food for themselves and all consumers. As herbivores feed
on plants (or algae), and carnivores feed on herbivores, some energy is
converted to heat. Feces, urine, and dead bodies become food for de-
composers. Eventually, all the solar energy that enters an ecosystem is
converted to heat, and thus ecosystems require a continual supply of
solar energy.

Chemicals are not lost from the biosphere as is energy. They recy-
cle within and between ecosystems. Decomposers return some propor-
tion of inorganic nutrients to autotrophs, and other portions are
imported or exported between ecosystems in global cycles. 

Ecosystems contain food webs, and a diagram of a food web
shows how the various organisms are connected by eating relation-
ships. Grazing food chains begin with vegetation that is fed on by a
herbivore, which becomes food for a carnivore, and so forth. In detrital
food chains, a decomposer acts on organic material in the soil, and
when it is fed on by a carnivore, the two food webs are joined. A trophic
level is all the organisms that feed at a particular link in food chains.
Ecological pyramids show trophic levels stacked one on the other like
building blocks. Generally they show that biomass and energy content
decrease from one trophic level to the next. Most pyramids pertain to
grazing food webs and largely ignore the detrital food web portion of
an ecosystem. 

36.2 Global Biogeochemical Cycles
Biogeochemical cycles contain reservoirs, components of ecosystems
like fossil fuels, sediments, and rocks that contain elements available
on a limited basis to living things. Pools are components of ecosystems

like the atmosphere, soil, and water—which are ready sources of nutri-
ents for living things. Nutrients cycle among the members of the biotic
component of an ecosystem. 

In the water cycle, evaporation over the ocean is not compensated
for by rainfall. Evaporation from terrestrial ecosystems includes tran-
spiration from plants. Rainfall over land results in bodies of fresh wa-
ter plus groundwater, including aquifers. Eventually all water returns
to the oceans.

In the carbon cycle, organisms add as much carbon dioxide to the
atmosphere as they remove. Shells in ocean sediments, organic com-
pounds in living and dead organisms, and fossil fuels are reservoirs for
carbon. Human activities such as the burning of fossil fuels and trees
are adding carbon dioxide to the atmosphere. Like the panes of a
greenhouse, carbon dioxide and other gases allow the sun’s rays to
pass through but impede the release of infrared wavelengths. It is pre-
dicted that a buildup of these “greenhouse gases” will lead to a global
warming. The effects of global warming could be a rise in sea level and
a change in climate patterns with disastrous effects. 

In the nitrogen cycle, the biotic community, which includes sev-
eral types of bacteria, keeps nitrogen recycling back to the producers. A
few organisms (cyanobacteria in aquatic habitats and bacteria in soil
and root nodules) can fix atmospheric nitrogen. Other bacteria return
nitrogen to the atmosphere. Human activities convert atmospheric ni-
trogen to fertilizer which is broken down by soil bacteria and they burn
fossil fuels. In this way a large quantity of nitrogen oxide (NOx) and
sulfur dioxide (SO2) is added to atmosphere where it reacts with water
vapor to form acids that contribute to acid deposition. Acid deposition
is killing lakes and forests and also corrodes marble, metal, and
stonework. Nitrogen oxides and hydrocarbons (HC) react to form
smog, which contains ozone and PAN (peroxyacetylnitrate). These ox-
idants are harmful to animal and plant life.

In the phosphorus cycle, the biotic community recycles phospho-
rus back to the producers, and only limited quantities are made avail-
able by the weathering of rocks. Phosphates are mined for fertilizer
production; when phosphates and nitrates enter lakes and ponds,
over-enrichment occurs. Many kinds of wastes enter rivers which flow
to the oceans now degraded from added pollutants. 
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Peter Jutro, a scientist working for the
U.S. Environmental Protection Agency,

wants to research native traditions for
clues on how to preserve ecosystems. He
has run into opposition from the indige-
nous groups because they mistrust conser-
vationists. Take, as an example, the fact
that the Kuna people in Panama refused to
renew the lease for a Smithsonian Institu-
tion studying reef ecology for the past 21
years. Much of the trouble seems to have
come from the failure of scientists to ex-
plain their program to local communities.
In a meeting of the Kuna congress, the sci-
entists were accused by the Kuna of “steal-
ing their knowledge, stealing their reefs,
stealing their sand.” Local people find it
hard to see a difference between a scien-

tific study and commercial ventures which
exploit their areas for minerals, timber,
and other resources. 

Laura Snook, a forester from Duke
University, researches the growing habits
of mahogany trees in Mexico. She came to
the conclusion that because the trees grow
slowly, logging shouldn’t be done too fast.
Most local foresters resented her findings,
but she was able to establish a good rela-
tionship with two women foresters who
were open to her ideas. Now local people
are changing the way they replant ma-
hogany trees so that the resource will be
there for some time to come. The point is
that conservationists working with people
from different cultural backgrounds prob-
ably need to communicate their goals

more clearly and involve local people in
project planning. Perhaps they should
learn to accept slower time scales and
styles of decision-making different from
our own.

Questions
1. Should U.S. scientists be studying

ecosystems in such far-flung places as
Panama, Alaska, Mexico, and the
Amazon? Why or why not?

2. Should we insert political correctness into
negotiations with local groups in order 
to bring about conservation? Why or 
why not?

3. How far should a scientist go to establish
communication with local groups in order
to preserve the environment in other
countries? Explain.
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36.3 Human Impact on Biodiversity
Global warming, acid deposition, and water pollution all act to reduce
biodiversity. Ozone shield destruction, which is particularly associated
with CFCs, is expected to result in  decreased productivity of the
oceans. The tropical rain forests are being cut to provide wood for ex-
port. Slash-and-burn agriculture also reduces tropical rain forests. The
loss of biological diversity due to the destruction of tropical rain forests
will be immense. Many of these threatened organisms could possibly
be of benefit to humans if we had time to study and domesticate them.
Conservation biology is a new discipline that pulls together informa-
tion from a number of biological fields to determine how best to man-
age ecosystems for the benefit of all species, including humans.

Studying the Concepts

1. Distinguish between autotrophs and heterotrophs, and
describe four different types of heterotrophs found in natural
ecosystems. Explain the terms producer and consumer. 744

2. Tell why energy must flow but chemicals can cycle in an
ecosystem. 745

3. Describe two types of food webs and two types of food
chains typically found in terrestrial ecosystems. Which of
these typically moves more energy through an
ecosystem? 746–47

4. What is a trophic level? an ecological pyramid? 747–48 
5. Give examples of reservoirs and pools in biogeochemical

cycles. Which is less accessible to biotic communities? 748
6. Draw a diagram to illustrate the water cycle and the carbon

cycle. 749–50
7. How and why is the global climate expected to change, and

what are the predicted consequences of this change? 750–51
8. Draw a diagram of the nitrogen cycle. What types of bacteria

are involved in this cycle? 752
9. What causes acid deposition, and what are its

effects? 752–53
10. How does photochemical smog develop, and what is a ther-

mal inversion? 753
11. Draw a diagram of the phosphorus cycle. 754
12. What are several ways in which fresh water and marine

waters can be polluted? What is biological
magnification? 754–55

13. Of what benefit is the ozone shield? What pollutant in partic-
ular should be associated with ozone shield depletion, and
what are the consequences of this depletion? 756

14. What are the primary ecological concerns associated with the
destruction of rain forests? 757

15. Explain the primary causes of the biodiversity crisis and the
goals of conservation biology. 756–57

Testing Yourself

Choose the best answer for each question.
1. Of the total amount of energy that passes from one trophic

level to another, about 10% is 
a. respired and becomes heat.
b. passed out as feces or urine.
c. stored as body tissue.
d. All of these are correct.
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2. Compare this food chain:
algae £water fleas £ fish £ green herons

to this food chain: 
trees £ tent caterpillars £ red-eyed vireos £ hawks.

Both water fleas and tent caterpillars are
a. carnivores. c. detritus feeders.
b. primary consumers. d. Both a and b are correct.

3. Which of the following contribute(s) to the carbon cycle?
a. respiration c. fossil fuel combustion 
b. photosynthesis d. All of these are correct.

4. How do plants contribute to the carbon cycle?
a. When they respire, they release CO2 into the atmosphere.
b. When they photosynthesize, they consume CO2 from the

atmosphere.
c. They do not contribute to the carbon cycle.
d. Both a and b are correct.

5. How do nitrogen-fixing bacteria contribute to the nitrogen
cycle?
a. They return nitrogen (N2) to the atmosphere.
b. They change ammonium to nitrate.
c. They change N2 to ammonium.
d. They withdraw nitrate from the soil.

6. In what way are decomposers like producers?
a. Either may be the first member of a grazing food chain.
b. Both produce oxygen for other forms of life.
c. Both require a source of nutrient molecules and energy.
d. Both supply organic food for the biosphere.

7. Which statement is true concerning this food chain: grass £
rabbits £ snakes £ hawks?
a. Each predator population has a greater biomass than its

prey population.
b. Each prey population has a greater biomass than its preda-

tor population.
c. Each population is omnivorous.
d. Both a and c are correct.

For questions 8–11, match the terms with those in the key:
Key:
a. sulfur dioxide c. carbon dioxide
b. ozone d. chlorofluorocarbons

(CFCs)
8. acid deposition
9. ozone shield destruction

10. greenhouse effect
11. photochemical smog
12. Which of these is mismatched?

a. fossil fuel burning—carbon dioxide given off
b. nuclear power—radioactive wastes
c. solar energy—greenhouse effect
d. biomass burning—carbon dioxide given off

13. Acid deposition causes
a. lakes and forests to die.
b. acid indigestion in humans.
c. the greenhouse effect to lessen.
d. All of these are correct.

14. Water is a renewable resource, and
a. there will always be a plentiful supply.
b. the oceans can never become polluted.
c. it is still subject to pollution.
d. primary sewage treatment plants assure clean drinking

water.
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15. Label this diagram.

Match the terms to these definitions:
a. Partially decomposed remains of plants and ani-

mals found in soil and on the beds of bodies of water. 
b. Formed from oxygen in the upper atmosphere, it

protects the earth from ultraviolet radiation.
c. Remains of once living organisms that are burned

to release energy, such as coal, oil, and natural gas.
d. Process by which atmospheric nitrogen gas is

changed to forms that plants can use.
e. Complex pattern of interlocking and crisscrossing

food chains. 

Understanding the Terms

acid deposition 753
aquifer 749
autotroph 744
biogeochemical cycle 748
biological magnification 755
carbon cycle 750
carnivore 744
chlorofluoro-

carbons 756
conservation biology 757
consumer 744
decomposer 744
deforestation 757
denitrification 752
detrital food chain 747
detrital food web 747
detritus 744
ecological pyramid 747
ecosystem 744
food chain 747
food web 747
fossil fuel 750

global warming 751
grazing food chain 747
grazing food web 747
greenhouse effect 751
herbivore 744
heterotroph 744
nitrification 752
nitrogen cycle 752
nitrogen fixation 752
omnivore 744
ozone hole 756
ozone shield 756
PAN (peroxyacetylnitrate)

753
phosphorus cycle 754
photochemical smog 753
producer 744
thermal inversion 753
transfer rate 750
trophic level 747
water (hydrologic) cycle 749

sun

heat

energy

nutrients

a.

heat

heat

b.

c.
d.

d.

c.

b.

a.

16. Label the trophic levels.

Thinking Scientifically

1. Considering an ecological pyramid:
a. Why would you expect mice (herbivores) to be more com-

mon than weasels, foxes, or hawks (carnivores) in the
environment?

b. Why you would expect food chains to be short—4 or 5
links at most?

c. The population size of a top predator is not held in check
by another predator population. Why does a top predator
population not increase constantly in size?

d. What would you expect to happen to an ecosystem if one
of the secondary consumer populations suffered a col-
lapse?

2. You are an ecologist who has been hired by a less-developed
country to help them increase their agricultural yield per
acre. Why might you recommend that they
a. retain labor intensive methods instead of adopting mecha-

nized means of growing food?
b. limit their consumption of meat and use grains and

legumes as a source of protein?
c. not keep cattle in feedlots and feed them grain?
d. plant as many different varieties of crops as possible?
e. grow crops that require as little irrigation as possible?
f. begin a program of population control?

Using Technology

Your study of ecosystems and human interferences is
supported by these available technologies.

Essential Study Partner CD-ROM
Ecology ££ Ecosystems
Visit the Mader web site for related ESP activities.

Exploring the Internet
The Mader Home Page provides resources and
tools as you study this chapter.

http://www.mhhe.com/biosci/genbio/mader
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A
acetyl-CoA (uh-SEET-ul) Molecule made

up of a two-carbon acetyl group
attached to coenzyme A. The acetyl
group enters the Krebs cycle for
further oxidation. 122

acetylcholine (ACh) (uh-seet-ul-KOH-
leen) Neurotransmitter active in both
the peripheral and central nervous
systems. 327

acetylcholinesterase (AChE) (uh-SEET-
ul-koh-luh-nes-tuh-rays, -rayz)
Enzyme that breaks down
acetylcholine bound to postsynaptic
receptors within a synapse. 327

acid Solution in which pH is less than 7; a
substance that contributes or
liberates hydrogen ions (protons) in a
solution. 28

acrosome (AK-ruh-sohm) Covering on
the tip of a sperm cell’s nucleus that
is believed to contain enzymes
necessary for fertilization. 423

actin (AK-tin) One of two major proteins
of muscle; makes up thin filaments in
myofibrils of muscle fibers. See
myosin. 385

action potential Polarity changes due to
the movement of ions across the
plasma membrane of an active
neuron; nerve impulse. 324

active site Region on the surface of an
enzyme where the substrate 
binds and where the reaction 
occurs. 109

active transport Transfer of a substance
into or out of a cell from a region of
lower concentration to a region of
higher concentration by a process
that requires a carrier and an
expenditure of energy. 77

adaptation Fitness of an organism for its
environment, including the process
by which it becomes fit and is able to
survive and to reproduce. Also,
decrease in the excitability of a
receptor in response to continuous
constant-intensity stimulation. 9

adenine (A) (AD-un-een) One of four
nitrogen bases in nucleotides
composing the structure of DNA and
RNA. 508

ADP (adenosine diphosphate) (ah-DEN-
ah-seen dy-FAHS-fayt) Nucleotide
with two phosphate groups that can
accept another phosphate group and
become ATP. 41, 107

adrenal cortex (uh-DREE-nul kor-teks)
Outer portion of the adrenal gland;
secretes hormones such as
mineralocorticoid aldosterone and
glucocorticoid cortisol. 405

adrenal gland (uh-DREE-nul) Gland that
lies atop a kidney; the adrenal
medulla produces the hormones
epinephrine and norepinephrine, and
the adrenal cortex produces the
glucocorticoid and mineralocorticoid
hormones. 405

adrenal medulla (uh-DREE-nul muh-dul-
uh) Inner portion of the adrenal
gland; secretes the hormones
epinephrine and norepinephrine.
405

adrenocorticotropic hormone (ACTH)
(uh-DREE-noh-kawrt-ih-koh-troh-
pik) Hormone secreted by the
anterior lobe of the pituitary gland
that stimulates activity in the adrenal
cortex. 400

aerobic (air-OH-bik, uh-roh-) Growing or
metabolizing only in the presence of
oxygen, as in aerobic respiration. 118

aerobic cellular respiration Metabolic
reactions that provide energy to cells
by the step-by-step oxidation of
substrates with the concomitant
buildup of ATP molecules. 118

agglutination (uh-gloot-un-ay-shun)
Clumping of cells, particularly in
reference to red blood cells involved
in an antigen-antibody reaction. 278

aldosterone (al-DAHS-tuh-rohn)
Hormone secreted by the adrenal
cortex that regulates the sodium and
potassium balance of the blood.
313, 406

alga (AL-guh) Aquatic organism that
carries on photosynthesis. 583

allantois (uh-LAN-toh-is)
Extraembryonic membrane that
accumulates nitrogenous wastes in
reptiles and birds and contributes to
the formation of umbilical blood
vessels in mammals, including
humans. 451

allele (uh-LEEL) Alternative form of a
gene located at a particular
chromosome site (locus). 470

allergen (AL-ur-jun) Foreign substance
capable of stimulating an allergic
response. 276

allergy Immune response to substances
that usually are not recognized as
foreign. 276

allopatric speciation (al-uh-PAT-rik)
Origin of new species in populations
that are separated geographically.
565

alpine tundra Tundra near the peak of a
mountain. 721

alternation of generations Life cycle,
typical of plants, in which a diploid
sporophyte alternates with a haploid
gametophyte. 180, 585, 601

altruism Social interaction that has the
potential to decrease the lifetime
reproductive success of the member
exhibiting the behavior. 683

alveolus (pl., alveoli) (al-VEE-uh-lus) Air
sac of a lung. 287

amino acid Monomer of a protein; takes
its name from the fact that it contains
an amino group (—NH2) and an acid
group (—COOH). 37

amnion (AM-nee-ahn) Extraembryonic
membrane of reptiles, birds, and
mammals that forms an enclosing,
fluid-filled sac. 451

amniote egg (AM-nee-oht) Egg that has
an amnion, as seen during the
development of reptiles, birds, and
mammals. 649

amylase (AM-ih-lays) Starch-digesting
enzyme secreted by the salivary
glands (salivary amylase) and the
pancreas (pancreatic amylase). 222,
224

anabolic steroid (a-nuh-BAHL-ik)
Synthetic steroid that mimics the
effect of testosterone. 411

anaerobic (AN-uh-roh-bik) Growing or
metabolizing in the absence of
oxygen. 120

analogous structure Structures that have
a similar function in separate
lineages and differ in structure and
origin. 555

anaphase Mitosis phase during which
daughter chromosomes move toward
poles of spindle. 89

androgen (AN-druh-jun) Male sex
hormone (e.g., testosterone). 411

angiosperm (AN-jee-uh-spurm)
Flowering plant that produces seeds
within an ovary that develops into a
fruit; therefore, the seeds are covered.
152, 612

annual ring Layer of wood (secondary
xylem) usually produced during one
growing season. 161 

anterior pituitary (pih-TOO-ih-tair-ee)
Portion of the pituitary gland that
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produces six types of hormones and
is controlled by hypothalamic-
releasing and release-inhibiting
hormones. 400

anther (AN-thur) Part of stamen where
pollen grains are produced in pollen
sacs. 80, 614

antheridium (an-thuh-RID-ee-um)
Structure in seedless plants that
produces flagellated sperm. 602

anthropoid (AN-thruh-poyd) Group of
primates that includes monkeys,
apes, and humans. 659

antibody (AN-tih-bahd-ee) Protein
produced in response to the presence
of an antigen; each antibody
combines with a specific antigen.
268

antibody-mediated immunity Specific
mechanism of defense in which
plasma cells derived from B cells
produce antibodies that combine
with antigens. 269

anticodon (an-tih-KOH-dahn) “Triplet” of
bases in tRNA that pairs with a
complementary triplet (codon) in
mRNA. 513

antidiuretic hormone (ADH) (an-tih-dy-
uh-RET-ik) Hormone secreted by the
posterior pituitary that promotes the
reabsorption of water from the
collecting ducts, which receive urine
produced by nephrons within the
kidneys. 312, 400

antigen (AN-tih-jun) Foreign substance,
usually a protein or a polysaccharide,
that stimulates the immune system to
react, such as to produce antibodies.
268

antigen-presenting cell (APC) Cell that
displays the antigen to the cells of the
immune system so they can defend
the body against that particular
antigen. 272

anus Outlet of the digestive tube. 220
aorta (ay-OR-tuh) Major systemic artery

that receives blood from the left
ventricle. 243, 246

aortic bodies Sensory receptors in the
aortic arch sensitive to oxygen
content, carbon dioxide content, and
blood pH. 290

apoptosis (ap-ohp-TOH-sis, -ahp-)
Programmed cell death involving a
cascade of specific cellular events
leading to death and destruction of
the cell. 269, 522

appendicular skeleton (ap-un-DIK-yuh-
lur) Portion of the skeleton forming
the pectoral girdle and upper
extremities, and the pelvic girdle and
lower extremities. 378

appendix (uh-PEN-diks) Small, tubular
appendage that extends outward
from the cecum of the large intestine.
220

Archaea (AR-kee-uh) Cannot confirm
pronunciation. One of three domains

of life; consists of organisms
(formerly considered bacteria) found
living in extreme habitats. 568, 578 

archegonium (ar-kih-GOH-nee-um)
Structure in plants that produces an
egg; occurs in seedless plants and in
gymnosperms. 602

arterial duct (ar-TEER-ee-ul) Fetal
connection between the pulmonary
artery and the aorta; ductus
arteriosus. 458

arteriole (ar-TEER-ee-ohl) Vessel that
takes blood from an artery to
capillaries. 240

artery Vessel that takes blood away from
the heart to arterioles;
characteristically possessing thick
elastic and muscular walls. 240

association area Region of the cerebral
cortex related to memory, reasoning,
judgment, and emotional feelings.
337

aster Short microtubule that extends
outward from a spindle pole in
animal cells during cell division. 88

atherosclerosis (ath-uh-roh-skluh-ROH-
sis) Condition in which fatty
substances accumulate abnormally
beneath the inner linings of the
arteries. 257

atom Smallest unit of matter that cannot
be divided by chemical means. 20

atomic number Number of protons
within the nucleus of an atom. 20

atomic weight Weight of an atom equal to
the number of protons plus the
number of neutrons within the
nucleus of an atom. 21

ATP (adenosine triphosphate) (uh-DEN-
uh-seen try-FAHS-fayt) Nucleotide
with three phosphate groups. The
breakdown of ATP into ADP � P�
makes energy available for energy-
requiring processes in cells. 41, 107

atrial natriuretic hormone (ANH) (AY-
tree-ul nay-tree-yoo-RET-ik)
Substance secreted by the atria of the
heart that accelerates sodium
excretion so that blood volume and
blood pressure decreases. 313, 406

atrioventricular bundle (ay-tree-oh-ven-
TRIK-yuh-lur) Group of specialized
fibers that conduct impulses from the
atrioventricular node to the
ventricular muscle of the heart; A-V
bundle. 244

atrioventricular valve Valve located
between the atrium and the ventricle.
242

atrium (AY-tree-um) Chamber;
particularly an upper receiving
chamber of the heart lying above the
ventricles; either the left atrium or
the right atrium. 242

autonomic system (awt-uh-NAHM-ik)
Branch of the peripheral nervous
system that has control over the
internal organs; consists of the

sympathetic and parasympathetic
systems. 331

autosome (AW-tuh-sohm) Chromosome
other than a sex chromosome. 489

autotroph (AW-tuh-trahf) Organism that
is capable of making its food (organic
molecules) from inorganic molecules.
136, 550, 744

auxin (AHK-sin) Plant hormone
regulating growth, particularly cell
elongation; most often indoleacetic
acid (IAA). 176

AV (atrioventricular) node Small region
of neuromuscular tissue that
transmits impulses received from the
SA node to the ventricular walls.
244

axial skeleton (AK-see-ul) Portion of the
skeleton that supports and protects
the organs of the head, the neck, and
the trunk. 374

axillary bud (AK-suh-lair-ee) Bud located
in the axil of a leaf. 158

axon (AK-sahn) Fiber of a neuron that
conducts nerve impulses away from
the cell body. 322

B
B lymphocyte (LIM-fuh-syt) Lymphocyte

that matures in the bone marrow
and, when stimulated by the
presence of a specific antigen, gives
rise to antibody-producing plasma
cells. 268

bacteria One of three domains of life;
prokaryotic cells other than archaea
with unique genetic, biochemical,
and physiological characteristics.
62, 568, 577

bacteriophage (bak-TEER-ee-uh-fayj)
Virus that infects a bacterial cell.
532, 575

bark External part of a tree, containing
cork, cork cambium, and phloem.
161

basal body Structure in the cell
cytoplasm, located at the base of a
cilium or flagellum. 60

base Solution in which pH is greater than
7; a substance that contributes or
liberates hydroxide ions (OH�) in a
solution; alkaline; opposite of acid.
Also, a term commonly applied to
one of the components of a
nucleotide. 28

behavior Observable, coordinated
responses to environmental stimuli.
8, 672

bile (byl) Secretion of the liver that is
temporarily stored in the gallbladder
before being released into the small
intestine, where it emulsifies fat.
219

binary fission Bacterial reproduction into
two daughter cells without the
utilization of a mitotic spindle. 581
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biodiversity Total number of species, the
variability of their genes, and the
ecosystems in which they live. 12

biogeochemical cycle (by-oh-jee-oh-
KEM-ih-kul) Circulating pathway of
an element through the biotic and
abiotic components of ecosystems
within the biosphere. 748

biogeography Study of the geographical
distribution of organisms. 554

biological magnification Process by
which nonexcreted substances like
DDT become more concentrated in
organisms in the higher trophic
levels of the food chain. 755

biome (BY-ohm) Major terrestrial
community characterized by 
certain climatic conditions and
dominated by particular types of
plants. 721

biosphere (BY-uh-sfeer) That portion of
the surface of the earth (air, water,
and land) where living things exist.
10, 688, 718

biotic potential (by-AHT-ik) Maximum
population growth rate under ideal
conditions. 690

blastocyst (BLAS-tuh-sist) Early stage of
human embryonic development that
consists of a hollow fluid-filled ball of
cells. 452

blastula (BLAS-chuh-luh) Hollow ball of
cells occurring during animal
development prior to gastrula
formation. 445

blood pressure Force of blood pushing
against the inside wall of an artery.
248

bottleneck effect Type of genetic drift, in
which a majority of genotypes is
prevented from participating in the
production of the next generation as
a result of a natural disaster or
human interference. 559

brain Enlarged superior portion of the
central nervous system located in the
cranial cavity of the skull. 334

brain stem Portion of the brain consisting
of the medulla oblongata, pons, and
midbrain. 335

bronchiole (BRAHNG-kee-ohl) Smaller
air passages in the lungs that
eventually terminate in alveoli. 287

bronchus (pl., bronchi) (BRAHNG-kus)
One of two major divisions of the
trachea leading to the lungs. 287

budding Asexual reproduction in which a
new organism forms from the body
wall of a parent and then detaches
itself. 587

buffer Substance or compound that
prevents large changes in the pH of a
solution. 29

bulbourethral gland (bul-boh-yoo-REE-
thrul) Either of two small structures
located below the prostate gland in
males; adds secretions to semen.
421

C
C3 plant Plant that directly uses the

Calvin cycle; the first detected
molecule during photosynthesis is
PGA, a three-carbon molecule. 146

C4 plant Plant that fixes carbon dioxide to
produce a C4 molecule that releases
carbon dioxide to the Calvin cycle.
146

calorie Amount of heat energy required
to raise the temperature of water 1°C.
27

Calvin cycle Primary pathway of the
light-independent reactions of
photosynthesis; converts carbon
dioxide to carbohydrate. 138

cambium (KAM-bee-um) Lateral layer of
meristematic cells that divide to
provide girth to vascular plants. 154

cancer Malignant tumor whose
nondifferentiated cells exhibit loss of
contact inhibition, uncontrolled
growth, and the ability to invade
tissues and metastasize. 522 

capillary (KAP-uh-lair-ee) Microscopic
vessel connecting arterioles to
venules and through the thin walls of
which substances either exit or enter
blood. 240

carbaminohemoglobin (kar-buh-MEE-
noh-hee-muh-gloh-bun) Hemoglobin
carrying carbon dioxide. 292

carbohydrate Organic compound
characterized by the presence of
CH2O groups; includes
monosaccharides, disaccharides, and
polysaccharides. 32

carbon dioxide fixation Photosynthetic
reaction in which carbon dioxide is
attached to an organic compound.
144

carbonic anhydrase (kar-BAHN-ik an-
HY-drays, -drayz) Enzyme in red
blood cells that speeds the formation
of carbonic acid from water and
carbon dioxide. 292

carcinogen (kar-SIN-uh-jun)
Environmental agent that causes
mutations leading to the
development of cancer. 525

cardiac cycle (KAR-dee-ak) Series of
myocardial contractions that
constitute a complete heartbeat. 244

carnivore (KAR-nuh-vor) Secondary or
higher consumer in a food chain, that
therefore eats other animals. 744

carotenoid (kuh-RAHT-n-oyd) Yellow or
orange pigment that serves as an
accessory to chlorophyll in
photosynthesis. 137

carotid bodies (kuh-RAHT-id) Structures
located at the branching of the
carotid arteries and that contain
chemoreceptors sensitive to the
hydrogen ion concentration but also
the level of carbon dioxide and
oxygen in blood. 290

carrier Individual that appears normal
but is capable of transmitting an
allele for a genetic disorder. 478

carrier protein Protein molecule that
combines with a substance and
transports it through the plasma
membrane. 70, 76

carrying capacity Largest number of
organisms of a particular species that
can be maintained indefinitely in an
ecosystem. 691

cecum (SEE-kum) Small pouch that lies
below the entrance of the small
intestine, and is the blind end of the
large intestine. 220

cell Structural and functional unit of an
organism; the smallest structure
capable of performing all the
functions necessary for life. 7, 46

cell body Portion of a neuron that
contains a nucleus and from which
the fibers extend. 322

cell cycle Repeating sequence of events in
eukaryotic cells consisting of the
phases of interphase, when growth
and DNA synthesis occurs, and the
stages of mitosis, when cell division
occurs. 86

cell-mediated immunity Specific
mechanism of defense in which T
cells destroy antigen-bearing cells.
272

cell plate Structure that precedes the
formation of the cell wall as a part of
cytokinesis in plant cells. 90

cell theory One of the major theories of
biology which states that all
organisms are made up of cells; cells
are capable of self-reproduction and
cells come only from pre-existing
cells. 46

cell wall Protective barrier outside the
plasma membrane of plant and
certain other cells. 49, 62

cellular differentiation Process and the
developmental stages by which a cell
becomes specialized for a particular
function. 448

cellulose (SEL-yuh-lohs, -lohz)
Polysaccharide composed of glucose
molecules; the chief constituent of a
plant’s cell wall. 33

centriole (SEN-tree-ohl) Short, cylindrical
organelle in animal cells that contains
microtubules in a 9 � 0 pattern;
present in a centrosome and
associated with the formation of
basal bodies. 60

centromere (SEN-truh-meer) Constricted
region of a chromosome where sister
chromatids are attached to one
another and where the chromosome
attaches to a spindle fiber. 84

centrosome (SEN-truh-sohm) Major
microtubule organizing center of
cells, consisting of granular material.
In animal cells, it contains two
centrioles. 58
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cephalization (sef-uh-lih-ZAY-shun)
Development of a well-recognized
anterior head with concentrated
nerve masses and sensory receptors.
619

cerebellum (ser-uh-BEL-um) Part of the
brain located posterior to the
medulla oblongata and pons that
coordinates skeletal muscles to
produce smooth, graceful motions.
335

cerebral cortex (suh-REE-brul, SER-uh-
brul KOR-teks) Outer layer of
cerebral hemispheres; receives
sensory information and controls
motor activities. 336

cerebral hemisphere One of the large,
paired structures that together
constitute the cerebrum of the brain.
335

cerebrospinal fluid (sair-uh-broh-SPY-
nul, suh-REE-broh-) Fluid found in
the ventricles of the brain, in the
central canal of the spinal cord, and
in association with the meninges.
332

cerebrum (SAIR-uh-brum, suh-REE-
brum) Main part of the brain
consisting of two large masses, or
cerebral hemispheres; the largest part
of the brain in mammals. 335

cervix (SUR-viks) Narrow end of the
uterus, which leads into the vagina.
425

channel protein Forms a channel to allow
a particular molecule or ion to cross
the plasma membrane. 70

chemiosmosis (kem-ee-ahz-MOH-sis)
Production of ATP due to the
buildup of a hydrogen ion gradient
across a membrane by an electron
transport system. 125

chemoreceptor (kee-moh-rih-SEP-tur)
Sensory receptor that is sensitive to
chemical stimulation—for example,
sensory receptors for taste and smell.
348

chlorophyll (KLOR-uh-fil) Green
pigment that captures solar energy
during photosynthesis. 137

chloroplast (KLOR-uh-plast)
Membranous organelle that contains
chlorophyll and is the site of
photosynthesis. 56, 138

cholesterol (kuh-LES-tuh-rawl) Steroid
that occurs in animal plasma
membranes; is known to contribute
to the development of plaque on
blood vessel walls. 68

chordae tendineae (KOR-dee TEN-din-
ee-ee) Tough bands of connective
tissue that attach the papillary
muscles to the atrioventricular valves
within the heart. 242

chordate (KOR-dayt) Member of the
phylum Chordata, which includes
lancelets, tunicates, fishes,
amphibians, reptiles, birds, and

mammals; characterized by a
notochord, dorsal hollow nerve cord,
and pharyngeal pouches or gill slits.
646

chorion (KOR-ee-ahn) Extraembryonic
membrane functioning for
respiratory exchange in reptiles and
birds; contributes to placenta
formation in mammals. 451

chorionic villi (kor-ee-AHN-ik VIL-eye)
Treelike extensions of the chorion of
the embryo, projecting into the
maternal tissues at the placenta. 455

chromatin (KROH-muh-tin) Threadlike
network in the nucleus that is made
up of DNA and proteins. 52, 84

chromosomal mutation (kroh-muh-SOH-
mul) Variation in regard to the
normal number of chromosomes
inherited or in regard to the normal
sequence of alleles on a chromosome;
the sequence can be inverted,
translocated from a nonhomologous
chromosome, deleted, or duplicated.
491

chromosome (KROH-muh-som) Rodlike
structure in the nucleus seen during
cell division; contains the hereditary
units, or genes. 52, 84

chyme (kym) Thick, semi-liquid food
material that passes from the
stomach to the small intestine. 218

cilium (pl., cilia) (SIL-ee-um) Short,
hairlike extension from a cell,
occurring in large numbers and used
for cell mobility. 60, 194

circadian rhythm (sur-KAY-dee-un)
Regular physiological or behavioral
event that occurs on an
approximately 24-hour cycle. 411

cladistics (kluh-DIS-tiks) School of
systematics that determines the
degree of relatedness by analyzing
primitive and derived characters and
constructing cladograms. 568

class One of the seven categories, or taxa,
used by taxonomists to group
species. 568

cleavage (KLEE-vij) Cell division without
cytoplasmic addition or enlargement;
occurs during first stage of animal
development. 445

cleavage furrow Indentation that begins
the process of cleavage, by which
animal cells undergo cytokinesis. 91

climax community In ecology,
community that results when
succession has come to an end. 712

clonal selection theory States that the
antigen selects which lymphocyte
will undergo clonal expansion and
produce more lymphocytes bearing
the same type of receptor. 269

clone Production of identical copies; in
genetic engineering, the production of
many identical copies of a gene. 531

clotting Process of blood coagulation,
usually when injury occurs. 254

cochlea (KOHK-lee-uh, koh-klee-uh)
Portion of the inner ear that
resembles a snail’s shell and contains
the  spiral organ, the sense organ for
hearing. 362

codominance Pattern of inheritance in
which both alleles of a gene are
equally expressed. 482

codon (KOH-dahn) “Triplet” of bases in
mRNA that directs the placement of a
particular amino acid into a
polypeptide. 511

coelom (SEE-lum) Embryonic body cavity
lying between the digestive tract and
body wall that is completely lined by
mesoderm; in humans, the
embryonic coelom becomes the
thoracic and abdominal cavities.
201, 417, 619

coenzyme (koh-EN-zym) Nonprotein
organic molecule that aids the action
of the enzyme to which it is loosely
bound. 111

coevolution Interaction of two species
such that each influences the
evolution of the other species. 708

cofactor Nonprotein adjunct required by
an enzyme in order to function;
many cofactors are metal ions, while
others are coenzymes. 111

cohesion-tension theory Explanation for
upward transportation of water in
xylem based upon transpiration-
created tension and the cohesive
properties of water molecules. 170

collecting duct Tube that receives urine
from the distal convoluted tubules of
several nephrons within a kidney.
309

colon (KOH-lun) Portion of the large
intestine that extends from the cecum
to the rectum. 220

colostrum (kuh-LAHS-trum) Thin, milky
fluid rich in proteins, including
antibodies, that is secreted by the
mammary glands a few days prior to
or after delivery before true milk is
secreted. 430, 461

commensalism (kuh-MEN-suh-liz-um)
Symbiotic relationship in which one
species is benefited and the other is
neither harmed nor benefited. 710

community Group of many different
populations that interact with one
another. 7, 10, 688, 702

companion cell Cell associated with
sieve-tube elements in phloem of
vascular plants. 155

competitive exclusion principle Theory
that no two species can occupy the
same niche. 704

complement system Group of plasma
proteins that form a nonspecific
defense mechanism, often by
puncturing microbes; it complements
the antigen-antibody reaction. 268

complementary base pairing Pairing of
bases between nucleic acid strands;

G-4 Glossary

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


adenine pairs with either thymine
(DNA) or uracil (RNA), and cytosine
pairs with guanine. 508

complementary DNA (cDNA) DNA that
has been synthesized from mRNA by
the action of reverse transcriptase.
532

condensation synthesis Chemical change
resulting in the covalent bonding of
two monomers with the
accompanying loss of a water
molecule. 32

cone cell Bright-light sensory receptor in
the retina of the eye that detects color
and provides visual acuity. 356

conifer (KAHN-uh-fur) Cone-bearing
gymnosperm plants that include
pine, cedar, and spruce trees. 608

conjugation (kahn-juh-GAY-shun) Sexual
union between organisms in which
the genetic material of one cell enters
another. 585

connective tissue Type of tissue
characterized by cells separated by a
matrix that often contains fibers. 196

conservation biology Scientific discipline
that seeks to understand the effects of
human activities on species,
communities, and ecosystems and to
develop practical approaches to
preventing the extinction of species
and the destruction of ecosystems.
757

consumer Organism that feeds on
another organism in a food chain;
primary consumers eat plants, and
secondary (or higher) consumers eat
animals. 744

continental drift Movement of continents
with respect to one another over the
earth’s surface. 554

contraceptive (kahn-truh-SEP-tiv)
Medication or device used to reduce
the chance of pregnancy. 431

control group In experimentation, a sample
that goes through all the steps of an
experiment except the one being
tested; a standard against which results
of an experiment are checked. 3

coral reef Structure found in tropical
waters that is formed by the buildup
of coral skeletons and where many
and various types of organisms
reside. 623, 740

cork Outer covering of bark of trees;
made up of dead cells that may be
sloughed off. 154

coronary artery (KOR-uh-nair-ee) Artery
that supplies blood to the wall of the
heart. 247

corpus luteum (KOR-pus LOOT-ee-um)
Yellow body that forms in the ovary
from a follicle that has discharged its
egg; it secretes progesterone. 427

cortisol (KOR-tuh-sawl) Glucocorticoid
secreted by the adrenal cortex that
results in increased blood glucose.
406

cotyledon (kaht-ul-EED-n) Seed leaf for
embryonic plant, providing nutrient
molecules for the developing plant
before its mature leaves begin
photosynthesis. 153, 182

covalent bond (coh-VAY-lent) Chemical
bond between atoms that results
from the sharing of a pair of
electrons. 24

cranial nerve (KRAY-nee-ul) Nerve that
arises from the brain. 328

creatine phosphate (KREE-uh-teen
FAHS-fayt) Compound unique to
muscles that contains a high-energy
phosphate bond. 389

creatinine (kree-AH-tuhn-een)
Nitrogenous waste, the end product
of creatine phosphate metabolism.
305

cristae (sing., crista) (KRIS-tee) Short,
fingerlike projections formed by the
folding of the inner membrane of
mitochondria. 57

crossing-over Exchange of corresponding
segments of genetic material between
nonsister chromatids of homologous
chromosomes during synapsis of
meiosis I. 93, 500

cyanobacterium (SY-ah-noh-bak-TEER-
ee-um) Photosynthetic prokaryote
that contains chlorophyll and
releases O2; formerly called a blue-
green alga. 580

cyclic AMP (SY-klik, SIH-klik) ATP-
related compound that acts as the
second messenger in peptide
hormone transduction; it initiates
activity of the metabolic machinery.
397

cyclin (SY-klin) Protein that cycles in
quantity as the cell cycle progresses;
combines with and activates the
kinases that function to promote the
events of the cycle. 86

cytochrome (SY-tuh-krohm) Protein
within the inner mitochondrial
membrane that is an electron carrier
in aerobic respiration (electron
transport system). 124

cytokine (SY-tuh-kyn) Type of protein
secreted by a T lymphocyte that
attacks viruses, virally infected cells,
and cancer cells. 275

cytokinesis (sy-toh-kih-NEE-sis) Division
of the cytoplasm of a cell during
telophase of mitosis or meiosis I and
II. 84

cytoplasm (SY-tuh-plaz-um) Semifluid
medium between the nucleus and the
plasma membrane and that contains
the organelles. 49

cytosine (C) (SY-tuh-seen) One of four
nitrogen bases in nucleotides
composing the structure of DNA and
RNA. 508

cytoskeleton Fibrous protein elements
found throughout the cytoplasm that
help maintain the shape of the cell,

anchor the organelles, and allow the
cell and its organelles to move. 58

cytotoxic (sy-tuh-TAHK-sik) T cell
T lymphocyte that attacks and kills
antigen-bearing cells. 272

D
data Facts that are derived from

observations and experiments
pertinent to the matter under study.
5

deamination (dee-am-uh-NAY-shun)
Removal of an amino group (—NH2)
from an amino acid or other organic
compound. 127

decomposer Organism, usually a
bacterium or fungus, that breaks
down organic matter into inorganic
nutrients that can be recycled in the
environment. 578, 744

demographic transition Decline in the
birthrate following a reduction in the
death rate so that the population
growth rate is lowered. 695

denaturation (dee-nay-chuh-RAY-shun)
Loss of normal shape by an enzyme
so that it no longer functions; caused
by a less than optimal pH and
temperature. 38, 110

dendrite (DEN-dryt) Fiber of a neuron,
typically branched, that conducts
signals toward the cell body. 322

denitrification (dee-ny-truh-fuh-KAY-
shun) Conversion of nitrate or nitrite
to nitrogen gas by bacteria in soil.
752

dense fibrous connective tissue Type of
connective tissue containing many
collagen fibers packed together, and
found in tendons and ligaments, for
example. 196

detrital food chain (dih-TRYT-ul)
Straight-line linking of organisms in
the detrital food web according to
who eats whom. 747

detrital food web Flow of nutrients and
energy requiring decomposition of
dead organic matter as a source food
for other organisms. 747

detritus (dih-TRYT-us) Partially
decomposed remains of plants and
animals found in soil and on the beds
of bodies of water. 744

deuterostome (DOO-tuh-roh-stohm)
Group of coelomate animals in which
the second embryonic opening is
associated with the mouth; the first
embryonic opening, the blastopore, is
associated with the anus.    644

diabetes mellitus (dy-uh-BEE-teez MEL-
ih-tus, muh-ly-tus) Condition
characterized by a high blood
glucose level and the appearance of
glucose in the urine, due to a
deficiency of insulin production or
glucose uptake by cells. 409
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diastole (dy-AS-tuh-lee) Relaxation of a
heart chamber. 244

diastolic pressure (dy-uh-STAHL-ik)
Arterial blood pressure during the
diastolic phase of the cardiac cycle.
248

dicot (DY-kaht) Abbreviation of
dicotyledon. Flowering plant group;
members have two embryonic leaves
(cotyledons), net-veined leaves,
cylindrical arrangement of vascular
bundles, flower parts in fours or
fives, and other characteristics. 153

diencephalon (dy-en-SEF-uh-lahn)
Portion of the brain in the region of
the third ventricle that includes the
thalamus and hypothalamus. 335

differentially permeable (dif-uh-RENT-
shuh-lee pur-mee-uh-bul) Having
degrees of permeability; the cell is
impermeable to some substances and
allows others to pass through at
varying rates. 72

diffusion (dih-FYOO-zhun) Movement of
molecules from a region of higher
concentration to a region of lower
concentration. 73

dihybrid (dy-HY-brud) Individual that is
heterozygous for two traits; shows
the phenotype governed by the
dominant alleles but carries the
recessive alleles. 476

diploid (DIP-loyd) 2n number of
chromosomes; twice the number of
chromosomes found in gametes. 84

diplontic life cycle (dip-LAHN-tik) Life
cycle typical of animals in which the
adult is always diploid and meiosis
produces the gametes. 585

directional selection Natural selection in
which an extreme phenotype is
favored, usually in a changing
environment. 562

disaccharide (dy-SAK-uh-ryd) Sugar that
contains two units of a
monosaccharide; e.g., maltose. 32

disruptive selection Natural selection in
which extreme phenotypes are favored
over the average phenotype, leading to
more than one distinct form. 564

distal convoluted tubule (DIS-tul TOO-
byool) Highly coiled region of a
nephron , that is distant from the
glomerular capsule, where tubular
secretion takes place. 309

DNA (deoxyribonucleic acid) Nucleic
acid found in cells; the genetic
material that specifies protein
synthesis in cells. 40, 506

DNA fingerprinting Using DNA
fragment lengths, resulting from
restriction enzyme cleavage, to
identify particular individuals. 533

DNA ligase (LY-gays) Enzyme that links
DNA fragments; used during
production of recombinant DNA to
join foreign DNA to vector DNA.
530

DNA polymerase (PAHL-uh-muh-rays)
During replication, an enzyme that
joins the nucleotides complementary
to a DNA template. 509

dominance hierarchy Social ranking
within a group in which a higher-
ranking individual acquires more
resources than a lower-ranking
individual. 677

dominant allele Hereditary factor that
expresses itself in the phenotype
when the genotype is heterozygous.
472

dorsal-root ganglion (GANG-glee-un)
Mass of sensory neuron cell bodies
located in the dorsal root of a spinal
nerve. 328

double fertilization In flowering plants,
one sperm joins with polar nuclei
within the embryo sac to produce a
3n endosperm nucleus, and another
sperm joins with an egg to produce a
zygote. 181, 612

double helix (HEE-liks) Double spiral;
describes the three-dimensional
shape of DNA. 508

doubling time Number of years it takes
for a population to double in size.
695

duodenum (doo-uh-DEE-num) First
portion of the small intestine into
which secretions from the liver and
pancreas enter. 219

dynamic equilibrium Maintenance of
balance when the head and body are
suddenly moved or rotated. 365

E
ecological niche (ee-kuh-LAH-jih-kul, ek-

uh-lah-jih-kul nich) Role an organism
plays in community, including its
habitat and its interactions with other
organisms. 703

ecological pyramid Pictorial graph
representing biomass, organism
number, or energy content of each
trophic level in a food web—from
the producers to the final consumer
populations. 747

ecological succession Sequential change
in the relative dominance of species
within a community; primary
succession begins on bare rock, and
secondary succession begins where
soil already exists. 712

ecosystem (EK-uh-sis-tum, ee-kuh-)
Region in which populations interact
with each other and with the physical
environment. 7, 10, 688, 744

ectoderm (EK-tuh-durm) Outer germ
layer of the embryonic gastrula; it
gives rise to the nervous system and
skin. 445, 453

edema (ih-DEE-muh) Swelling due to
tissue fluid accumulation in the
intercellular spaces. 264

egg Nonflagellate female gamete; also
referred to as ovum. 181, 424

electrocardiogram (ECG or EKG)
(ih-lek-troh-KAR-dee-uh-gram)
Recording of the electrical activity
associated with the heartbeat. 245

electron Subatomic particle that has
almost no weight and carries a
negative charge; orbits in a shell
about the nucleus of an atom. 20

electron transport system Chain of
electron carriers in the cristae of
mitochondria and thylakoid
membrane of chloroplasts. The
electrons release energy that is used
to establish a hydrogen ion gradient.
This gradient is associated with the
production of ATP molecules. 119,
124, 140

element Substance that cannot be broken
down into substances with different
properties; composed of only one
type atom. 20

embolus (EM-buh-lus) Moving blood clot
that is carried through the
bloodstream. 257

embryo (EM-bree-oh) Stage of a
multicellular organism that develops
from a zygote and before it becomes
free living; in seed plants the embryo
is part of the seed. 445

embryo sac Megagametophyte of
flowering plants that produces an
egg cell. 180

embryonic period From approximately
the second to the eighth week of
human development, during which
the major organ systems are
organized. 451

endergonic reaction (en-dur-GAHN-ik)
Chemical reaction that requires an
input of energy; opposite of
exergonic reaction. 106

endocrine gland (EN-duh-krin) Ductless
organ that secretes (a) hormone(s)
into the bloodstream. 399

endocytosis (en-duh-sy-TOH-sis) 
Process in which a vesicle is 
formed at the plasma membrane 
to bring a substance into the 
cell. 78

endoderm (EN-duh-durm) Inner germ
layer that lines the archenteron/gut
of the gastrula; it becomes the 
lining of the digestive and
respiratory tract and associated
organs. 445, 453

endometrium (en-doh-MEE-tree-um)
Lining of the uterus, which becomes
thickened and vascular during the
uterine cycle. 425

endoplasmic reticulum (ER) (en-duh-
PLAZ-mik reh-TIK-yuh-lum)
Membranous system of tubules,
vesicles, and sacs in cells, sometimes
having attached ribosomes. Rough
ER has ribosomes; smooth ER does
not. 53
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endosperm (en-DOH-spurm) In
angiosperms, the 3n tissue that
nourishes the embryo and seedling
and is formed as a result of a sperm
joining with two polar nuclei. 181,
612

energy Capacity to do work and bring
about change; occurs in a variety of
forms. 8, 104

energy of activation Energy that must be
added to cause molecules to react
with one another. 108 

entropy (en-TRUH-pee) Measure of
disorder or randomness. 104

environmental resistance Sum total of
factors in the environment that limit
the numerical increase of a
population in a particular region.
690

enzyme (EN-zym) Organic catalyst,
usually a protein that speeds up a
reaction in cells due to its particular
shape. 37, 108

enzyme inhibition Means by which cells
regulate enzyme activity; there is
competitive and noncompetitive
inhibition. 110

epididymis (ep-ih-DID-uh-mus) Coiled
tubule next to the testes where sperm
mature and may be stored for a short
time. 420

epiglottis (ep-uh-GLAHT-us) Structure
that covers the glottis and closes off
the air tract during the process of
swallowing. 216, 286

epinephrine (ep-uh-NEF-rin) Hormone
secreted by the adrenal medulla in
times of stress; also called adrenaline.
405

epithelial tissue (ep-uh-THEE-lee-ul)
Type of tissue that covers the
external surface of the body and lines
its cavities. 194

erythrocyte (ih-RITH-ruh-syt) See red
blood cell. 198, 250

erythropoietin (ih-rith-roh-poy-EE-tin)
Hormone, produced by the kidneys,
that speeds the maturation of red
blood. 250, 305

esophagus (ih-SAHF-uh-gus) Tube that
transports food from the mouth to
the stomach. 217

essential amino acids Amino acids
required in the human diet because
the body cannot make them. 228

estrogen (ES-truh-jun) Female sex
hormone, which, along with
progesterone, maintains the primary
sex organs and stimulates
development of the female secondary
sex characteristics. 411, 429

Eukarya (yoo-KAR-ee-uh) One of the
three domains of life, consisting of
organisms in the kingdoms Protista,
Fungi, Plantae, and Animalia that
have unique genetic, biochemical,
and physiological characteristics.
568

eukaryotic cell (yoo-kair-ee-AHT-ik) Cell
that possesses a nucleus and the
other membranous organelles
characteristic of complex cells. 49

eutrophication (yoo-trahf-uh-KAY-shun,
yoo-troh-fuh-kay-shun) In aquatic
ecosystems, rapid nutrient cycling,
high productivity by phytoplankton,
and relatively few species. 732

evolution Changes that occur in the
members of a species with the
passage of time, often resulting in
increased adaptation of organisms to
the environment. 9, 551

excretion Removal of metabolic wastes
from the body. 305

exergonic reaction (ek-sur-GAHN-ik)
Chemical reaction that releases
energy; opposite of endergonic
reaction. 106

exocytosis (ek-soh-sy-TOH-sis) Process
in which an intracellular vesicle
fuses with the plasma membrane so
that the vesicle’s contents are
released outside the cell. 78

experiment Artificial situation devised to
test a hypothesis. 3

expiration (ek-spuh-RAY-shun) Act of
expelling air from the lungs;
exhalation. 284

expiratory reserve volume (ik-SPY-ruh-
tor-ee) Volume of air that can be
forcibly exhaled after normal
exhalation. 288

exponential growth Growth, particularly
of a population, in which the
increase occurs in the same manner
as compound interest. 690 

external respiration Exchange of oxygen
and carbon dioxide between alveoli
and blood. 292

extraembryonic membrane (ek-struh-
em-bree-AHN-ik) Membrane that is
not a part of the embryo but is
necessary to the continued existence
and health of the embryo. 451

F
facilitated transport Passive transfer of a

substance into or out of a cell along
a concentration gradient by a
process that requires a carrier. 76

FAD (flavin adenine dinucleotide)
(FLAY-vun ad-un-een dy-NOO-
klee-uh-tyd) Coenzyme that
functions as a carrier of electrons,
especially in aerobic cellular
respiration. 123

falsify To show a hypothesis to be
untrue. 5

family One of the seven categories, or
taxa, used by taxonomists to group
species. 568

fat Organic molecule that contains
glycerol and fatty acids and is found
in adipose tissue of vertebrates. 34

fatty acid Molecule that contains a
hydrocarbon chain and ends with an
acid group. 34

feedback inhibition Mechanism by
which an enzyme is rendered
inactive by combining with the
product of an enzymatic reaction or
pathway. 111

fermentation Anaerobic breakdown of
carbohydrates that results in organic
end products such as alcohol and
lactic acid. 129

fertilization Union of a sperm nucleus
and an egg nucleus, which creates
the zygote with the diploid number
of chromosomes. 92, 444

fiber Plant material that is nondigestible.
Insoluble fiber has a laxative effect;
soluble fiber prevents bile acids and
cholesterol from being absorbed.
227

fibrin (FY-brun) Insoluble protein threads
formed from fibrinogen during blood
clotting. 254

fibrinogen (fy-BRIN-uh-jun) Plasma
protein that is converted into fibrin
threads during blood clotting. 254

fight or flight Response in which the
sympathetic division accelerates
heartbeat and dilates bronchi to
provide muscles with a ready supply
of glucose and oxygen. 331

fitness Ability of an organism to survive
and reproduce in its environment.
562

flagellum (pl., flagella) (fluh-JEL-um)
Slender, long extension that propels a
cell through a fluid medium. 60, 62 

flower Reproductive organ of plants that
contains the structures for the
production of pollen grains and
covered seeds. 180, 614

fluid-mosaic model of membrane
structure Proteins form a pattern
within a bilayer of lipid molecules
having a fluid consistency. 68

focus Manner by which light rays are
bent by the cornea and lens, creating
an image on the retina. 355

follicle (FAHL-ih-kul) Structure in the
ovary that produces the egg and, in
particular, the female sex hormones,
estrogen and progesterone. 427 

follicle-stimulating hormone (FSH)
Hormone secreted by the anterior
pituitary gland that stimulates the
development of an ovarian follicle in
a female or the production of sperm
in a male. 423

food chain Portion of a food web.
Sequence that describes the energy
flow from one population to the next
in an ecosystem. Grazing food chains
begin with a producer, and detritus
food chains begin with partially
decomposed organic matter. 747

food web Complex pattern of interlocking
and crisscrossing food chains. 747
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formed element Constituent of blood that
is either cellular (red blood cells and
white blood cells) or at least cellular
in origin (platelets). 249

fossil Any past evidence of an organism
that has been preserved in the earth’s
crust. 551

fossil fuel Remains of once living
organisms that are burned to release
energy, such as coal, oil, and natural
gas. 750

founder effect Type of genetic drift, in
which only a fraction of the total
genetic diversity of the original gene
pool is represented as a result of a few
individuals founding a colony. 559

fovea centralis (FOH-vee-uh sen-TRA-lis,
sen-TRAY-lis) Region of the retina
consisting of densely packed cones
that is responsible for the greatest
visual acuity. 355

free energy System’s useful energy that is
capable of performing work. 106

fruit In flowering plants (angiosperms),
the structure that forms from an
ovary and associated tissues and
encloses seeds. 183, 612

fruiting body Spore-bearing structure
found in certain types of fungi, such
as mushrooms. 593

functional group Cluster of atoms that
always behaves in a certain way. 31

fungus (pl., fungi) (FUNG-gus)
Multicellular eukaryote, usually
composed of filaments called hyphae,
and usually saprotrophic; e.g.,
mushroom and mold. 591

G
gallbladder Saclike organ, associated

with the liver, that stores and
concentrates bile. 223

gamete (GA-meet, guh-MEET) Haploid
reproductive cell. Two gametes, most
often an egg or a sperm, join in
fertilization to form a zygote. 92

gametophyte (guh-MEET-uh-fyte) In the
life cycle of a plant, the haploid
generation that produces gametes.
180, 601

ganglion (GANG-glee-un) Collection of
neuron cell bodies within the
peripheral nervous system. 328

gastrovascular cavity (gas-troh-VAS-
kyuh-lur) Blind digestive cavity that
also serves a circulatory (transport)
function in animals that lack a
circulatory system. 623

gastrula (GAS-truh-luh) Stage of animal
development during which the germ
layers form. 445

gene (jeen) Unit of heredity that codes for
a polypeptide and is passed on to
offspring. 9, 510

gene flow Movement of genes from one
population to another via sexual

reproduction between members of
the populations. 562

gene pool Total of all the genes of all the
individuals in a population. 556

gene therapy Use of genetically
engineered cells or other
biotechnology techniques to treat
human genetic and other disorders.
539

genetic drift Evolution by chance
processes alone. 559

genetic engineering Use of technology to
alter the genome of a living cell for
medical or industrial use;
bioengineered. 530

genome (JEE-nohm) Full set of genes in
an individual whether a haploid or
diploid organism or a virus. 532 

genomic library Collection of bacterial or
bacteriophage clones, each
containing a particular segment of
DNA from the source cell. 532 

genotype (JEE-nuh-typ) Genes of any
individual for (a) particular trait(s).
472

genus (jee-nus) One of the seven
categories, or taxa, used by
taxonomists to group species. 568

germ layer Developmental layer of the
body—that is, ectoderm, mesoderm,
or endoderm. 445

gill Respiratory organ in most aquatic
animals; in fish, an outward
extension of the pharynx. 646

gland Epithelial cell or group of epithelial
cells that are specialized to secrete a
substance. 194

global warming Predicted increase in the
earth’s temperature, due to the
greenhouse effect, which will lead to
the melting of polar ice and a rise in
sea levels. 751

glomerular capsule (gluh-MAIR-yuh-lur)
Double-walled cup that surrounds
the glomerulus at the beginning of
the nephron. 309

glomerular filtrate Filtered portion of
blood contained within the
glomerular capsule. 311

glomerular filtration Movement of small
molecules from the glomerulus into
the glomerular capsule due to the
action of blood pressure. 311

glomerulus (gluh-MAIR-uh-lus, gloh-
mair-yuh-lus) Cluster; for example,
the cluster of capillaries surrounded
by the glomerular capsule in a
nephron, where glomerular filtration
takes place. 308

glottis (GLAHT-us) Opening for airflow
into the larynx. 216, 286

glucagon (GLOO-kuh-gahn) Hormone
secreted by the pancreas which
causes the liver to break down
glycogen and raises the blood
glucose level. 408

glucocorticoid (GLOO-koh-KOR-tih-
koyd) Any one of a group of

hormones secreted by the adrenal
cortex that influences carbohydrate,
fat, and protein metabolism. 405

glucose (GLOO-kohs) Six-carbon sugar
that organisms degrade as a source of
energy during cellular respiration.
32

glycogen (GLY-koh-jun) Storage
polysaccharide, found in animals,
that is composed of glucose
molecules joined in a linear fashion
but having numerous branches. 32

glycolipid (gly-koh-LIP-ud) Component
of cell membranes composed of a
hydrophilic head bonded to a
hydrophobic lipid tail. 68

glycolysis (gly-KAHL-uh-sis) Metabolic
pathway found in the cytoplasm that
participates in aerobic cellular
respiration and fermentation; it
converts glucose to two molecules of
pyruvate. 119, 120

glycoprotein (gly-koh-PROH-teen)
Compound composed of a
carbohydrate combined with a
protein. 69

Golgi apparatus (GAHL-jee) Organelle,
consisting of concentrically folded
saccules, which functions in the
packaging, storage, and distribution
of cellular products. 54

gonad (GOH-nad) Organ that produces
sex cells; the ovary, which produces
eggs, and the testis, which produces
sperm. 420, 424

gonadotropic hormone (goh-nad-uh-
TRAHP-ic, -troh-pic) Substance
secreted by anterior pituitary that
regulates the activity of the ovaries
and testes; principally, follicle-
stimulating hormone (FSH) and
luteinizing hormone (LH). 400

granum (GRAY-num) Stack of thylakoids
within chloroplasts. 57

gray matter Nonmyelinated nerve fibers
in the central nervous system. 332

greenhouse effect Reradiation of solar
heat toward the earth, caused by
gases in the atmosphere. 751

growth factor Chemical messenger that
stimulates mitosis and differentiation
of target cells that have receptors for
it; important in such processes as fetal
development, tissue maintenance and
repair, and hemopoiesis; sometimes a
contributing factor in cancer. 412

growth hormone (GH) Substance
secreted by the anterior pituitary; it
promotes cell division, protein
synthesis, and bone growth. 400

guanine (G) (GWAH-neen) One of four
nitrogen bases in nucleotides
composing the structure of DNA and
RNA. 508

guard cell Bean-shaped epidermal cell;
one found on each side of a leaf
stomate; their activity controls
stomate size. 154, 172
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gymnosperm (JIM-nuh-spurm) Seed
plant with uncovered (naked) seeds;
examples are conifers and cycads,
which bear cones. 608

H
habitat Place where an organism lives

and is able to survive and reproduce.
703

haploid (HAP-loyd) n number of
chromosomes; half the diploid
number; the number characteristic of
gametes which contain only one set
of chromosomes. 84

haplontic life cycle (hap-LAHN-tik) Life
cycle typical of protists in which the
adult is always haploid because
meiosis occurs after zygote
formation. 584

hard palate (PAL-it) Bony, anterior
portion of the roof of the mouth.
214

helper T cell T lymphocyte that releases
cytokines and stimulates certain
other immune cells to perform their
respective functions. 272

hemocoel (HEE-muh-seel) Residual
coelom found in arthropods that is
filled with hemolymph. 635

hemoglobin (HEE-muh-gloh-bun) Red
iron-containing pigment in blood
that combines with and transports
oxygen. 250, 292

hepatic portal system (hih-PAT-ik) Portal
system that begins at the villi of the
small intestine and ends at the liver.
247

herbaceous stem (UR-bay-shus)
Nonwoody stem. 158

herbivore (UR-buh-vor) Primary
consumer in a food chain; a plant
eater. 744

hermaphrodite (hur-MAF-ruh-dyt)
Animal having both male and female
sex organs. 625

heterospore (HET-ur-uh-spor) Spore that
is dissimilar from another produced
by the same plant; microspores and
megaspores are produced by a seed
plant. 601

heterotroph (HET-ur-uh-trohf, -trahf)
Organism that takes in preformed
foods. 136, 550, 744

heterozygous (het-uh-roh-ZY-gus)
Having two different alleles (as Aa)
for a given trait. 472

hexose (HEK-sohs) Six-carbon sugar. 32
hippocampus (hip-uh-KAM-pus) Part of

the cerebral cortex where memories
form. 338

histamine (HIS-tuh-meen, -mun)
Substance, produced by basophils
and mast cells in connective tissue,
that causes capillaries to dilate. 266

HLA (human leukocyte associated)
antigen Protein in a plasma

membrane that identifies the cell as
belonging to a particular individual
and acts as a self-antigen. 272

homeobox (HOH-mee-uh-bahks)
nucleotide sequence located in all
homeotic genes and serving to
identify portions of the genome, in
many different types of organisms,
that are active in pattern formation.
180, 450

homeostasis (hoh-mee-oh-STAY-sis)
Maintenance of the internal
environment, such as temperature,
blood pressure, and other body
conditions, within narrow limits.
8, 203, 208

homologous chromosome (hoh-MAHL-
uh-gus, huh-mahl-uh-gus) Similarly
constructed chromosomes with the
same shape and that contain genes
for the same traits; also called
homologues. 92

homologous structure Structure that is
similar in two or more species
because of common ancestry. 555 

homozygous (hoh-moh-zy-gus) Having
identical alleles (as AA or aa) for a
given trait; pure breeding. 472

hormone (HOR-mohn) Chemical
messenger produced in low
concentrations that has physiological
and/or developmental effects,
usually in another part of the
organism. 176, 220, 396

human chorionic gonadotropin hormone
(HCG) (kor-ee-AHN-ik, goh-nad-uh-
TRAHP-in, -TROH-pin)
Gonadotropin hormone produced by
the chorion that functions to
maintain the uterine lining. 429, 452

hydrogen bond Weak attraction between
a hydrogen atom carrying a partial
positive charge and an atom of
another molecule carrying a partial
negative charge. 26

hydrolysis (hy-DRAHL-ih-sis) Splitting
of a covalent bond by the addition of
water. 32

hydrophilic (hy-druh-FIL-ik) Type of
molecule that interacts with water by
dissolving in water and/or forming
hydrogen bonds with water
molecules. 26

hydrophobic (hy-druh-FOH-bik) Type of
molecule that does not interact with
water because it is nonpolar. 26

hydrostatic skeleton (hy-druh-STAT-ik)
Internal body fluid that offers
resistance to muscles and allows
movement to occur. 626

hypertonic solution Solution that has a
higher concentration of solute and a
lower concentration of water than the
cell. 75

hypothalamus (hy-poh-THAL-uh-mus)
Part of the brain located below the
thalamus that helps regulate the
internal environment of the body and

produces releasing factors that
control the anterior pituitary. 335,
400

hypothesis (hy-PAHTH-ih-sis) Statement
that is capable of explaining present
data and is used to predict the
outcome of future experimentation.
2

hypotonic solution Solution that has a
lower concentration of solute and a
higher concentration of water than
the cell. 74

I
immunity Ability of the body to protect

itself from foreign substances and
cells, including infectious microbes.
266

immunoglobulin (Ig) (im-yuh-noh-
GLAHB-yuh-lin, -yoo-lin) Globular
plasma protein that functions as an
antibody. 270

implantation Attachment and penetration
of the embryo into the lining of the
uterus (endometrium). 432, 451

inclusive fitness Fitness that results from
direct selection and indirect
selection. 683

independent assortment Alleles of
unlinked genes assort
independently of each other during
meiosis so that the gametes contain
all possible combinations of alleles.
93, 475

induction Ability of a chemical or a
tissue to influence the development
of another tissue. 449

inferior vena cava (VEE-nuh KAY-vuh)
One of the largest veins in the
systemic circuit, it collects blood
from the lower body regions. 246

insertion End of a muscle that is
attached to a movable bone. 381

inspiration (in-spuh-RAY-shun) Act of
taking air into the lungs; inhalation.
284

insulin (IN-suh-lin) Hormone secreted
by the pancreas that lowers the
blood glucose level by promoting the
uptake of glucose by cells and the
conversion of glucose to glycogen by
the liver and skeletal muscles. 408

integration Summing up of excitatory
and inhibitory signals by a neuron.
327, 349

interferon (in-tur-FEER-ahn) Protein
formed by a cell infected with a
virus that can increase the resistance
of other cells to the virus. 268

interkinesis (in-tur-kuh-NEE-sis) Period
of time between meiosis I and
meiosis II during which no DNA
replication takes place. 94

internal respiration Exchange of oxygen
and carbon dioxide between blood
and tissue fluid. 292
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interneuron Neuron found within 
the central nervous system that 
takes nerve impulses from one
portion of the system to 
another. 322

interphase Interval between successive
cell divisions; during this time, the
chromosomes are extended and 
DNA replication and growth are
occurring. 86

invertebrate (in-VUR-tuh-brit, -brayt)
Referring to an animal without a
serial arrangement of vertebrae, or a
backbone. 618

ion (eye-un, -ahn) Atom or group of
atoms carrying a positive or negative
charge. 23

ionic bond (eye-AHN-ik) Bond created
by an attraction between oppositely
charged ions. 23

isotonic solution (eye-suh-tahn-ik) 
One that contains the same
concentration of solute and water as
the cell. 74

isotope (EYE-suh-tohp) One of two or
more atoms with the same atomic
number that differ in the number 
of neutrons and therefore in 
weight. 21

J
joint Union of two or more bones; an

articulation. 370
juxtaglomerular apparatus (juk-stuh-

gluh-MER-yuh-lur) Structure located
in the walls of arterioles near the
glomerulus that regulates renal blood
flow. 313

K
karyotype (KAR-ee-uh-typ) 

Arrangement of all the chromosomes
within a cell by pairs in a fixed 
order. 488

kinase (KY-nays) Any one of several
enzymes that phosphorylate their
substrates. 86

kingdom One of the seven categories, or
taxa, used by taxonomists to group
species. 568

kinin (KY-nen) Chemical mediator,
released by damaged tissue cells and
mast cells, which causes the
capillaries to dilate and become more
permeable. 266

Krebs cycle (krebz) Cyclical metabolic
pathway found in the matrix of
mitochondria that participates in
aerobic cellular respiration; breaks
down acetyl groups to carbon
dioxide and hydrogen. Also called
the citric acid cycle because the
reactions begin and end with citrate.
119, 123

L
lacteal (LAK-tee-ul) Lymphatic vessel in a

villus of the intestinal wall. 219
large intestine Last major portion of the

digestive tract, extending from the
small intestine to the anus and
consisting of the cecum, the colon,
the rectum, and the anal canal. 220

larynx (LAR-ingks) Cartilaginous organ
located between pharynx and trachea
that contains the vocal cords; voice
box. 286

law Theory that is generally accepted by
an overwhelming number of
scientists. 5

learning Relatively permanent change in
an animal’s behavior that results
from practice and experience. 674

lens Clear membranelike structure found
in the eye behind the iris; brings
objects into focus. 355

less-developed country (LDC) Country
in which population growth is
expanding rapidly and the majority
of people live in poverty. 695

leukocyte (LOO-kuh-syt) See white blood
cell.

lichen (LY-kun) Fungi and algae
coexisting in a symbiotic
relationship. 595

ligament (LIG-uh-munt) Dense fibrous
connective tissue that joins bone to
bone at a joint. 196, 370

limbic system (LIM-bik) Portion of the
brain concerned with memory and
emotions. 337

linkage group Alleles on the same
chromosome are linked in the sense
that they tend to move together to
the same gamete; crossing-over
interferes with linkage. 500

lipase (LY-pays, LY-payz) Fat-digesting
enzyme secreted by the pancreas.
222, 224

lipid (LIP-id, LY-pid) Organic compound
that is insoluble in water; notably
fats, oils, and steroids. 34

logistic growth Population increase that
results in an S-shaped curve; growth
is slow at first, steepens, and then
levels off due to environmental
resistance. 690

loop of the nephron (NEF-rahn) Portion
of the nephron lying between the
proximal convoluted tubule and the
distal convoluted tubule that
functions in water reabsorption. 309

loose fibrous connective tissue Tissue
composed mainly of fibroblasts that
are widely separated by a matrix
containing collagen and elastic fibers
and found beneath epithelium. 196

lumen (LOO-mun) Cavity inside any
tubular structure, such as the lumen
of the digestive tract. 217

lungs Paired, cone-shaped organs within
the thoracic cavity, functioning in

internal respiration and containing
moist surfaces for gas exchange.
287, 651

luteinizing hormone (LH) (LOO-tee-uh-
ny-zing, loo-tee-ny-zing) Hormone
produced by the anterior pituitary
gland that stimulates the
development of the corpus luteum in
females and the production of
testosterone in males. 423

lymph (limf) Fluid, derived from tissue
fluid, that is carried in lymphatic
vessels. 255, 264

lymph nodes Mass of lymphoid tissue
located along the course of a
lymphatic vessel. 265

lymphocyte (LIM-fuh-syt) Specialized
white blood cell; occurs in two
forms—T lymphocyte and B
lymphocyte. 252

lysogenic cycle (LY-suh-jen-ik)
Bacteriophage life cycle in which the
viral DNA is incorporated into host
cell DNA without viral reproduction
and lysis. 575

lysosome (LY-suh-sohm) Membrane-
bounded organelle containing
digestive enzymes. 55

lytic cycle (lit-ik) Bacteriophage life cycle
in which viral reproduction takes
place and host cell lysis does occur.
575

M
macrophage (MAK-ruh-fayj) Large

phagocytic cell derived from a
monocyte that ingests microbes and
debris. 252, 266

Malpighian tubule (mal-PIG-ee-un)
Blind, threadlike excretory tubule
attached to the gut of an insect. 637 

maltase (MAHL-tays, -tayz) Enzyme
produced in small intestine that
breaks down maltose to two glucose
molecules. 224

mast cell Cell to which antibodies,
formed in response to allergens,
attach, bursting the cell and releasing
allergy mediators, which cause
symptoms. 266

matter Anything that takes up space and
has weight. 20

mechanoreceptor (mek-uh-noh-rih-SEP-
tur) Sensory receptor that is sensitive
to mechanical stimulation, such as
that from pressure, sound waves, and
gravity. 348

medulla oblongata (muh-DUL-uh ahb-
lawng-gah-tuh) Part of the brain
stem controlling heartbeat, blood
pressure, breathing, and other vital
functions. It also serves to connect
the spinal cord to the brain. 335

megagametophyte (meg-uh-guh-MEE-
tuh-fyt) In the life cycle of seed
plants, the female gametophyte that
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produces an egg; in flowering plants,
also the embryo sac. 608

megakaryocyte (meg-uh-KAR-ee-oh-syt,
-uh-syt) Large bone marrow cell that
gives rise to blood platelets. 254

megaspore (MEG-uh-spor) In seed plants,
a large spore that develops into the
egg-producing megagametophyte.
180, 601

meiosis (my-OH-sis) Type of cell division
that in animals occurs during the
production of gametes and results in
four daughter cells with the haploid
number of chromosomes. 92

melanocyte (MEL-uh-noh-syt)
Specialized cell in the epidermis that
produces melanin, the pigment
responsible for skin color. 205

memory Capacity of the brain to store
and retrieve information about past
sensations and perceptions; essential
to learning. 338

meninges (sing., meninx) (muh-NIN-jeez)
Protective membranous coverings
about the central nervous system.
201, 332

menopause (MEN-uh-pawz) Termination
of the ovarian and uterine cycles in
older women. 430

menstruation (men-stroo-AY-shun) Loss
of blood and tissue from the uterus at
the end of a uterine cycle. 429

meristem (mer-ih-stem) Undifferentiated,
embryonic tissue in the active growth
regions of plants. 154

mesoderm (MEZ-uh-durm, mes-) Middle
germ layer of embryonic gastrula;
gives rise to the muscles, the
connective tissue, and the circulatory
system. 445

messenger RNA (mRNA) Ribonucleic
acid whose sequence of codons
specifies the sequence of amino acids
during protein synthesis. 510

metabolic pathway Series of linked
reactions, beginning with a particular
reactant and terminating with an end
product. 108

metabolic pool Metabolites that 
result from catabolism and
subsequently can be used for
anabolism. 127

metabolism All of the chemical changes
that occur within a cell. 9, 106 

metamorphosis (met-uh-MOR-fuh-sis)
Change in shape and form that some
animals, such as amphibians and
insects, undergo during
development. 637

metaphase Mitosis phase during which
chromosomes are aligned at the
metaphase plate (equator) of the
mitotic spindle. 89

metastasis (muh-TAS-tuh-sis) Spread of
cancer from the place of origin
throughout the body; caused by the
ability of cancer cells to migrate and
invade tissues. 522

microevolution Change in gene
frequencies within a population over
time. 556

microgametophyte (-guh-MEE-tuh-fyt) In
seed plants, the sperm-producing
male gametophyte. 608

microspore In seed plants, a small spore
that develops into the sperm-
producing microgametophyte; pollen
grain. 180, 601

microtubule (-TOO-byool) Organelle
composed of 13 rows of globular
proteins; found in multiple units
within other organelles, such as the
centriole, cilia, flagella, as well as
spindle fibers. 58

midbrain Most superior part of the brain
stem; contains traits and reflex
centers. 335

mimicry (MIM-ih-kree) Superficial
resemblance of one organism to
another organism of a different
species; often used to avoid
predation. 708

mineralocorticoid (min-ur-uh-loh-KOR-
tih-koyd) Hormones secreted by the
adrenal cortex that regulate salt and
water balance, leading to increases in
blood volume and blood pressure.
405

mitochondrion (my-tuh-KAHN-dree-un)
Membranous organelle in which
aerobic cellular respiration produces
the energy carrier ATP. 56, 122

mitosis (my-TOH-sis) Type of cell
division in which daughter cells
receive the exact chromosome and
genetic makeup of the parent cell;
occurs during growth and repair. 84

molecule Like or different atoms joined by
a bond; the unit of a compound. 23

molting Periodic shedding of the
exoskeleton in arthropods. 634

monoclonal antibody Antibody of one type
produced by a single plasma cell. 276

monocot (MAHN-uh-kaht) Abbreviation
of monocotyledon. Flowering plant
group; members have one embryonic
leaf (cotyledon), parallel-veined
leaves, scattered vascular bundles,
and other characteristics. 153

monocyte (MAHN-uh-syt) Type of a
granular leukocyte that functions as a
phagocyte. 252

monohybrid Individual that is
heterozygous for one trait; shows the
phenotype of the dominant allele but
carries the recessive allele. 473

monosaccharide (mahn-uh-SAK-uh-ryd)
Simple sugar; a carbohydrate that
cannot be decomposed by hydrolysis.
32

monosomy (MAHN-uh-soh-mee) One
less chromosome than usual. 489

more-developed country (MDC) Country
in which population growth is low
and the people enjoy a good standard
of living. 695

morphogenesis (mor-foh-JEN-uh-sus)
Movement of early embryonic cells to
establish body outline and form. 448

morula (MOR-yuh-luh) Spherical mass of
cells resulting from cleavage during
animal development prior to the
blastula stage. 445

motor molecule Protein that moves along
either actin filaments or microtubules
by attaching, detaching, and
reattaching. 58

motor neuron Neuron that takes nerve
impulses from the central nervous
system to the effectors. 322

multiple allele Pattern of inheritance in
which there are more than two alleles
for a particular trait, although each
individual has only two of these
alleles. 482

mutagen (MYOO-tuh-jun) Agent, such as
radiation or a chemical, that brings
about a mutation in DNA. 520

mutualism Symbiotic relationship in
which both species benefit. 711

mycelium (my-SEE-lee-um) Mass of
hyphae that makes up the body of a
fungus. 591

mycorrhiza (my-kuh-RY-zuh) Mutually
beneficial symbiotic relationship
between a fungus and the roots of
vascular plants. 596

myelin sheath (MY-uh-lin) Schwann
plasma membranes that cover long
neuron fibers, giving them a white,
glistening appearance. 323

myocardium (my-oh-kar-dee-um)
Cardiac muscle in the wall of the
heart. 242

myofibril (my-uh-FY-brul) Contractile
portion of muscle fibers. 385

myoglobin (MY-uh-gloh-bin) Pigmented
compound in muscle tissue that
stores oxygen. 389

myogram Recording of a muscular
contraction. 388

myosin (MY-uh-sin) One of two major
proteins of muscle; makes up thick
filaments in myofibrils and is capable
of breaking down ATP. See actin.
385

N
NAD� (nicotinamide adenine

dinucleotide) (nik-uh-TEE-nuh-myd
ad-un-een dy-noo-klee-uh-tyd)
Coenzyme that functions as a carrier
of electrons, especially in aerobic
cellular respiration. 112, 120

NADP� (nicotinamide adenine
dinucleotide phosphate) (FAHS-fayt)
Coenzyme that becomes NADPH �
H� during the light-dependent
reactions of photosynthesis and
reduces participants in the Calvin
cycle during the light-independent
reactions. 112
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nasopharynx (nay-zoh-FAR-ingks)
Region of the pharynx associated
with the nasal cavity. 216

natural killer (NK) cell Lymphocyte that
causes an infected or cancerous cell
to burst. 268

natural selection Process by which
populations become adapted to their
environment. 562

negative feedback Self-regulatory
mechanism that is activated by an
imbalance and results in a fluctuation
above and below a mean. 209

nephridium (pl., nephridia) (nuh-FRID-
ee-um) Excretory tubule of many
invertebrates (e.g., earthworm) with
an opening in the body wall. 631

nephron (NEF-rahn) Anatomical and
functional unit of the kidney; kidney
tubule. 307

nerve Bundle of nerve fibers outside the
central nervous system. 200, 328

nerve impulse Action potential
(electrochemical change) traveling
along a neuron. 324

neural tube During development, tube
formed by closure of the neural
groove. Neural tube develops into
the spinal cord and brain. 447

neuroglial cell (noo-RAHG-lee-ul, noo-
rohg-lee-ul) One of several types of
cells found in nervous tissue that
supports, protects, and nourishes
neurons. 200, 322

neuromuscular junction Point of
communication between a nerve cell
and a muscle fiber. 386

neuron (NOOR-ahn, NYOOR-) Nerve cell
that characteristically has three parts:
dendrites, cell body, and axon. 200,
322

neurotransmitter Chemical stored at the
ends of axons that is responsible for
transmission across a synapse. 327

neurula (noor-uh-luh, nyoo-) Name for
the embryo when the neural tube has
formed. 447

neutron (NOO-trahn) Subatomic particle
that has a weight of one atomic mass
unit, carries no charge, and is found
in the nucleus of an atom. 20

neutrophil (NOO-truh-fil) Granular
leukocyte that is the most abundant
of the white blood cells; first to
respond to infection. 252 

nitrification (ny-truh-fuh-KAY-shun)
Process by which nitrogen in
ammonia and organic compounds is
oxidized to nitrites and nitrates by
soil bacteria. 752

nitrogen fixation Process whereby
nitrogen gas is reduced and nitrogen
is added to organic compounds. 752

node In plants, the place where one or
more leaves attach to a stem. 152

node of Ranvier (RAHN-vee-ay) Gap in
the myelin sheath around a nerve
fiber. 323

nondisjunction Failure of homologous
chromosomes or sister chromatids to
separate during the formation of
gametes. 489

nonsteroid hormone Type of hormone
that is not a steroid, such as a
peptide, that is received by a plasma
membrane receptor and brings about
a change in metabolic reactions
within a cell. 397

nonvascular plant Bryophytes such as
mosses and liverworts that have no
vascular tissue and either occur in
moist locations or have special
adaptations for living in dry
locations. 602

norepinephrine (NE) (NOR-ep-uh-NEF-
rin) Neurotransmitter active in the
peripheral and central nervous
systems; also a hormone secreted by
the adrenal medulla in times of
stress. 327, 405 

notochord (noh-tuh-kord) Dorsal
supporting rod that exists in all
chordates sometime in their life
history; replaced by the vertebral
column in vertebrates. 447, 646

nuclear envelope Double membrane that
surrounds the nucleus and is
continuous with the endoplasmic
reticulum. 52

nuclear pore Opening in the nuclear
envelope which permits the passage
of proteins into the nucleus and
ribosomal subunits out of the
nucleus. 52

nuclei (NOO-klee-eye, NYOO-) In the
reticular formation, masses of cell
bodies in the CNS. 335

nucleoid region (NOO-klee-oyd) Region
of a bacterium where the bacterial
chromosome is found; it is not
bounded by a nuclear envelope.
62, 577

nucleolus (noo-KLEE-uh-lus) Organelle
found inside the nucleus where
rRNA is produced for ribosome
formation. 52

nucleoplasm (NOO-klee-uh-plaz-um)
Semifluid medium of the nucleus,
containing chromatin. 52

nucleotide Monomer of a nucleic acid that
forms when a nitrogen base, a pentose
sugar, and a phosphate join. 40

O
oil Substance, usually of plant origin and

liquid at room temperature, formed
when a glycerol molecule reacts with
three fatty acid molecules. 34

olfactory cell (ahl-FAK-tuh-ree, -tree, 
ohl-) Neuron modified as a sensory
receptor for the sense of smell. 353

omnivore (AHM-nuh-vor) Organism in a
food chain that feeds on both plants
and animals. 744

oncogene (AHNG-koh-jeen) Gene that
contributes to the transformation of a
normal cell into a cancerous cell. 525

oogenesis (oh-uh-JEN-uh-sis) Production
of an egg in females by the process of
meiosis and maturation. 98, 424

operon (AHP-uh-rahn) Group of
structural and regulating genes that
function as a single unit. 518

opportunistic infection Infection that has
an opportunity to occur because the
immune system has been weakened.
436 

order One of the seven categories, or taxa,
used by taxonomists to group
species. 568

organ Combination of two or more
different tissues performing a
common function. 7

organelle (or-guh-NEL) Specialized
structure within cells (e.g., nucleus,
mitochondria, and endoplasmic
reticulum). 49

organic molecule Molecule that always
contains carbon (C) and hydrogen
(H); organic molecules are associated
with living things. 31

origin End of a muscle that is attached to
a relatively immovable bone. 381

osmosis (ahz-MOH-sis, ahs-) Movement
of water from an area of higher
concentration of water to an area of
lower concentration of water across a
differentially permeable membrane.
74

osmotic pressure (ahz-MAHT-ik)
Pressure generated by and due to the
flow of water across a semipermeable
membrane. 74

ossicle (AHS-ih-kul) One of the small
bones of the middle ear—malleus,
incus, stapes. 362

osteocyte (AHS-tee-uh-syt) Mature bone
cell. 370

osteon (AHS-tee-ahn) Cylindrical-shaped
unit containing bone cells that
surround an osteonic canal;
Haversian system. 370 

otolith (OH-tuh-lith) Calcium carbonate
granule associated with ciliated cells
in the utricle and the saccule. 365

ovarian cycle (oh-VAIR-ee-un) Monthly
changes occurring in the ovary that
determine the level of sex hormones
in the blood. 427

ovary In animals, the female gonad, the
organ that produces eggs, estrogen,
and progesterone; in flowering
plants, the base of the pistil that
protects ovules and along with
associated tissues becomes a fruit.
180, 411, 424, 614

oviduct (OH-vuh-dukt) Tube that
transports eggs to the uterus; also
called uterine tube. 424

ovulation (ahv-yuh-LAY-shun, ohv-)
Discharge of a mature egg from the
follicle within the ovary. 424
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ovule (AHV-yool, OHV-yool) In seed
plants, a structure where the
megaspore becomes an egg-
producing megagametophyte and
which develops into a seed following
fertilization. 180, 608

oxidation (ahk-sih-DAY-shun) Chemical
reaction that results in removal of
one or more electrons from an atom,
ion, or compound; oxidation of one
substance occurs simultaneously
with reduction of another. 25, 112

oxidative phosphorylation (ahk-sih-
DAY-tiv fahs-fuh-ruh-LAY-shun)
Process by which ATP production is
tied to an electron transport system
that uses oxygen as the final
acceptor; occurs in mitochondria.
124

oxygen debt Oxygen that is needed to
metabolize lactate, a compound that
accumulates during vigorous
exercise. 129, 389

oxyhemoglobin (ahk-see-HEE-muh-gloh-
bin) Compound formed when
oxygen combines with hemoglobin.
292

oxytocin (ahk-sih-TOH-sin) Hormone
released by the posterior pituitary
that causes contraction of uterus and
milk letdown. 400

ozone shield Formed from oxygen in the
upper atmosphere, it protects the
earth from ultraviolet radiation. 756

P
pacemaker See SA (sinoatrial) node. 244
pain receptor Sensory receptor that is

sensitive to chemicals released by
damaged tissues or excess stimuli of
heat or pressure. 348

palisade mesophyll (pal-ih-SAYD) In a
plant leaf, the layer of mesophyll
containing elongated cells with many
chloroplasts. 163

PAN (peroxyacetylnitrate) (puh-rahk-
SEE-uh-see-tul) Type of chemical
found in photochemical smog. 753

pancreas (PANG-kree-us, pan-) Elongate,
flattened organ in the abdominal
cavity that secretes enzymes into the
small intestine (exocrine function)
and hormones into the blood
(endocrine function). 222, 408

pancreatic islets (of Langerhans)
Distinctive group of cells within the
pancreas that secretes insulin and
glucagon. 408

parasympathetic division (par-uh-sim-
puh-THET-ik) That part of the
autonomic system that usually
promotes activities associated with a
restful state. 331

parathyroid gland (par-uh-THY-royd)
One of four glands embedded in the
posterior surface of the thyroid

gland; produces parathyroid
hormone. 404

parathyroid hormone (PTH) Hormone
secreted by the four parathyroid
glands that increases the blood
calcium level and decreases the blood
phosphate level. 404

parenchyma (puh-RENG-kuh-muh) cell
Thin-walled, minimally
differentiated cell that
photosynthesizes or stores the
products of photosynthesis. 154

pathogen (PATH-uh-jun) Disease-causing
agent. 194, 250, 266

penis External organ in males through
which the urethra passes and that
serves as the organ of sexual
intercourse. 421

pentose (PEN-tohs, -tohz) Five-carbon
sugar; deoxyribose is the pentose
sugar found in DNA; ribose is a
pentose sugar found in RNA. 32

pepsin (PEP-sin) Protein-digesting
enzyme secreted by gastric glands.
218, 224

peptidase (PEP-tih-days, -dayz) Intestinal
enzyme that breaks down short
chains of amino acids to individual
amino acids that are absorbed across
the intestinal wall. 224

peptide bond Covalent bond that joins
two amino acids. 38

perception Mental awareness of sensory
stimulation. 348

peripheral nervous system (PNS) (puh-
RIF-ur-ul) Nerves and ganglia that lie
outside the central nervous system.
322

peristalsis (paier-ih-STAWL-sis)
Rhythmic contraction that serves to
move the contents along in tubular
organs, such as the digestive tract.
217

peritubular capillary network (paier-ih-
TOO-byuh-lur) Capillary network
that surrounds a nephron and
functions in reabsorption during
urine formation. 308

peroxisome Enzyme-filled vesicle in
which fatty acids and amino acids
become hydrogen peroxide which is
broken down to harmless products.
55

PGAL (glyceraldehyde-3-phosphate)
(glis-uh-RAL-duh-hyd) Significant
metabolite in both the glycolytic
pathway and the Calvin cycle; PGAL
is oxidized during glycolysis and
reduced during the Calvin cycle.
143

pH scale Measure of the hydrogen ion
concentration [H�]; any pH below 7
is acidic and any pH above 7 is basic.
29

phagocytosis (fag-uh-sy-TOH-sis) Taking
in of bacteria and/or debris by
engulfing; cell eating (verb,
phagocytize). 78, 588

pharynx (FAR-ingks) Portion of the
digestive tract between the mouth
and the esophagus which serves as a
passageway for food and also air on
its way to the trachea. 216, 285

phenomenon Observable event. 2 
phenotype (FEE-nuh-typ) Outward

appearance of an organism caused by
the genotype and environmental
influences. 472

pheromone (FER-oh-mohn) Chemical
substance secreted by one organism
that influences the behavior of
another. 396, 680

phloem (FLOH-em) Vascular tissue that
conducts organic solutes in plants;
contains sieve-tube elements and
companion cells. 154, 174, 604

phospholipid (fahs-foh-LIP-id) Molecule
having the same structure as a neutral
fat except one bonded fatty acid is
replaced by a group that contains
phosphate; an important component
of plasma membranes. 35

photoperiodism (foh-toh-PIR-ee-ud-iz-
um) Response to light and dark;
particularly in reference to flowering
in plants. 178

photoreceptor Light-sensitive sensory
receptor. 348

photosynthesis (foh-toh-SIN-thuh-sis)
Process by which plants make their
own food using the energy of the
sun. 136

photosystem Cluster of light-absorbing
pigment molecules within thylakoid
membranes. 140

phototropism (foh-TAH-truh-piz-um)
Directional growth of plants in
response to light; stems demonstrate
positive phototropism. 177

phyletic gradualism (fy-LET-ik)
Evolutionary model that proposes
evolutionary change resulting in a
new species can occur gradually in
an unbranched lineage. 567

phylum (FY-lum) One of the seven
categories, or taxa, used by
taxonomists to group species. 568

phytochrome (fy-tuh-krohm) Plant
pigment that induces a photoperiodic
response in plants. 179

phytoplankton (fy-toh-PLANGK-tun) Part
of phytoplankton containing
organisms that (1) photosynthesize
and produce much of the oxygen in
the atmosphere and (2) serve as food
producers in aquatic ecosystems. 733

pineal gland (PIN-ee-ul, PY-nee-ul)
Gland— either at the skin surface on
the dorsal side of the head (fish,
amphibians) or in the third ventricle
of the brain, (mammals)— that
produces melatonin. 411

pinocytosis (pin-uh-sy-TOH-sis) Taking
in of fluid along with dissolved
solutes by engulfing; cell drinking.
78

—
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pistil (PIS-tul) Structure in a flower that
consists of a stigma, a style, and an
ovule-containing ovary; the ovule
becomes a seed and the ovary
becomes fruit. 180, 614

pith Parenchyma tissue in the center of
some stems and roots. 157

pituitary gland Small gland that lies just
inferior to the hypothalamus; the
anterior pituitary produces several
hormones, some of which control
other endocrine glands; the posterior
pituitary stores and secretes oxytocin
and antidiuretic hormone. 400

placenta (pluh-SEN-tuh) Structure that
forms from the chorion and the
uterine wall and allows the embryo,
and then the fetus, to acquire
nutrients and rid itself of wastes.
429, 455

placental mammal Member of a
mammalian subclass characterized by
a placenta, an organ of exchange of
nutrients, gases, and wastes between
maternal and fetal blood. 657

plankton (PLANGK-tun) Freshwater and
marine organisms that float on or
near the surface of the water. 733

plaque (plak) Accumulation of soft
masses of fatty material, particularly
cholesterol, beneath the inner linings
of the arteries. 229

plasma (PLAZ-muh) Liquid portion of
blood. 198, 249

plasma cell Cell derived from a B-cell
lymphocyte that is specialized to
mass-produce antibodies. 269

plasma membrane Membrane
surrounding the cytoplasm that
consists of a phospholipid bilayer
with embedded proteins; functions to
regulate the entrance and exit of
molecules from cell. 49, 62

plasmid (PLAZ-mid) Self-duplicating
ring of accessory DNA in the
cytoplasm of bacteria. 62, 530

plasmodesma (pl., plasmodesmata) (plaz-
muh-DEZ-muh) Cytoplasmic strand
that extends through a pore in the cell
wall and connects the cytoplasms of
adjacent cells. 174

plasmolysis (plaz-MAHL-ih-sis)
Contraction of the cell contents due
to the loss of water. 75

platelet (PLAYT-lit) Cell fragment that is
necessary to blood clotting; also
called a thrombocyte. 198, 254 

polar body Nonfunctioning daughter cell,
formed during oogenesis, that has
little cytoplasm. 98

pollen grain In seed plants, the
microspore that develops into the
sperm-producing microgametophyte.
180, 608

pollination In seed plants, the delivery of
pollen to the vicinity of the egg-
producing megagametophyte. 180,
608

polygenic inheritance (pahl-ee-JEN-ik)
Pattern of inheritance in which many
allelic pairs control a trait; each
dominant allele has a quantitative
effect on the phenotype. 481

polymerase chain reaction (PCR) (PAHL-
uh-muh-rays, -rayz) Technique that
uses the enzyme DNA polymerase to
produce millions of copies of a
particular piece of DNA. 532

polypeptide Polymer of many amino
acids linked by peptide bonds. 38

polyribosome (pahl-ih-RY-buh-sohm)
Cluster of ribosomes attached to the
same mRNA molecule; each
ribosome is producing a copy of the
same polypeptide. 53, 515

polysaccharide (pahl-ee-SAK-uh-ryd)
Carbohydrate composed of many
bonded glucose units—for example,
glycogen. 32

pons (pahnz) Portion of the brain stem
above the medulla oblongata and
below the midbrain; assists the
medulla oblongata in regulating the
breathing rate. 335 

population All the members of the same
species that inhabit a particular area.
7, 10, 556, 688

positive feedback Mechanism of
homeostatic response in which the
output intensifies and increases the
likelihood of response, instead of
countering it and canceling it. 209 

posterior pituitary Portion of the pituitary
gland that stores and secretes oxytocin
and antidiuretic hormone which are
produced by the hypothalamus. 400

potential energy Stored energy as a result
of location or spatial arrangement.
104

prefrontal area Association area in the
frontal lobe that receives information
from other association areas and uses
it to reason and plan actions. 337

pressure-flow theory Explanation for
phloem transport; osmotic pressure
following active transport of sugar
into phloem brings about a flow of
sap from a source to a sink. 174

primary motor area Area in the frontal
lobe where voluntary commands
begin; each section controls a part of
the body. 336

primary somatosensory area (soh-mat-
uh-SENS-ree, -suh-ree) Area dorsal to
the central sulcus where sensory
information arrives from skin and
skeletal muscles. 336

primate (PRY-mayt) Animal that belongs
to the order Primates, the order of
mammals that includes prosimians,
monkeys, apes, and humans. 659

primitive streak Ectodermal ridge in the
midline of the embryonic disk from
which arises the mesoderm by
inward and then lateral migration of
cells. 447

principle Theory that is generally
accepted by an overwhelming
number of scientists. Also called law.
5

prion (PREE-ahn) (contraction for a
proteinlike infectious agent) Subviral
pathogen consisting of only a
glycoprotein molecule; believed to be
linked to several diseases of the central
nervous system in humans. 577

probe Known sequences of DNA that are
used to find complementary DNA
strands; can be used diagnostically to
determine the presence of particular
genes. 532 

producer Organism at the start of a food
chain that makes its own food (e.g.,
green plants on land and algae in
water). 744

product Substance that forms as a result
of a reaction. 106

progesterone (proh-JES-tuh-rohn) Female
sex hormone secreted by the corpus
luteum of the ovary and by the
placenta. 411, 429

prokaryotic cell (proh-kar-ee-AHT-ik)
Cell lacking a nucleus and the
membranous organelles found in
complex cells; bacteria, including
cyanobacteria. 62

prolactin (PRL) (proh-LAK-tin) Hormone
secreted by the anterior pituitary that
stimulates the production of milk
from the mammary glands. 400

prophase (PROH-fayz) Mitosis phase
during which chromatin condenses
so that chromosomes appear. 88

proprioceptor (proh-pree-oh-SEP-tur)
Sensory receptor that assists the brain
in knowing the position of the limbs.
350

prostaglandin (PG) (prahs-tuh-GLAN-
din) Hormone that has various and
powerful local effects. 412

prostate gland (PRAHS-tayt) Gland
located around the male urethra
below the urinary bladder; adds
secretions to semen. 420

protein Organic compound that is
composed of either one or several
polypeptides. 37

proteinoid (PROHT-en-oyd) Abiotically
polymerized amino acids that are
joined in a preferred manner;
possible early step in cell evolution.
549

prothrombin (proh-THRAHM-bin)
Plasma protein that is converted to
thrombin during the steps of blood
clotting. 254

prothrombin activator Enzyme that
catalyzes the transformation of the
precursor prothrombin to the active
enzyme thrombin. 254

proto-oncogene (PROH-toh-AHNG-
koh-jeen) Normal gene that can
become an oncogene through
mutation. 525
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protocell Structure that preceded the true
cell in the history of life. 549

proton Subatomic particle found in the
nucleus of an atom that has a weight
of one atomic mass unit and carries a
positive charge; a hydrogen ion. 20

protostome (PROH-tuh-stohm) Group of
coelomate animals in which the first
embryonic opening (the blastopore)
is associated with the mouth. 619

protozoan (proh-tuh-ZOH-un) Animal-
like protist that is classified according
to means of locomotion: pseudopods,
flagella, cilia, or none. 588

proximal convoluted tubule Highly
coiled region of a nephron near the
glomerular capsule, where tubular
reabsorption takes place. 309

pseudocoelom (soo-duh-SEE-lum) Body
cavity lying between the digestive
tract and body wall that is
incompletely lined by mesoderm.
619

pulmonary artery (POOL-muh-naier-ee,
puul-) Blood vessel that takes blood
away from the heart to the lungs.
243, 246

pulmonary circuit That part of the
circulatory system that takes
deoxygenated blood to and
oxygenated blood away from the
gas-exchanging surfaces in the lungs.
246

pulmonary vein Blood vessel that takes
blood to the heart from the lungs.
243, 246

pulse Vibration felt in arterial walls due
to expansion of the aorta following
ventricle contraction. 244

punctuated equilibrium Evolutionary
model that proposes there are
periods of rapid change dependent
on speciation followed by long
periods of stasis. 567

Punnett square (PUN-ut) Gridlike 
device used to calculate the 
expected results of simple genetic
crosses. 473

purine (pyoor-een) Nitrogen base found
in DNA and RNA that has two
interlocking rings, as in adenine and
guanine. 508

Purkinje fibers (pur-KIN-jee) Specialized
muscle fibers that conduct the
cardiac impulse from AV bundle into
the ventricular walls. 244

pyrimidine (py-RIM-ih-deen, pih-)
Nitrogen base found in DNA and
RNA that has just one ring, as in
cytosine, uracil, and thymine. 508

pyruvate (py-ROO-vayt) End product of
glycolysis; pyruvic acid. 119

R
reactant (re-AK-tunt) Substance that

participates in a reaction. 106

receptor-mediated endocytosis Selective
uptake of molecules into a cell by
binding to a specific receptor. 79

recessive allele (uh-LEEL) Hereditary
factor that expresses itself in the
phenotype only when the genotype
is homozygous. 472

recombinant (ree-KAHM-buh-nunt) New
combination of alleles as a result of
crossing-over. 500

recombinant DNA (rDNA) DNA that
contains genes from more than one
source. 530

red blood cell (erythrocyte) Formed
element that contains hemoglobin
and carries oxygen from the lungs to
the tissues. 198, 250 

red bone marrow Blood cell-forming
tissue located in the spaces within
spongy bone. 266, 370 

redox reaction (REE-doks) Oxidation-
reduction reaction; one molecule
loses electrons (oxidation) while
another molecule simultaneously
gains electrons (reduction). 25 

reduced hemoglobin (HEE-muh-gloh-
bun) Hemoglobin that is carrying
hydrogen ions. 292

reduction Chemical reaction that results
in addition of one or more electrons
to an atom, ion, or compound.
Reduction of one substance occurs
simultaneously with oxidation of
another. 25, 112

referred pain Pain perceived as having
come from a site other than that of its
actual origin. 351

reflex action Automatic, involuntary
response of an organism to a
stimulus. 216, 329

refractory period (rih-FRAK-tuh-ree)
Time following an action potential
when a neuron is unable to conduct
another nerve impulse. 324

regulator gene Gene that codes for a
protein involved in regulating the
activity of structural genes. 518

renin (ren-in) Enzyme released by
kidneys that leads to the secretion of
aldosterone and a rise in blood
pressure. 313, 406

replacement reproduction Population in
which each person is replaced by
only one child. 696

replication Making an exact copy, as in
the duplication of DNA. 509

reproduce To make a copy similar to
oneself, as when one-celled
organisms divide or humans have
children. 9

resource partitioning Apportioning the
supply of a resource such as food and
living space between species as a
means to increase the number of
niches following competition
between species. 706

respiratory center Group of nerve cells in
the medulla oblongata that send out

nerve impulses on a rhythmic basis,
resulting in inspiration. 290

resting potential Polarity across the
plasma membrane of a resting
neuron due to an unequal
distribution of ions. 324

restriction enzyme Bacterial enzyme that
stops viral reproduction by cleaving
viral DNA; used to cut DNA at
specific points during production of
recombinant DNA. 530

restriction fragment length
polymorphism (RFLP) (pahl-ee-mor-
fiz-um) Differences in DNA sequence
between individuals that result in
different patterns of restriction
fragment lengths (DNA segments
resulting from treatment with
restriction enzymes). 533 

reticular formation Complex network of
nerve fibers within the brain stem
that arouses the cerebrum. 335

retina (RET-n-uh, RET-nuh) Innermost
layer of the eyeball, which contains
the rod cells and the cone cells. 355

retinal (RET-n-al, -awl) Light-absorbing
molecule, which is a derivative of
vitamin A and a component of
rhodopsin. 356

retrovirus (REH-tro-vy-rus) Virus that
contains only RNA and carries out
RNA£ cDNA transcription, called
reverse transcription. 576

rhodopsin (roh- DAHP-sun) Visual
pigment found in the rods whose
activation by light energy leads to
vision. 356

ribosomal RNA (rRNA) (ry-buh-SOH-
mul) RNA occurring in ribosomes,
which are the structures involved in
protein synthesis. 510

ribosome (RY-buh-sohm) Minute particle
that is attached to endoplasmic
reticulum or occurs loose in the
cytoplasm and is the site of protein
synthesis. 53, 62, 513 

ribozyme (RY-buh-zym) Enzyme that
carries out mRNA processing. 512

ribulose bisphosphate (ry-byoo-lohs bis-
FAHS-fayt) See RuBP.

RNA (ribonucleic acid) (ry-boh-noo-
KLEE-ik) Nucleic acid found in cells
that assists DNA in controlling
protein synthesis. 40, 510

RNA polymerase (PAHL-uh-muh-rays)
Enzyme that speeds the formation of
RNA from a DNA template. 512

rod cell Photoreceptor in vertebrate eyes
that responds to dim light. 356

root hair Extension of a root epidermal
cell that increases the surface area for
the absorption of water and minerals.
154

RuBP (ribulose bisphosphate) Five-
carbon compound that combines
with and fixes carbon dioxide during
the Calvin cycle and is later
regenerated by the same cycle. 143
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S
SA (sinoatrial) node (sy-noh-AY-tree-ul)

Small region of neuromuscular tissue
that initiates the heartbeat; also called
the pacemaker. 244

saccule (SAK-yool) Saclike cavity in the
vestibule of the inner ear; contains
sensory receptors for static
equilibrium. 365

salivary gland Gland associated with the
oral cavity that secretes saliva. 214

saprotroph (SAP-ruh-trohf, -trahf)
Heterotroph such as a bacterium or a
fungus that externally digests dead
organic matter before absorbing the
products. 578 

sarcolemma (sar-kuh-LEM-uh)
Membrane that surrounds striated
muscle cells. 385

sarcomere (SAR-kuh-mir) Structural and
functional unit of a myofibril;
contains actin and myosin filaments.
385

sarcoplasmic reticulum (sar-kuh-PLAZ-
mik rih-tik-yuh-lum) Smooth
endoplasmic reticulum of skeletal
muscle cells; surrounds the myofibrils
and stores calcium ions needed for
myosin to bind to actin and therefore
muscle contraction. 385

saturated fatty acid Fatty acid molecule
that lacks double bonds between the
atoms of its carbon chain. 34

Schwann cell (shwahn) Cell that
surrounds a fiber of a peripheral
nerve and forms the neurilemmal
sheath and myelin. 323

scientific method Process by which
scientists formulate a hypothesis,
gather data by observation and
experimentation, and come to a
conclusion. 6

scientific theory Concept that joins
together well-supported and related
hypotheses; a conceptual scheme
supported by a broad range of
observations, experiments, and 
data. 5

scrotum (SKROH-tum) Pouch of skin that
encloses the testes. 420

secretion Releasing of a substance by
exocytosis from a cell that may be
gland or part of gland. 54 

seed Mature ovule that contains a
sporophyte embryo with stored food
enclosed by a protective coat. 181,
608

seed coat Protective covering for the seed,
formed by the hardening of the ovule
wall. 181

segmentation (seg-mun-TAY-shun)
Repetition of body parts as segments
along the length of the body; seen in
annelids, arthropods, and chordates.
619

segregation (seg-rih-GAY-shun)
Separation of alleles from each other

during meiosis so that the gametes
contain one from each pair. Each
resulting gamete has an equal chance
of receiving either allele. 470

semen (SEE-mun) Thick, whitish fluid
consisting of sperm and secretions
from several glands of the male
reproductive tract. 420

semicircular canal (sem-ih-SUR-kyuh-
lur) One of three tubular structures
within the inner ear that contain
sensory receptors responsible for the
sense of dynamic equilibrium. 365

semilunar valve (sem-ee-LOO-nur) Valve
resembling a half moon located
between the ventricles and their
attached vessels. 242

seminal vesicle (SEM-uh-nul)
Convoluted, saclike structure
attached to the vas deferens near the
base of the urinary bladder in males;
adds secretions to semen. 420

seminiferous tubule (sem-uh-NIF-ur-us)
Highly coiled duct within the male
testes that produces and transports
sperm. 422

sensation Conscious awareness of a
stimulus due to nerve impulses 
sent to the brain from a sensory
receptor by way of sensory 
neurons. 348

sensory adaptation Phenomenon of a
sensation becoming less noticeable
once it has been recognized by
constant repeated stimulation. 349

sensory neuron Neuron that takes nerve
impulses to the central nervous
system and typically has a long
dendrite and a short axon; afferent
neuron. 322

sensory receptor Structure specialized to
receive information from the
environment and to generate nerve
impulses. 348

septum (sep-tum) Partition or wall that
divides two areas; the septum in the
heart separates the right half from
the left half. 242

serum (seer-um) Light yellow liquid left
after clotting of blood. 254

sex chromosome Chromosome
responsible for the development 
of characteristics associated with
gender; an X or Y chromosome. 488

sex-influenced trait Autosomal trait that
is expressed differently in the two
sexes. 499

sex-linked trait Phenotype that is
controlled by a gene located on a sex
chromosome, usually the X
chromosome, whose pattern of
inheritance differs in males and
females. 496

sexual selection Changes in males and
females due to male competition and
female selectivity. 676

sieve plate (siv) Perforated end wall of a
sieve-tube element. 155

sieve-tube element Member that joins
with others in the phloem tissue of
plants as a means of transport for
nutrient sap. 155 

sinus (sy-nus) Cavity or hollow space in
an organ such as the skull. 374

sister chromatid (KROH-muh-tid) One of
two genetically identical
chromosomal units that are the result
of DNA replication and are attached
to each other at the centromere. 84

sliding filament theory Movement of
actin in relation to myosin; accounts
for muscle contraction. 385

small intestine Long, tubelike chamber of
the digestive tract between the
stomach and large intestine. 219

soap Salt formed from a fatty acid and an
inorganic base. 34

society Group in which members of
species are organized in a
cooperative manner, extending
beyond sexual and parental behavior.
680

sociobiology (soh-see-oh-by-AH-luh-jee,
soh-shee-) Application of
evolutionary biology principles to
the study of social behavior in
animals. 683

sodium-potassium pump Transport
protein in the plasma membrane that
moves sodium ions out of and
potassium ions into animal cells;
important in nerve and muscle cells.
77, 324

soft palate (PAL-it) Entirely muscular
posterior portion of the roof of the
mouth. 214

solute (SAHL-yoot) Substance dissolved
in a solvent to form a solution. 73

solvent (SAHL-vunt) Fluid, such as
water, that dissolves solutes. 73

somatic cell (soh-MAT-ik) In animals, a
body cell, excluding those that
undergo meiosis and become a
sperm or egg. 84

somatic system That portion of the
peripheral nervous system
containing motor neurons that
control skeletal muscles. 329

species Group of similarly constructed
organisms capable of interbreeding
and producing fertile offspring;
organisms that share a common gene
pool. 9, 565, 568

sperm Male sex cell with three distinct
parts at maturity: head, middle piece,
and tail. 423

spermatogenesis (spur-mat-uh-JEN-ih-
sis) Production of sperm in males by
the process of meiosis and
maturation. 98, 423

sphincter (SFINGK-tur) Muscle that
surrounds a tube and closes or opens
the tube by contracting and relaxing.
217

spinal cord Part of the central nervous
system; the nerve cord that is
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continuous with the base of the brain
and housed within the vertebral
column. 332

spinal nerve Nerve that arises from the
spinal cord. 328

spindle Structure consisting of fibers,
poles, and asters (if animal cell) that
brings about the movement of
chromosomes during cell division.
88

spiral organ Portion of inner ear that
permits hearing and consists of hair
cells located on the basilar membrane
within the cochlea; also called organ
of Corti. 363

spleen Large, glandular organ located in
the upper left region of the abdomen
that stores and purifies blood. 265

sporangium (spuh-RAN-jee-um)
Structure within which spores are
produced. 592, 601

spore Haploid reproductive cell,
sometimes resistant to unfavorable
environmental conditions, that is
capable of producing a new
individual which is also haploid.
180, 584, 601 

sporophyte (SPOR-uh-fyt) In the life cycle
of a plant, the diploid generation that
produces spores by meiosis. 180, 601

stabilizing selection Outcome of natural
selection in which extreme
phenotypes are eliminated and the
average phenotype is conserved.
562

stamen (STAY-mun) Structure in a flower
that consists of a filament and an
anther with pollen sacs. 180, 614

starch Storage polysaccharide found in
plants that is composed of glucose
molecules joined in a linear fashion.
32

static equilibrium Maintenance of balance
when the head and body are
motionless. 365

stem cell Any undifferentiated cell that
can divide and differentiate into more
functionally specific cell types such as
blood cells and germ cells. 250

steroid (STEER-oyd) Type of lipid
molecule having four interlocking
rings; examples are cholesterol,
progesterone, and testosterone. 35

steroid hormone Chemical messenger that
is lipid soluble and therefore passes
through the plasma and nuclear
envelope to bind with a receptor
inside the nucleus; the complex turns
on specific genes leading to the
production of particular proteins.
397

stimulus Change in the internal or
external environment that a sensory
receptor can detect leading to nerve
impulses in sensory neurons. 348

stomach Muscular sac that mixes food
with gastric juices to form chyme,
which enters the small intestine. 218

stomate (STOH-mayt) Microscopic
opening bordered by guard cells in
the leaves of plants through which
gas exchange takes place. 154, 170

stream Channel of running water; also
called river. 731

striated (STRY-ayt-ud) Having bands;
cardiac and skeletal muscle are
striated with light and dark bands.
199

structural gene Gene that directs the
synthesis of an enzyme or a structural
protein in the cell. 518

substrate Reactant in a reaction controlled
by an enzyme. 108

substrate-level phosphorylation (fahs-
fur-uh-LAY-shun) Process in which
ATP is formed by transferring a
phosphate from a metabolic substrate
to ADP. 120

superior vena cava (VEE-nuh KAY-vuh)
Vein that returns blood from the
lower limbs and the greater part of
the pelvic and abdominal organs to
the right atrium. 246

sustainable world Global way of life that
can continue indefinitely, because the
economic needs of all peoples are met
while still protecting the
environment. 697

sustentacular (Sertoli) cell (sus-tun-TAK-
yuh-lur) Elongated cell in the wall of
the seminiferous tubules to which
spermatids are attached during
spermatogenesis. 423

symbiotic (sim-bee-AH-tik) Relationship
that occurs when two different
species live together in a unique way;
it may be mutually beneficial, neutral,
or detrimental to one and/or the
other species. 578, 710

sympathetic division That part of the
autonomic system that usually
promotes activities associated with
emergency (fight or flight) situations.
331

sympatric speciation (sim-PAT-rik spee-
shee-AY-shun, -see-) Origin of new
species in populations that overlap
geographically. 565

synapse (SIN-aps, si-NAPS) Region
between two nerve cells where the
nerve impulse is transmitted from
one to the other, usually from axon to
dendrite. 327

synapsis (sih-NAP-sis) Pairing of
homologous chromosomes during
prophase I of meiosis. 92

synaptic cleft (sih-NAP-tik) Small gap
between presynaptic and
postsynaptic membranes of a
synapse. 327

syndrome Group of symptoms that
appear together and tend to indicate
the presence of a particular disorder.
489

synovial joint (sih-NOH-vee-ul) Freely
movable joint. 380

systemic circuit That part of the
circulatory system that serves body
parts other than the gas-exchanging
surfaces in the lungs. 246

systole (SIS-tuh-lee) Contraction of a
heart chamber. 244

systolic pressure (sis-TAHL-ik) Arterial
blood pressure during the systolic
phase of the cardiac cycle. 248

T
T lymphocyte (LIM-fuh-syt) Lymphocyte

that matures in the thymus and exists
in four varieties, one of which kills
antigen-bearing cells outright. 268

T (transverse) tubule Membranous
channel which extends inward from
a muscle fiber membrane and passes
through the fiber. 385

taste bud Sense organ containing the
receptors associated with the sense of
taste. 352

taxonomy (tak-SAHN-uh-mee) Science of
naming and classifying organisms
into various categories. 13, 568

telophase (TEL-uh-fayz) Mitosis phase
during which the diploid number of
daughter chromosomes are located at
each pole. 89

template (TEM-plit) Pattern that serves as
a mold for the production of an
oppositely shaped structure; one
strand of DNA is a template for a
complementary strand. 509

tendon (TEN-dun) Fibrous connective
tissue that joins muscle to bone.
196, 370

territoriality Behavior related to the act of
marking or defending a particular
area against invasion by another
species member; area often used for
the purpose of feeding, mating, and
caring for young. 679

testcross Crossing a heterozygous
individual with one who has the
recessive phenotype in order to
determine the genotype of the
heterozygote. 474

testes (sing., testis) (TES-teez) Male
gonads, the organ that produces
sperm and testosterone. 411, 420, 422

testosterone (tes-TAHS-tuh-rohn) In
mammals, major male sex hormone
produced by interstitial cells in the
testes; it stimulates development of
primary sex organs and maintains
secondary sexual characteristics in
males. 411, 423

tetanus (TET-n-us) Sustained muscle
contraction without relaxation. 388

thalamus (THAL-uh-mus) Part of the
brain located in the lateral walls of
the third ventricle that serves as the
integrating center for sensory input;
it plays a role in arousing the cerebral
cortex. 335
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thermoreceptor Sensory receptor that is
sensitive to changes in temperature.
348

threshold Level of potential at which an
action potential or nerve impulse is
produced. 324

thrombin (THRAHM-bin) Enzyme that
converts fibrinogen to fibrin threads
during blood clotting. 254

thylakoid (THY-luh-koyd) Flattened sac
within a granum whose membrane
contains the photosynthetic pigments
(e.g., chlorophyll); where the light-
dependent reactions occur. 57, 62,
138 

thymine (T) (THY-meen) One of four
nitrogen bases in nucleotides
composing the structure of DNA.
508

thymus gland Organ that lies in the neck
and chest area and is absolutely
necessary to the development of
immunity. 266, 411

thyroid gland Organ that lies in the neck
and produces several important
hormones, including thyroxin and
calcitonin. 403

thyroid-stimulating hormone (TSH)
Substance produced by the anterior
pituitary that causes the thyroid to
secrete thyroxin. 400

thyroxine (thy-RAHK-sin) Hormone
secreted from the thyroid gland that
promotes growth and development;
in general, it increases the metabolic
rate in cells. 403

tissue Group of similar cells combined to
perform a common function. 7, 194

tissue fluid Solution that bathes and
services every cell in the body;  also
called interstitial fluid. 255

tone Continuous, partial contraction of
muscle. 388

tonicity (toh-NIS-ih-tee) Degree to which
the concentration of solute versus
solvent causes fluids to move into or
out of cells. 74

tonsils Partially encapsulated lymph
nodules located in the pharynx.
265, 295

trachea (TRAY-kee-uh) Air tube in insects
that transports oxygen in air to the
tissues; also the windpipe in
terrestrial vertebrates that takes air to
the lungs. 286, 637

tracheid (TRAY-kee-id, -keed) In flowering
plants, type of cell in xylem that has
tapered ends and pits through which
water and minerals flow. 154

trait Specific term for a distinguishing
phenotypic feature studied in
heredity. 470

transcription Process resulting in the
production of a strand of mRNA that
is complementary to a segment of
DNA. 511

transfer RNA (tRNA) Molecule of RNA
that carries an amino acid to a

ribosome engaged in the process of
protein synthesis. 510

transgenic organism Free-living
organisms in the environment that
have had a foreign gene inserted into
them. 534

transition reaction Reaction within
aerobic cellular respiration during
which electrons and carbon dioxide
are removed from pyruvate; results
in acetyl groups that enter the Krebs
cycle. 119, 122

translation Process by which the
sequence of codons in mRNA
dictates the sequence of amino acids
in a polypeptide. 511

transpiration Evaporation of water from
a leaf; pulls water from the roots
through a stem to leaves. 170

triglyceride (trih-GLIS-uh-ryd) Neutral
fat composed of glycerol and three
fatty acids. 34

triplet code Genetic code (mRNA, tRNA)
in which sets of three bases call for
specific amino acids in the formation
of polypeptides. 511

trisomy (TRY-soh-mee) One more
chromosome than usual. 489

trophic level Feeding level of one or more
populations in a food web. 747

trophoblast (TROH-fuh-blast) Outer
membrane surrounding the embryo
in mammals; when thickened by a
layer of mesoderm, it becomes the
chorion, an extraembryonic
membrane. 452

tropism (TROH-piz-um) In plants, a
growth response toward or away
from a directional stimulus. 176

tropomyosin (trahp-uh-MY-uh-sin, trohp-)
Protein that blocks muscle contraction
until calcium ions are present. 387

troponin (TROH-puh-nin) Protein that
functions with tropomyosin to block
muscle contraction until calcium ions
are present. 387

trypsin (TRIP-sin) Protein-digesting
enzyme secreted by the pancreas.
222

tubular reabsorption Movement of
nutrient molecules, as opposed to
waste molecules, from the contents of
the nephron into blood at the
proximal convoluted tubule. 311

tubular secretion Movement of certain
molecules from blood into the distal
convoluted tubule of a nephron so
that they are added to urine. 311

tumor (TOO-mur) Cells derived from a
single mutated cell that has
repeatedly undergone cell division;
benign tumors remain at the site of
origin and malignant tumors
metastasize. 522

tumor-suppressor gene Gene that
suppresses the development of a
tumor; the mutated form contributes
to the development of cancer. 525

turgor pressure (TUR-gur, -gor) Internal
pressure that adds to the strength of
a cell and builds up when water
moves by osmosis into a cell. 75

U
umbilical arteries and vein (um-BIL-ih-

kul) Fetal blood vessels that travel to
and from the placenta. 458

umbilical cord Acts as a tube connecting
the fetus to the placenta, through
which blood vessels pass. 454

unsaturated fatty acid Fatty acid
molecule that has one or more
double bonds between the atoms of
its carbon chain. 34

uracil (U) (YOOR-uh-sil) One of four
nitrogen bases in nucleotides
composing the structure of RNA.
480

urea (yoo-REE-uh) Primary nitrogenous
waste of humans derived from amino
acid breakdown. 305

ureter (YOOR-uh-tur) One of two tubes
that take urine from the kidneys to
the urinary bladder. 304

urethra (yoo-REE-thruh) Tube that takes
urine from the bladder to outside.
304, 420, 425

uric acid (YOOR-ik) Waste product of
nucleotide metabolism. 305

urinary bladder Organ where urine is
stored before being discharged by
way of the urethra. 304

uterine cycle (YOO-tur-in, -tuh-ryn)
Monthly occurring changes in the
characteristics of the uterine lining
(endometrium). 429

uterus (YOO-tur-us) Organ located in the
female pelvis where the fetus
develops; the womb. 424

utricle (YOO-trih-kul) Saclike cavity in
the vestibule of the inner ear that
contains sensory receptors for static
equilibrium. 365

V
vaccine Antigens prepared in such a way

that they can promote active
immunity without causing disease.
274

vacuole (VAK-yoo-ohl) Membranous
cavity, usually filled with fluid. 55

vagina Organ that leads from the uterus
to the vestibule and serves as the
birth canal and organ of sexual
intercourse in females. 425

valve Membranous extension of a vessel
or the heart wall that opens and
closes, ensuring one-way flow. 241

vas deferens (vas DEF-ur-unz, -uh-renz)
Tube that leads from the epididymis
to the urethra in males. 420
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vascular bundle In plants, primary
phloem and primary xylem enclosed
by a bundle sheath. 153

vascular cambium (KAM-bee-um)
Meristem tissue that produces
secondary phloem and secondary
xylem, which add to the girth of a
plant. 158

vascular plant Plant that has vascular
tissue (xylem and phloem); includes
seedless vascular plants (e.g., ferns)
and seed plants (gymnosperms and
angiosperms). 604

vascular tissue Transport tissue in plants
consisting of xylem and phloem.
154

vector (VEK-tur) In genetic engineering, a
means to transfer foreign genetic
material into a cell—for example, a
plasmid. 530

vein Vessel that takes blood to the heart
from venules; characteristically
having nonelastic walls; in a leaf,
veins are vascular bundles. 153, 240

vena cava (VEE-nuh KAY-vuh) Large
systemic vein that returns blood to
the right atrium of the heart; either
the superior or inferior vena cava.
243

venous duct (VEE-nus) Fetal connection
between the umbilical vein and the
inferior vena cava; ductus venosus.
458

ventricle (VEN-trih-kul) Cavity in an
organ, such as a lower chamber of the
heart; or the ventricles of the brain,
which are interconnecting cavities
that produce and serve as a reservoir
for cerebrospinal fluid. 242, 332, 334

venule (VEN-yool, VEEN-) Vessel that
takes blood from capillaries to a vein.
241

vertebral column (vur-tuh-brul) Backbone
of vertebrates through which the
spinal cord passes. 376

vertebrate (VUR-tuh-brit, -brayt)
Referring to an animal with a
backbone composed of vertebrae.
447, 618, 649

vesicle (VES-ih-kul) Small, membranous
sac that stores substances within a cell.
53

vessel element Cell which joins with
others to form a major conducting
tube found in xylem. 154

vestigial structure (veh-STIJ-ee-ul, STIJ-ul)
Underdeveloped structure that was
functional in some ancestor but is no
longer functional in a particular
organism. 555

villus (pl., villi) (VIL-us) Fingerlike
projection from the wall of the small
intestine that functions in absorption.
219

viroid (VY-royd) Infectious agent
consisting of a small strand of RNA
that is apparently replicated by host
cell enzymes. 577

virus Noncellular obligate parasite of
living cells consisting of an outer
capsid and an inner core of nucleic
acid. 574

vital capacity Maximum amount of air
moved in or out of the human body
with each breathing cycle. 288

vitamin Essential requirement in the diet,
needed in small amounts; often a part
of a coenzyme. 111, 230

vocal cord Fold of tissue within the larynx;
creates vocal sounds when it vibrates.
286

vulva External genitals of the female that
surround the opening of the vagina.
425

W
white blood cell (leukocyte) Formed

element of which there are several
types, each having a specific function
in protecting the body from invasion
by foreign substances and organisms.
252

white matter Myelinated nerve fibers in
the central nervous system. 333

wood Secondary xylem which builds up
year after year in woody plants and
becomes the annual rings. 160

X
X chromosome Female sex chromosome

that carries genes involved in sex
determination; see Y chromosome.
488

xenotransplantation (zen-uh-trans-plan-
TAY-shun) Use of animal organs,
instead of human organs, in human
transplant patients. 536

xylem (ZY-lum) Vascular tissue that
transports water and minerals
upward through the plant body.
154, 170, 604

Y
Y chromosome Male sex chromosome

that carries genes involved in sex
determination; see X chromosome.
488

yolk sac Extraembryonic membrane that
encloses yolk in reptiles and birds; in
placental mammals it is the first site
of blood cell formation. 451

Z
zero population growth No increase in

population size. 696
zooplankton (zoh-uh-PLANGK-tun) Part

of plankton containing protozoa and
other types of microscopic animals.
733

zygote (ZY-goht) Diploid cell formed by
the union of two gametes; the
product of fertilization. 98, 181, 424
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A-1

Appendix A
Answer Key

This appendix contains the answers to the Testing Yourself, Think-
ing Scientifically, and Understanding the Terms questions, which

appear at the end of each chapter, and the Practice Problems and Addi-
tional Genetics Problems, which appear in Chapters 23–25.

Chapter 1
Testing Yourself
1. c; 2. b; 3. b; 4. d; 5. a; 6. c; 7. e; 8. d; 9. a; 10. a. Dye is spilled on cul-
ture plate. Investigator notices that bacteria live despite exposure to
sunlight; b. Dye protects bacteria against death by UV light; c. Expose
all culture plates to UV light. One set of plates contains bacteria and
dye; the other set contains only bacteria. The bacteria on both sets die;
d. Dye does not protect bacteria against death by UV light. 

Thinking Scientifically
1. a. Sweetener S is being varied in order to determine its effects on the
body. b. The control group is subjected to all conditions (i.e., living in a
cage kept at a certain temperature and eating the same food) except it
is not receiving sweetener S. c. Chance of bladder cancer development
is dependent upon quantity of sweetener S consumed. d. Yes, the con-
ditions mentioned in answer b are constant. e. A control group in-
creases confidence in results. For example, if there is no bladder cancer
in control mice, it is more likely that development of bladder cancer is
caused by sweetener S. 

2. a. There is no observation or experiment that can be performed to
prove the hypothesis false. b. You can perform a controlled experiment.
The experimental group is fed biotin-free food. The control group is fed
biotin-free food. The control group is expected to remain healthy, while
the experimental group is expected to get sick. c. Religious beliefs are
not subjected to the process described in Figure 1.3: scientific beliefs
arise from this process.

Understanding the Terms
a. theory; b. hypothesis; c. energy; d. adaptation; e. homeostasis

Chapter 2 
Testing Yourself
1. b; 2. b; 3. c; 4. c; 5. a; 6. b; 7. c; 8. b; 9. c; 10. e; 11. a; 
12. a. monomers; b. condensation synthesis; c. polymer; d. hydrolysis 

Thinking Scientifically
1. a. Water does not contain carbon. Water does contain covalent bonds.
b. Water absorbs heat and gives off heat—this helps to keep the body
warm; water is cohesive—this helps in fluid transport; and water is a
solvent in bodies—this helps in chemical reaction. 

2. a. Starch is not as branched as glycogen. b. The length of the chain
and the placement of unsaturated bonds in the two acids may be dif-
ferent. c. Actin and myosin differ in the sequence of their amino acids.

Understanding the Terms
a. protein; b. enzyme; c. cellulose; d. neutron; e. acid

Chapter 3 
Testing Yourself
1. c; 2. a; 3. c; 4. c; 5. a; 6. d; 7. b; 8. e; 9. c; 10. a; 11. a. nucleus—DNA spec-
ifies protein synthesis; b. nucleolus—RNA helps form ribosomes; c.
rough ER produces; d. smooth ER transports; e. Golgi apparatus pack-
ages and secretes.

Thinking Scientifically
1. a. Carbon (C) is found in carbohydrates and fats, while sulfur is
unique to the amino acids cysteine and methionine, and therefore pro-
teins. b. Radiation will appear first at the ribosomes (polysomes) and
subsequently at the region of the nuclear pore and then at the nucleo-
lus. c. Radiation will appear first at the rough ER and subsequently at
the Golgi apparatus and then at the plasma membrane.

2. a. There are no centrioles in plant cells. b. Centrioles are present in
the microtubule organizing center. c. Centrioles give rise to basal bod-
ies that organize the microtubules in cilia and flagella. Cilia and flagella
are associated with animal cells.

Understanding the Terms
a. nucleoid region; b. nucleolus; c. cytoskeleton; d. Golgi apparatus;
e. endoplasmic reticulum

Chapter 4 
Testing Yourself
1. a. glycolipid; b. glycoprotein; c. carbohydrate chain;
d. hydrophilic head; e. hydrophobic tails; f. phospholipid bilayer; 
g. filaments of the cytoskeleton; h. peripheral protein; i. cholesterol; j.
integral protein; 2. b; 3. b; 4. c; 5. c; 6. c; 7. e; 8. e; 9. c; 10. b; 11. a. hyper-
tonic—net movement of water toward outside, cell shrivels. b. hypo-
tonic—net movement of water toward inside; vacuoles fill with water
and turgor pressure develops, causing chloroplasts to push against cell
wall.

Thinking Scientifically
1. a. Alcohol is lipid soluble, and water is small enough to pass through.
b. Na� is pumped across by the sodium-potassium pump. Cl� diffuses
out by way of a channel protein. c. Amino acids enter by facilitated diffu-
sion. Proteins enter by endocytosis. d. The proteins would be digested af-
ter the endocytic vesicle fuses with a lysosome containing hydrolytic
enzymes. 

2. a. The number of exocytic and endocytic cells must be about the
same, assuming equal sizes of vacuoles. b. The exocytic vesicles must
be adding membrane at the forward end (right), and the endocytic
vesicles must be forming at the hind end (left). c. The virus must some-
how get out of the vesicle in order to enter the cytoplasm.

Understanding the Terms
a. diffusion; b. turgor pressure; c. isotonic; d. facilitated transport; 
e. exocytosis
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A-2 Answer Key

2. a. From the intermembrane space to the matrix because H� is
pumped to the intermembrane space. b. Without an adequate H� gra-
dient, ATP production will be reduced and may stop. c. Glycogen and
lipid supplies would be called upon for ATP production. d. No, the per-
son could die due to the lack of ATP which is necessary to the life of
cells.

Understanding the Terms
a. Krebs cycle; b. anaerobic; c. fermentation; d. pyruvate; e. electron
transport system

Chapter 8
Testing Yourself
1. e; 2. e; 3. a; 4. e; 5. e; 6. e; 7. d; 8. e; 9. a. outer membrane;
b. inner membrane; c. stroma; d. thylakoid; e. thylakoid space; f. thy-
lakoid; g. stroma; 10. a. water; b. oxygen; c. carbon dioxide; d. carbohy-
drate; e. ADP � P�, ATP; f. NADP�, NADPH

Thinking Scientifically
1. a. A plant takes (CO2) and (H2O) from the environment and gives
(O2) to the environment. b. Oxygen comes from the thylakoids and the
breakdown of water. Carbon dioxide goes into the stroma and becomes
carbohydrate. c. Oxygen is used for cellular respiration, and carbon
dioxide comes from cellular respiration. d. Some glucose molecules are
used in cellular respiration; some become starch; and some become cel-
lulose and other molecules needed by plants.

2. a. The energy required is 686 Kcal/mole. This energy comes from the
sun. b. This energy is used to make ATP molecules for cellular metabo-
lism. c. The energy captured by photosynthesis produces glucose; the
energy released by cellular respiration comes from glucose breakdown.
d. Glucose is an energy source within organisms.

Understanding the Terms
a. light-dependent reaction; b. thylakoid; c. C3 plant; d. chlorophyll;
e. photosystem

Chapter 9
Testing Yourself
1. c; 2. b; 3. c; 4. c; 5. b; 6. b; 7. b; 8. c; 9. c; 10. b; 11. a. epidermis; b. cor-
tex; c. endodermis; d. phloem; e. xylem; 12. a. cork; b. phloem; c. vas-
cular cambium; d. bark; e. xylem (wood); f. pith; g. annual ring;
13. a. upper epidermis; b. palisade mesophyll; c. leaf vein; d. spongy
mesophyll; e. lower epidermis

Thinking Scientifically
1. a. Plants have meristem tissue. b. A woody plant grows ever taller
and humans stop growing when they reach their adult height. Plants
grow new branches and leaves but humans do not grow new parts. c.
Wood supports the plants as it grows taller. d. Deciduous plants grow
new leaves each season but they are always about the same size.

2. a. Leaf epidermis prevents drying out; it is covered by a waxy cuti-
cle. Leaf epidermis allows gas exchange; it contains stomates. b. The
spongy layer carries on gas exchange; there are air spaces next to these
cells. The spongy layer carries on photosynthesis; the cells contain
chloroplasts. c. Leaf veins transport water and minerals and organic
substances; they contain xylem and phloem. d. C3 leaves have a pal-
isade layer and a spongy layer; C4 leaves have mesophyll cells in a ring
around bundle sheath cells. In C4 leaves, but not in C3 leaves, meso-
phyll cells pass CO2 to bundle sheath cells.

Understanding the Terms
a. mesophyll; b. cork; c. root hair; d. phloem; e. palisade mesophyll

Chapter 5 
Testing Yourself
1. e; 2. e; 3. d; 4. a; 5. c; 6. b; 7. c; 8. c; 9. c; 10. c; 11. c; 
12. a. chromatid; b. centrosome (or centriole); c. spindle fiber or aster;
d. nuclear envelope; 13. The right cell represents metaphase I because
homologous pairs are at the metaphase plate.

Thinking Scientifically
1. a. You can tell that chromatin is metabolically active because it is the
extended form of the genetic material seen in metabolically active cells.
b. Yes, they might differ. It is not necessary to inherit exactly the same
form of a gene from each parent. c. Various disorders result because
there are too many proteins (enzymes) of the same kind. d. If a particu-
lar gene is not needed for the maturation of the sperm and the egg, a
defective form cannot have an effect.

2. a. Colchicine disrupts the spindle apparatus. Specifically, it prevents
microtubule assembly. b. Asexual reproduction, requiring only mitosis,
produces cells (offspring) that have the same kinds of chromosomes as
the other cell (parent).c. Meiosis is a part of sexual reproduction. Because
of meiosis, the daughter cells can have any combination of the haploid
number of chromosomes, and the zygote has a different combination of
the haploid number of chromosomes than either parent. d. Yes, the pro-
duction of variation allows new types of organisms to evolve.

Understanding the Terms
a. spermatogenesis; b. polar body; c. secondary oocyte; d. synapsis;
e. oogenesis

Chapter 6
Testing Yourself
1. a; 2. e; 3. e; 4. d; 5. e; 6. d; 7. d; 8. a; 9. b; 10. e; 11. a. active site; b. sub-
strates; c. product; d. enzyme; e. enzyme-substrate complex; f. enzyme.
The shape of an enzyme is important to its activity because it allows an
enzyme-substrate complex to form.

Thinking Scientifically
1. a. Correct pH and a warm temperature are the optimal conditions. b.
The yield could be increased if more pepsin or more egg white,
whichever is in short supply, was added. c. With irreversible inhibition,
the reaction stops; with reversible inhibition, the reaction continues at
a reduced rate.

2. a. During aerobic cellular respiration, glucose is oxidized to carbon
dioxide and water with the concomitant buildup of ATP. b. ATP is nec-
essary to muscle contraction and without ATP the heart action will
stop. c. Without the pumping action of the heart, blood flow will cease,
and cells will not receive nutrients and oxygen. d. Without a supply of
ATP, brain cells will cease to function and nerve conduction will stop. 

Understanding the Terms
a. metabolism; b. cofactor; c. kinetic energy; d. vitamin; e. denatured

Chapter 7
Testing Yourself
1. b; 2. a; 3. c; 4. c; 5. a; 6. b; 7. c; 8. b; 9. d; 10. c; 11 a. cristae;
b. matrix; c. outer membrane; d. intermembrane space; e. inner membrane

Thinking Scientifically
1. a. Oxygen (O2) is the final acceptor for hydrogen (H) atoms at the end
of the respiratory chain. The chain can continue to produce ATP only if
oxygen is present. b. Carbon dioxide (CO2) is produced as molecules
are broken down by the transition reaction and the Krebs cycle. c. Mus-
cles store glycogen and glycogen supplies glucose for ATP buildup.
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Answer Key A-3

Chapter 10
Testing Yourself
1. b; 2. d; 3. c; 4. d; 5. b; 6. d; 7. b; 8. d; 9. c; 10. a; 11. (Right) After K�

(dots) enters guard cells, water follows by osmosis, causing guard cells
to become turgid, opening the stomate; (Left) After K� (dots) exit
guard cells, water follows by osmosis, causing guard cells to become
flaccid and close. 12. a. sporophyte; b. meiosis; c. microspore; d. megas-
pore; e. microgametophyte (pollen grain); f. megagametophyte
(embryo sac); g. egg and sperm; h. fertilization; i. zygote; j. seed

Thinking Scientifically
1. a. Atmospheric pressure is the pressure of the air. This shows that at-
mospheric pressure cannot raise water to the height of a tall tree.
b. Transpiration occurs and pulls on water. c. This suggests that tran-
spiration could raise water to the top of trees.

2. a. Corn cells are easier to acquire than the eggs and sperm of plants.
b. They need only extract meristem tissue from corn plants. Protoplasts
which are plant cells that lack a cell wall can then be prepared. c. Plant
cells will develop into seedlings in tissue culture. d. Most likely the
trait will be retained if the plants are allowed to self pollinate.

Understanding the Terms
a. tropism; b. gametophyte; c. pressure-flow theory; d. microspore;
e. phytochrome

Chapter 11 
Testing Yourself
1. b; 2. b; 3. a; 4. e; 5. e; 6. e; 7. b; 8. d; 9. e; 10. c; 11. a. columnar epithe-
lium, lining of intestine (digestive tract), protection and absorption;
b. cardiac muscle, wall of heart, pumps blood; c. compact bone, skele-
ton, support and protection.

Thinking Scientifically
1. a. Epithelial cells have flat surfaces; therefore, they can be placed eas-
ily next to one another. This makes them suitable for covering a surface.
b. Casparian strip. Both tight junctions and the Casparian strip prevent
materials from moving between the cells. c. The long, tubular cells con-
tain actin filaments and myosin filaments, and these account for their
ability to contract. Because the cells run the length of a muscle, when
they contract, the muscle contracts. The object would move left.
d. Nerve cells conduct nerve impulses sometimes over long distances.
The long, skinny process, or fiber, of a nerve cell makes this possible.

2. a. Humans have many more neurons than other animals. b. The hu-
man brain weighs about three pounds, much larger than that of other
vertebrates. c. The human brain is more complex. In particular the hu-
man has a more highly convoluted cerebral cortex (outer layer) than any
other animal. d. The human nervous system is highly organized; all
nerves communicate directly with the brain or with the spinal cord. The
spinal cord is in communication with the brain.

Understanding the Terms
a. ligament; b. epidermis; c. striated; d. homeostasis; e. spongy bone

Chapter 12 
Testing Yourself
1. d; 2. b; 3. a; 4. d; 5. d; 6. d; 7. e; 8. c; 9. d; 10. a. salivary glands; b.
esophagus; c. stomach; d. liver; e. gallbladder; f. pancreas; g. small in-
testine; h. large intestine; i. sugar and amino acids; j. lipids; k. water

Thinking Scientifically
1. a. The epithelial portion of mucous membrane produces the en-

zymes. b. The digestive system provides nutrients needed by cells. c.
The liver regulates the output of glucose to keep the amount in blood
fairly constant.

2. a. No. Experiment is as follows: tube 1—pepsin, water, and egg white
so pH is neutral; tube 2—pepsin, water, egg white, NaHCO3 so pH is
basic; tube 3—same as tube 4 in Figure 12.12, which is expected to
show the best digestion. b. No. Experiment is as follows: tube 1—
pepsin, HCl, water (control); tube 2—pepsin, HCl, water, starch; tube
3—same as tube 4 in Figure 12.12. Plate one in the cold, one at room
temperature, and one in the incubator at body temperature. The last
tube is expected to show the best digestion. c. No. Experiment is as fol-
lows: 3 tubes, all having the contents of test tube 4 in Figure 12.12. Place
one in the cold, one at room temperature, and one in the incubator at
body temperature. The last tube is expected to show the best digestion.  

Understanding the Terms
a. duodenum; b. sphincter; c. defecation; d. lipase; e. gallbladder

Chapter 13 
Testing Yourself
1. e; 2. b; 3. c; 4. e; 5. a; 6. c; 7. b; 8. b; 9. e; 10. e; 11. a. blood pressure;
b. osmotic pressure; c. blood pressure; d. osmotic pressure;
12. a. aorta; b. left pulmonary arteries; c. pulmonary trunk; d. left pul-
monary veins; e. left atrium; f. semilunar valves; g. atrioventricular
(mitral) valve; h. left ventricle; i. septum; j. inferior vena cava; k. right
ventricle; l. chordae tendineae; m. atrioventricular (tricuspid) valve;
n. right atrium; o. right pulmonary veins; p. right pulmonary arteries;
q. superior vena cava. See also Figure 13.4, page 243.

Thinking Scientifically
1. a. lungs; b. brain; c. liver; d. Coronary arteries are the first blood ves-
sels off the aorta; most likely, any clots in the coronary arteries or the
capillaries formed right there.

2. Smoking a. increases the heartbeat; b. decreases the bore of arteries;
c. closes capillary beds in fingers and toes; d. increases resistance of
blood flow.

Understanding the Terms
a. diastole; b. vena cava; c. fibrinogen; d. hemoglobin; e. systemic circuit

Chapter 14 
Testing Yourself
1. a. antigen-binding sites; b. light chain; c. heavy chain; d. constant re-
gion; e. variable region; f. spherical; 2. e; 3. e; 4. a; 5. b; 6. c; 7. b; 8. a; 9.
a; 10. b; 11. d; 12. b

Thinking Scientifically
1. a. B cells produce antibodies, when stimulated by helper T cells. T
cell maturation occurs in the thymus. b. No, all B cells do not bind be-
cause each B cell is specific for only one type of antigen. c. T cells do not
recognize an antigen unless it is presented by an APC. d. They com-
municate by surface-to-surface interaction and by chemical signals
(i.e., cytokine).

2. a. An antigen is a foreign substance that induces an immune response
by B or T cells. b. First the process described in Figure 14.11 has to occur
two times—once for the two types of T cell. Tag each prepared mono-
clonal antibody with a different dye. Apply the two types of antibodies
to a blood sample, and view the sample with a microscope, looking for
the different types of dyes. c. Prepare a monoclonal antibody against
HSV-2. Apply it to a sample of HSV-2 and HSV-1. The antibody should
combine only with HSV-2. d. If the desired substance combines with
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the antibody, and it will be separated out. (There is a chemical process
that later releases the described substance from the tube.)

Understanding the Terms
a. vaccine; b. lymph; c. antigen; d. apoptosis; e. T lymphocyte

Chapter 15 
Testing Yourself
1. d; 2. d; 3. b; 4. b; 5. e; 6. e; 7. b; 8. b; 9. d; 10. a; 11. a. nasal cavity;
b. nose; c. pharynx; d. epiglottis; e. glottis; f. larynx; g. trachea;
h. bronchus; i. bronchiole. See also Figure 15.1, p. 284.

Thinking Scientifically
1. a. When CO2 is added in the tissues, the reaction is driven to the right.
b. When CO2 diffuses out of the lungs, the reaction is driven to the left.
c. When H� is added, more H2CO3 forms and since it dissociates little,
the H� is taken up. d. When OH� is added, it combines with the H�,
forming water. Since water dissociates little, the OH� is taken up.

2. a. CO2 stimulates breathing; O2 does not. b. The buildup of CO2 stim-
ulates breathing. c. CO2 in blood raises the pH of blood. d. Sense re-
ceptors usually are stimulated by the presence of something.

Understanding the Terms
a. pharynx; b. diaphragm; c. bicarbonate ion; d. expiration; e. alveolus

Chapter 16 
Testing Yourself
1. c; 2. c; 3. e; 4. a; 5. c; 6. b; 7. d; 8. a; 9. b; 10. a. glomerulus;
b. efferent arteriole; c. afferent arteriole; d. proximal convoluted tubule;
e. loop of the nephron; f. descending limb; g. ascending limb; h. per-
itubular capillary network; i. distal convoluted tubule; j. renal vein;
k. renal artery; l. collecting duct 

Thinking Scientifically
1. a. Urea is a single molecule, urine is a mixture of molecules and ions.
b. This increases blood pressure in the glomerulus. c. The force is os-
motic pressure. d. The rate increases because osmotic pressure would
decrease in the glomerulus.

2. a. To say that urine is 95% water only indicates how much water per
solutes there is. b. Carriers can only work so fast. The fluid is moving in
the proximal convoluted tubule, and in the meantime, glucose has gone
by. c. Refer to this equation:

CO2 � H2O E H2CO3 E H� � HCO3
�

When lungs excrete CO2, the equation is driven to the left and blood
becomes more basic. When kidneys excrete the HCO3

�, the equation is
driven to the right and blood becomes more acidic. d. The pH affects en-
zymes, causing a change in shape so that they do not function as well.

Understanding the Terms
a. loop of the nephron; b. tubular reabsorption; c. aldosterone; d. renal
cortex; e. peritubular capillary network

Chapter 17 
Testing Yourself
1. b; 2. c; 3. a; 4. a; 5. c; 6. d; 7. b; 8. c; 9. b; 10. d; 11. d; 12. c;
13. e; 14. a. sensory neuron (or fiber); b. interneuron; c. motor neuron
(or fiber); d. sensory receptor; e. cell body; f. dendrites; g. axon; h. nu-
cleus of Schwann cell (neurolemmocyte); i. node of Ranvier (neurofib-
ril node); j. effector 

Thinking Scientifically
1. a. The nerve impulse travels along a membrane and is dependent on
the Na� and K� across the membrane. b. A reading lower than �65mV
is expected. The resting potential is �65mV, and inhibitory neurotrans-
mitters increase the polarity. c. Synaptic vesicles occur only at one end
of an axon. d. The degree of contraction depends on the number of neu-
rons that are stimulating muscle fibers. 

2. a. Interneurons can take nerve impulses across the spinal cord from
one side to the other. b. Neither leg would respond because nerve im-
pulses would never reach the cord. c. The right leg would still be able
to respond. d. Neither leg would respond because interneurons would
be destroyed.

Understanding the Terms
a. nerve impulse; b. cerebral hemisphere; c. integration; d. motor neu-
ron; e. reticular formation 

Chapter 18 
Testing Yourself
1. d; 2. e; 3. e; 4. c; 5. d; 6. d; 7. c; 8. b; 9. e; 10. d; 11. a. retina—contains
receptors; b. choroid—absorbs stray light; c. sclera—protects and sup-
ports eyeball; d. optic nerve—transmits impulses to brain; e. fovea cen-
tralis—makes acute vision possible; f. ciliary body—holds lens in
place, accommodation; g. lens—refracts and focuses light rays;
h. iris—regulates light entrance; i. pupil—admits light; j. cornea—re-
fracts light rays

Thinking Scientifically
1. a. One possible categorization: focusing—lens, cornea, humors, cil-
iary body; vision—retina (rods, cones, fovea), optic nerve; other—iris,
pupil, choroid, sclera (except for cornea). Justification: Some parts of
the eye are concerned with focusing the light, some with bringing
about vision, and some have neither of these functions. Glasses usually
correct focusing. b. Pigments are all colored molecules that usually are
capable of absorbing energy. c. There must be a neural pathway be-
tween the eyes and the pineal gland.

2. a. The evolution of the ear in a sequence of animals is needed to sup-
port the hypothesis. You would expect to find stages by which changes
led to the mammalian ear. b. Most likely, the inner ear evolved from the
lateral line. Most likely, the outer ear and the middle ear evolved oth-
erwise. The human inner ear has mechanoreceptors sensitive to fluid
pressure waves. The outer ear receives sound waves in the air, and the
middle ear transmits and amplifies these.

Understanding the Terms
a. cochlea; b. chemoreceptor; c. rhodopsin; d. sensation; e. spiral organ

Chapter 19 
Testing Yourself
1. b; 2. f; 3. c; 4. e; 5. b; 6. c; 7. b; 8. d; 9. d; 10. a; 11. b; 12. a. T tubule;
b. sarcoplasmic reticulum; c. myofibril; d. Z line; e. sarcomere; f. sar-
colemma of muscle fiber

Thinking Scientifically
1. a. Bone is living tissue: it grows and heals; it is supplied with blood
and nerves; and it contains cells. b. Bone strength has to equal muscle
strength or movement of muscles can cause bones to crack or to break.
c. These are for attachment of muscles. d. The wide pelvis is associated
with childbirth.

2. a. Yes, all myofibrils contract because a muscle fiber does not have
degrees of contraction. b. Yet, it gets closer to the center. c. Myoglobin

A-4 Answer Key
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Answer Key A-5

lect data on blood levels of FSH and LH. Remove the ovaries, and ex-
amine them for the presence of mature follicles. c. Postmenopausal
women who take birth-control pills should have minor or no levels of
FSH and LH in the blood. d. Administer birth-control pills to post-
menopausal women and collect data on blood levels of FSH and LH.

Understanding the Terms
a. vagina; b. endometrium; c. prostate gland; d. follicle-stimulating
hormone; e. vulva

Chapter 22 
Testing Yourself
1. b; 2. b; 3. b; 4. a; 5. e; 6. b; 7. e; 8. a; 9. e; 10. a; 11. a. chorion (contributes
to forming placenta where wastes are exchanged for nutrients with the
mother); b. amnion (protects and prevents desiccation); c. embryo;
d. allantois (blood vessels become umbilical blood vessels); e. yolk sac
(first site of blood cell formation); f. fetal portion of placenta; g. mater-
nal portion of placenta; h. umbilical cord (connects developing embryo
to the placenta). See also Figure 22.9, page 451.

Thinking Scientifically
1. a. When a cell inherits a certain cytoplasmic composition, only cer-
tain genes are activated. b. These activated genes begin to direct the
synthesis of particular proteins. c. Some of these proteins may be se-
creted to act as specific signals for other cells.

2. a. Tissue A gives off certain signals that influence the morphogenesis of
tissue. b. Because of this, tissue B gives off certain signals that influence the
morphogenesis of tissue. c. Tissue C then gives off signals, and so forth.

Understanding the Terms
a. induction; b. germ layer; c. morphogenesis; d. placenta; e. cleavage

Chapter 23 
Testing Yourself
1. b; 2. a; 3. c; 4. d; 5. c; 6. b; 7. c; 8. b; 9. d; 10. e; 11. autosomal recessive

Thinking Scientifically
1. a. Alternative hypotheses: Factors do not segregate, therefore, all
parental gametes would be the same—that is, Yy; factors do segregate;
therefore, two parental gametes are possible—that is, Y and y. b. If the
gametes were always Yy, then the phenotype green would not have ap-
peared. Since green does appear, then the second hypothesis is sup-
ported. c. Alternative hypotheses for Figure 23.6: (a) factors do not
assort independently; therefore, the gametes always will be, for exam-
ple, either WS or ws; (b) factors do assort independently; therefore, 4
gametes are possible—WS, Ws, wS, ws. d. If the factors do not assort,
then there would be fewer phenotypes among the offspring. Since
there are all four possible phenotypes among the offspring, the factors
had to assort independently of one another.

2. a. The fault is an inability to produce melanin because of an enzyme
defect. b. An inability to produce a normal enzyme is most likely re-
cessive. c. The possible crosses are aa � aa; Aa � aa; Aa � Aa. Yes, Aa in-
dividuals are carriers. d. A functioning gene would ensure that all skin
cells are capable of producing melanin.

Understanding the Terms
a. carrier; b. allele; c. dominant allele; d. testcross; e. genotype

Practice Problems 1
1. a. W; b. WS, Ws; c. T, t; d. Tg, tg; e. AB, Ab, aB, ab
2. a. gamete; b. genotype; c. gamete; d. genotype

has the higher affinity or else it could never receive O2 from hemoglo-
bin. d. Mitochondria in muscle fibers use the oxygen to receive elec-
trons at the electron transport system.

Understanding the Terms
a. tetanus; b. ligament; c. sarcolemma; d. creatine phosphate; e. red
bone marrow

Chapter 20 
Testing Yourself
1. a; 2. a; 3. f; 4. b; 5. c; 6. a; 7. e; 8. d; 9. c; 10. d; 11. b; 12. e;
13. d; 14. a. inhibits; b. inhibits; c. releasing hormone; d. stimulating
hormone; e. target gland hormone

Thinking Scientifically
1. a. You might want to change the ending of the definition to “target
cell, organ or organism.” Figure 20.1 shows the liver as a target organ
for insulin and a moth as a target organism for a pheromone. b. A tar-
get cell must have receptor proteins for the environmental signal. c. Be-
havior is a good term because it encompasses a wide variety of
responses. For example, a target cell changes its metabolism and might
begin to produce a product; the liver begins to store glucose as glyco-
gen in response to insulin; and the male moth begins to fly toward the
female. d. Low blood sugar is the stimulus for the secretion of insulin,
and negative feedback shuts down its production. When a nerve im-
pulse is crossing a synapse, the neurotransmitter then either is broken
down or is taken up by the presynaptic membrane. 

2. a. You would expect to find sugar in the urine because the body
would contain no insulin; blood sugar would rise and spill over into the
urine. b. No, your findings only prove that blood sugar rises when the
pancreas is missing. c. You have to get a supply of pure insulin, inject it
in an animal, and show that the blood sugar lowers. d. Yes, you now
know that the presence of both the pancreas and insulin lowers blood
sugar. The logical conclusion is that the pancreas is the source of insulin.

Understanding the Terms
a. thyroid gland; b. diabetes mellitus; c. adrenocorticotropic hormone
(ACTH); d. nonsteroid hormone; e. oxytocin

Chapter 21
Testing Yourself
1. a. seminal vesicle; b. ejaculatory duct; c. prostate gland; d. bul-
bourethral gland; e. anus; f. vas deferens; g. epididymis; h. testis; i. scro-
tum; j. foreskin; k. glans penis; l. penis; m. urethra; n. vas deferens;
o. urinary bladder; 2. c; 3. d; 4. c; 5. c; 6. d; 7. e; 8. c; 9. c; 10. c; 11. b; 12. e

Thinking Scientifically
1. a. Due to negative feedback, the intake of anabolic steroids causes the
anterior pituitary to stop producing gonadotropic hormones, leading
to atrophy of the interstitial cells of the testes. b. To test the hypothesis,
administer anabolic steroids to mice and collect data on resulting blood
levels of gonadotropic hormone. Remove the testes and using a micro-
scope look for atrophy of tissues. c. Anabolic steroids raise the level of
LDL in the blood. This could lead to increased risk of heart disease.
d. To test the hypothesis, administer anabolic steroids to mice and col-
lect data on resulting blood levels of LDL. Remove coronary blood ves-
sels and look for the presence of plaque.

2. a. Due to negative feedback, the administration of estrogen and
progesterone causes the anterior pituitary to stop producing FSH and
LH, and no follicles or oocytes mature. Without egg production, there
can be no pregnancy. b. Administer this birth-control pill to mice. Col-
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A-6 Answer Key

Practice Problems 2
1. 75% or 3:1; 2. Both heterozygous; 3. DD � dd; Dd

Practice Problems 3
1. Dihybrid; 2. 1/16; 3. DdFf � ddff; ddff

Practice Problems 4
1. 50%; 2. Homozygous dominant or heterozygous

Practice Problems 5
1. light; 2. very light; 3. baby 1 � Doe; baby 2 � Jones; 4. types AB, O,
A, B

Practice Problems 6
1. H´H´; no; 2. normal–25%; sickle-cell trait–50%; sickle-cell dis-
ease–25%

Chapter 24 
Testing Yourself
1. c; 2. a; 3. b; 4. c; 5. c; 6. c; 7. b; 8. a; 9. c; 10. XAXa

Thinking Scientifically
1. a. Red eye is dominant. b. No, because females do not have a Y chro-
mosome, and yet they have red eye color. Yes, because males have only
one X chromosome, and this explains why only males have white eyes
in the F2 generation. The results are explainable only on the basis that
the red/white allele is on the X chromosome. 

2 a. The best evidence is passage of the trait from Leopold, a son of
Victoria’s, through Alice, his carrier daughter, to his grandson Ru-
pert. Also, only males have the trait and they all have mothers who
can trace their ancestry to Victoria. b. 50% c. It is a protein because
genes specify protein synthesis. d. Abnormal DNA for a blood clot-
ting factor.

Understanding the Terms
a. linkage group; b. nondisjunction; c. chromosomal mutation; d. kary-
otype; e. sex-linked trait

Practice Problems
1. His mother; XHXh, XHY, XhY
2. 100%; none; 100%
3. RrXBXb � RrXBY; rrXbY
4. The husband is not the father. 

Additional Genetics Problems for Chapter 23
and Chapter 24
1. 50%; 2. 50% (most likely father is heterozygous); 3. 50%; 4. None;
5. No. Only homozygous recessives cannot curl the tongue, and per-
sons with this genotype cannot pass on the ability to curl the tongue. 
6. Tt, 25%; 7. 50%; 8. Child aa, parents Aa; 9. 50%; 10. 100% chance for
widow’s peak and 0% chance for continuous hairline; 11. 50%; 12. 210
gray bodies and 70 black bodies; 140 � heterozygous; cross fly with re-
cessive (black body); 13. F1 � all black with short hair; F2 � 9 black,
short : 3 black, long : 3 brown, short : 1 brown, long; offspring would be
1 brown long : 1 brown short : 1 black long : 1 black short; 14. Bbtt �
bbTt and bbtt; 15. GGll; 16. 25%; 17. 100%; 18. sickle-cell trait; 19. Ss; 20.
25%; 21. BO (type B blood), AO (type A blood), AB (type AB) blood, OO
(type O blood); 22. OO, yes, A or AB; 23. Father could be BB or BO or
AB; 24. father: XsY; mother: XSXs; 25. son; 26. 50%, none; 27. XhY, XHXh;
28. a. Males: all red eyes; females: all red eyes; b. Males: 1 red eye: 1
white eye; females: all red eyes; c. autosomal dominant, Aa; 29. XbYww,
boys � XBYWw, girls � XBXbWw; 30. Males: 3 gray body with red eyes:

1 black body with red eyes: 3 gray body with white eyes: 1 black body
with white eyes; females: 3 gray body with red eyes: 1 black body with
red eyes.

Chapter 25
Testing Yourself
1. e; 2. e; 3. c; 4. d; 5. c; 6. d; 7. e; 8. a. regulator gene; b. promoter; c. op-
erator; d. structural genes; e. DNA; f. mRNA; g. active repressor pro-
tein; h. RNA polymerase binding site; 9. b; 10. d

Thinking Scientifically
1. a. The evidence is that the sequence of amino acids in a protein par-
allels the code in DNA. b. The evidence is the existence of duplicated
chromosomes prior to cell division. c. The sequence of bases in DNA
can change, and this allows mutation. 

2. a. It would show up first in the nucleus and then in the cytoplasm.
b. The evidence is that the sequence of amino acids in a polypeptide
parallels the codons in mRNA, not rRNA. c. Figure 25.10 shows ribo-
somes moving along the mRNA.

Understanding the Terms
a. mutagen; b. RNA polymerase; c. transcription; d. translation; e. anti-
codon

Practice Problems 
1. ACU´ CCU´ GAA´ UGC´ AAA
2. UGA´ GGA´ CUU´ ACG´ UUU
3. threonine–proline–glutamate–cysteine–lysine

Chapter 26 
Testing Yourself
1. a; 2. e; 3. e; 4. e; 5. b; 6. d; 7. c; 8. e; 9. AATTTTAA; 10. a. retrovirus;
b. recombinant RNA; c. human genome; d. recombinant RNA; e. re-
verse transcription; f. recombinant DNA; g. defective gene. See also
Figure 26.9, page 539.

Thinking Scientifically
1. Inject a large number of diabetics with both types of insulin (at dif-
ferent times), and observe any effects. The biotechnology insulin is ex-
pected to show fewer side effects because it is human insulin, not cattle
or pig insulin—the sequence of amino acids is expected to be closer to
that of the individual receiving the insulin. Also, it might be pure—it
does not contain any substances other than insulin.

2. Feed the meat to two groups of human volunteers, and observe any
effects. Since growth hormone is a protein, any present in the meat is
denatured upon cooking or digested upon eating.

3. Same experiment as described in answer 2. First, feed the plants to
animals, and if no effects are observed, then feed the plants to humans.
The toxin might be harmful to humans.

4. Keep testing for the presence of the pollutant and the bacteria. See if
the bacteria disappears. They run out of food, that is, the pollutant.

Understanding Terms
a. restriction enzyme; b. transgenic organism; c. probe; d. clone; e. plasmid

Chapter 27 
Testing Yourself
1. d; 2. c; 3. b; 4. e; 5. e; 6. e; 7. b; 8. c; 9. d; 10. e; 11. e; 12. b;
13. b; 14. e; 15. a; 16. 
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Answer Key A-7

Thinking Scientifically
1. a. There would have been no enzymes present before the first protein
formed. b. Proteins are unable to store genetic information or to repli-
cate. c. By the same mechanism as DNA—complementary base pair-
ing. d. Enzymes are needed for replication to occur and for other
metabolic processes.

2. a. The plant species contains variations that are inheritable. On the
mountain top, plants that were shorter tended to survive and to repro-
duce, until only shorter plants were observed there. b. You expect the
plants still to be short because only these genes now are present in the gene
pool. c. Directional selection (toward shorter plants) was followed by
stabilizing selection (most plants, then, tend to have genes for shortness).

Understanding Terms
a. natural selection; b. directional selection; c. punctuated equilibrium;
d. homologous structure; e. gene flow

Practice Problems
1. 30%; 2. q � .01, p �.09; homozygous recessive � 1%; homozygous
dominant � 81%; heterozygous � 18%; 3. homozygous recessive �

49%; homozygous dominant � 9%; heterozygous � 42%

Chapter 28 
Testing Yourself
1. d; 2. b; 3. c; 4. c; 5. b; 6. d; 7. e; 8. d; 9. e; 10. b; 11. a; 12. c;
13. e; 14. e; 15. a. sexual reproduction; b. isogametes pairing; c. zygote
(2n); d. zygospore (2n); e. asexual reproduction; f. zoospores (n); g. nu-
cleus; h. chloroplast; i. pyrenoid; j. starch granule; k. flagellum; l. eye-
spot; m. gamete formation. See also Figure 28.10, page 584. n. Asexual:
one parent, no gametes produced, no genetic recombination. Sexual:
two parents, gametes produced, genetic recombination.

Thinking Scientifically
1. a. If the zygote undergoes meiosis, there is no diploid adult. b. If meio-
sis is delayed until there is a diploid adult, the alternation of generations
life cycle occurs. c. If haploid spores join (then they act like gametes), the
haploid generation is eliminated and the diplontic life cycle occurs.

2. Fungi live on dead organic matter. a. Without other living things,
there is no dead organic matter. b. In the Chlamydomonas cycle, the
adult, the spores, and the gametes are flagellated. In the fungal cycle,
the adult, the spores, and the gametes are not flagellated. c. The body of
a fungus may not have the ability to withstand dryness. 

Understanding Terms
a. nucleoid; b. symbiotic; c. binary fusion; d. saprotroph; e. lichen

Chapter 29 
Testing Yourself
1. e; 2. d; 3. c; 4. c; 5. e; 6. b; 7. b; 8. b; 9. e; 10. a. sporophyte (2n); b. meio-
sis; c. gametophyte (n); d. fertilization. See also Figure 29.2a, page 601.

Thinking Scientifically
1. a. No, vascular tissue would not be found because bryophytes lack

a. Disruptive selection b. Stabilizing selection c. Directional selection

vascular tissue. b. Try to grow them in a dry location. Observe results.
c. The gametophyte (n) is dominant, and it bears the burden of adapta-
tion to the environment. d. If vascular tissue evolved, it is possible the
bryophytes might spread into more habitats on land, but only if they
also lost their dependence on water for reproduction.

2. a. In humans, the male passes sperm directly to the female, who re-
tains the egg within her body. In trees, pollen, which can resist drying
out, carries the sperm to the vicinity of the egg. Then the pollen germi-
nates to give a pollen tube, through which the sperm passes. b. Hu-
mans have a blood vascular system; trees have xylem. c. Humans have
an internal skeleton of bone; trees are supported by xylem. d. Humans
can maintain a warm internal temperature; deciduous trees lose their
leaves and become inactive. 

Understanding Terms
a. megaspore; b. gymnosperm; c. sporophyte; d. seed; e. ovule

Chapter 30
Testing Yourself
1. a. tentacle; b. gastrovascular cavity; c. mouth; d. mesoglea; 2. e; 3. c;
4. e; 5. e; 6. b; 7. e; 8. a; 9. e; 10. c; 11. d; 12. a; 13. e; 14. d; 15. a. head; b. an-
tenna; c. simple eye; d. compound eye; e. thorax; f. tympanum; g. ab-
domen; h. forewing; i. hindwing; j. ovipositor; k. spiracles; l. air sac;
m. spiracle; n. tracheae. See also Figure 30.18, page 637.

Thinking Scientifically
1. a. Animals are heterotrophic, locomote by means of contracting
fibers, are multicellular with specialized tissues, have a diplontic life
cycle, have sex organs, and do not always protect the zygote and the
embryo. b. Animals locomote by means of contracting fibers. c. Proto-
zoans locomote and are heterotrophic. d. Complex animals have tis-
sues and organs that are highly differentiated.

2. a. An animal with a complete digestive tract because the food can be
processed as it moves in one direction from mouth to anus. b. Coelo-
mate animals have a cavity for the location of specialized organs. c. An
animal with a complete digestive tract because one of the organs can be
specialized for storage of food. d. In a planarian, the digestive system is
branched and this allows nutrients to be delivered to all parts of the body.

Understanding the Terms
a. trachea; b. coelom; c. bilateral symmetry; d. molt; e. nephridia

Chapter 31 
Testing Yourself
1. b; 2. e; 3. c; 4. e; 5. a; 6. a; 7. b; 8. a; 9. b; 10. e; 11. c; 12. a. pharyngeal
pouches; b. dorsal hollow nerve cord; c. notochord; d. post-anal tail.

Thinking Scientifically
1. a. With negative pressure, air is drawn in, and with positive pressure,
air is pushed in. Frogs force air into the lungs by gulping it. b. There is
no mixing of used air with new air coming in; therefore, more O2 enters
the blood. c. Frogs practice skin breathing. Reptiles have better devel-
oped lungs. d. Movement of the diaphragm assists in creating the neg-
ative pressure that draws air into the lungs.

2. a. Adaptation of the environment. b. Branching occurs where the ho-
minids are adapted variously. For example, A. africanus and A. robustus
had different diets, and Neanderthals in Europe and H. sapiens in
Africa were built differently. c. H. erectus is markedly different from the
previous fossils; many advances are evident. Similarly, Cro-Magnon is
much more advanced than previous fossils. d. All races can interbreed.
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A-8 Answer Key

Understanding the Terms
a. watervascular system; b. prosimian; c. notochord; d. deuterostomes;
e. hominid

Chapter 32 
Testing Yourself
1. b; 2. c; 3. a; 4. e; 5. c; 6. c; 7. c; 8. b; 9. e; 10. b

Thinking Scientifically
1. a. Have at least two group of guinea pigs. The first group is allowed
to sense their food and the second group is prevented from seeing or
smelling the food. If only the first group eats willingly, the nervous sys-
tem must be involved in acquiring food. b. Food selection is controlled
by immediate environmental influences. c. Food selection is controlled
by inheritance of genes.

2. a. If you make learning pleasurable, and reward (not punish) children,
they are more likely to behave as you wish. b. Assuming that the food is
giving the animal pleasure, the limbic system is most likely involved. An
emotional experience is remembered best. c. Find a way to stimulate the
limbic system directly (e.g., implanted electrodes in brain) and see if the
animal has an improved ability to learn the behavior.

Understanding the Terms
a. territoriality; b. altruism; c. communication; d. pheromone; e. inclu-
sive fitness

Chapter 33 
Testing Yourself
1. d; 2. d; 3. e; 4. b; 5. b; 6. e; 7. d; 8. e; 9. e; 10. a; 11. a. lag;
b. exponential growth; c. deceleration; d. environmental resistance;
e. carrying capacity

Thinking Scientifically
1. a. and b. It is a J-shaped curve. c. The curve would fall dramatically.

2. a. Formerly, it was assumed that each country was responsible for its
own standard of living. This attitude is changing because planners
now think in global terms. b. Increasingly, people in the developed
countries believe that health care for all people should be the same.
c. Most people now believe that private citizens and industry should
find ways to ensure an ecologically fit world for future generations. If
we do not, the standard of living will decrease dramatically. d. Increas-
ingly, people are beginning to think in global terms.

Understanding the Terms
a. population; b. biotic potential; c. exponential growth; d. demo-
graphic transition; e. carrying capacity

Chapter 34 
Testing Yourself
1. Place a dot on the highest point of the graph. An intermediate level
of disturbance results in the greatest amount of diversity. 2. b; 3. e; 4. d;
5. e; 6. b; 7. e; 8. c; 9. e; 10. e; 11. e 

Thinking Scientifically
1. a. This is scramble competition. The larvae all compete for the same
resource, and each receives minimal food. Few, then, survive. b. This is
contest competition. With this type of competition, the unsuccessful
may not survive and reproduce but the successful will survive and re-
produce. c. In nature, female blowflies lay many eggs in various locations.
The larvae are likely to survive in some of these locations. Scramble
competition is not a disadvantage under these circumstances, contest

competition ensures that some members of the population survive.

2. a. This suggests that the fungi are parasitic on the algae in a lichen be-
cause organic molecules can pass from algae to fungi via these organs.
b. This suggests that the fungi and the algae are mutualistic in a lichen
because each member of the relationship benefits. c. Yes, both para-
sitism and mutualism involve some sort of dependency.

Understanding the Terms
a. competitive exclusion principle; b. ecological succession; c. symbio-
sis; d. niche; e. commensalism

Chapter 35 
Testing Yourself
1. b; 2. d; 3. a; 4. c; 5. d; 6. d; 7. a; 8. a; 9. a; 10. d 

Thinking Scientifically
1. a. The conditions are temperature and amount of rainfall. b. A grass-
land might replace a deciduous forest and a desert might replace a
grassland. c. The more sunlight; the more photosynthesis; the more life
supported. d. Similar species cannot play the same role (occupy the
same niche) in a community; therefore, diversification occurs. e. Varied
and plentiful food sources provide different ways of getting food.

2. a. A squid has adaptations for a water environment, not a land envi-
ronment. It is streamlined and moves by jet propulsion—both of which
are adaptations for locomotion in water. A squid breathes by means of
gills. b. A monkey has adaptations for a forest environment, not a
grassland environment. It swings from limb to limb of a tree and
mainly eats fruits. 

Understanding the Terms
a. estuary; b. biome; c. benthic division; d. savanna; e. biosphere 

Chapter 36 
Testing Yourself
1. c; 2. b; 3. d; 4. d; 5. c; 6. c; 7. b; 8. a; 9. d; 10. c; 11. b; 12. c;
13. a; 14. c; 15. a. producers; b. consumers; c. inorganic nutrient pool;
d. decomposers; 16. a. top carnivores; b. carnivores; c. herbivores;
d. producers

Thinking Scientifically
1. a. Primary consumers have more energy available to them (in the
form of food) than higher level consumers. b. The pyramid indicates
that there is less energy available at each trophic level. Eventually, there
is not enough energy to support another population. c. The size of a top
predator population is controlled by the amount of food energy avail-
able to it. d. The other secondary consumer populations would in-
crease in size due to less competition, and the ecosystem would remain
about the same.
2. a. Consumption of fuel is costly and combustion of fuel leads to air
pollution. b. As a general rule only 10% of the energy within one tropic
level is passed on to the next level; therefore it wastes energy to feed a
population on cattle. c. Allowing cattle to graze is cheaper, the meat is
better for you because it contains less fat, and you have reduced the
probability of sewage ending up in the water supply. d. Growing dif-
ferent varieties of crops is a safety measure—if one variety is wiped out
by a parasite, for example, you would still have the other types of
crops. e. Irrigation uses much water and results in water pollution
when pesticides and fertilizers get washed into water supplies. f. The
fewer the people, the less food required to feed them.

Understanding the Terms
a. detritus; b. ozone shield; c. fossil fuel; d. nitrogen fixation; e. food web
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The classification system given here is a simplified one, containing all the
major kingdoms, as well as the major divisions (called phyla in the
kingdom Protista and the kingdom Animalia). The text does not discuss
all the divisions and phyla listed here.

Kingdom Monera

Prokaryotic, unicellular bacteria. Nutrition principally by absorption, but
some are photosynthetic, chemosynthetic, or parasitic.

Phylum Chemoautotrophs: chemosynthetic bacteria 

Phylum Photoautotrophs: photosynthetic bacteria that do not evolve
oxygen 

Phylum Enterobacteria: facultatively anaerobic rod-shaped bacteria
that live in intestinal tracts 

Phylum Myxobacteria: aerobic, gliding rod-shaped bacteria, found in
soil or are parasitic 

Phylum Pseudomonads: aerobic curved or rod-shaped bacteria,
usually found in soil 

Phylum Rickettsias: intracellular rod-shaped parasites

Phylum Spirochaetes: facultatively anaerobic helical-shaped bacteria

Phylum Cyanobacteria: photosynthetic bacteria that do evolve oxygen

Phylum Actinobacteria: filamentous soil-dwelling bacteria

Kingdom Protista

Eukaryotic, unicellular organisms and their immediate multicellular
descendants; sexual reproduction; flagella and cilia with 9 + 2
arrangement of microtubules

Phylum Chlorophyta: green algae 7,000 species

Phylum Phaeophyta: brown algae 1,500 species

Phylum Chrysophyta: diatoms 11,000 species

Phylum Dinoflagellata: dinoflagellates 1,000 species

Phylum Euglenophyta: euglenoid flagellates 1,000 species

Phylum Rhodophyta: red algae 4,000 species

Phylum Sarcodina: amoeboid protozoa 40,000 species

Phylum Ciliophora: ciliated protozoa 8,000 species

Phylum Zoomastigophora: flagellated protozoa thousands of species

Phylum Sporozoa: parasitic protozoa 3,600 species

Phylum Myxomycota: slime molds 560 species

Phylum Oomycota: water molds 580 species

Kingdom Fungi

Multicellular eukaryotes: heterotrophic by absorption; lack flagella;
nonmotile spores form during both asexual and sexual reproduction

Division Zygomycota: zygospore fungi 600 species

Division Ascomycota: sac fungi 30,000 species

Division Basidiomycota: club fungi 16,000 species

Division Deuteromycota: imperfect fungi 25,000 species

Kingdom Plantae

Multicellular, primarily terrestrial eukaryotes with well-developed tissues;
autotrophic by photosynthesis; alternation of generations life cycle

Division Hepatophyta: liverworts 10,000 species

Division Bryophyta: mosses 12,000 species

Division Anthocerotophyta: hornworts 100 species

Division Psilotophyta: whisk ferns several species

Division Lycopodophyta: club mosses 1,000 species

Division Equisetophyta: horsetails 15 species

Division Pteridophyta: ferns 12,000 species

Division Coniferophyta: conifers 550 species

Division Cycadophyta: cycads 100 species

Division Ginkgophyta: maidenhair tree one species

Division Gnetophyta: gnetophytes 70 species

Division Magnoliophyta: flowering plants

Class Magnoliopsida: dicots 170,000 species

Class Liliopsida: monocots 65,000 species

Kingdom Animalia

Multicellular organisms with well-developed tissues; usually motile;
heterotrophic by ingestion, generally in a digestive cavity; diplontic life-
style

Phylum Porifera: sponges 5,000 species
Phylum Cnidaria: radially symmetrical marine animals 9,000 species

Class Hydrozoa: hydras, Portuguese man-of-war

Class Scyphozoa: jellyfish

Class Anthozoa: sea anemones and corals

Phylum Platyhelminthes: flatworms 13,000 species

Class Turbellaria: free-living flatworms

Class Trematoda: parasitic flukes

Class Cestoda: parasitic tapeworms

Phylum Nematoda: roundworms 12,000 species
Phylum Rotifera: rotifers 2,000 species
Phylum Mollusca: softbodied, unsegmented animals 110,000 species

Class Polyplacophora: chitons

Class Monoplacophora: Neopilina

Class Gastropoda: snails and slugs

Class Cephalopoda: squid and octopuses

Class Bivalvia: clams and mussels

Phylum Annelida: segmented worms 12,000 species

Class Polychaeta: sandworms

Class Oligochaeta: earthworms

Class Hirudinea: leeches

B-1

Appendix B
Classification of Organisms
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B-2 Classification of Organisms

Phylum Arthropoda: animals with chitinous exoskeleton and jointed
appendages over 6 million species

Class Crustacea: lobsters, crabs, barnacles

Class Arachnida: spiders, scorpions, ticks

Class Chilopoda: centipedes

Class Diplopoda: millipedes

Class Insecta: grasshoppers, termites, beetles

Phylum Echinodermata: spiny, radially symmetrical marine animals
6,550 species

Class Crinoidea: sea lilies and feather stars

Class Asteroidea: starfishes

Class Ophiuroidea: brittle stars

Class Echinoidea: sea urchins and sand dollars

Class Holothuroidea: sea cucumbers

Phylum Hemichordata: acorn worms 90 species
Phylum Chordata: dorsal supporting rod (notochord) at some stage;

dorsal hollow nerve cord; pharyngeal pouches or slits 45,000
species

Subphylum Urochordata: tunicates 1,250 species

Subphylum Cephalochordata: lancelets 23 species

Subphylum Vertebrata: vertebrates over 44,000 species

Class Agnatha: jawless fishes (lampreys, hagfishes) 63 species

Class Chondrichthyes: cartilaginous fishes (sharks, rays) 850
species

Class Osteichthyes: bony fishes 20,000 species

Subclass Sarcopterygii: lobe-finned fishes

Subclass Actinopterygii: ray-finned fishes

Class Amphibia: frogs, toads, salamanders 3,900 species

Class Reptilia: snakes, lizards, turtles 6,000 species

Class Aves: birds 9,000 species

Class Mammalia: mammals 4,500 species

Subclass Prototheria: egg-laying mammals

Order Monotremata: duck-billed platypuses, spiny anteaters

Subclass Metatheria: marsupial mammals

Order Marsupialia: opossums, kangaroos

Subclass Eutheria: placental mammals

Order Insectivora: shrews, moles

Order Chiroptera: bats

Order Edentata: anteaters, armadillos

Order Rodentia: rats, mice, squirrels

Order Lagomorpha: rabbits, hares

Order Cetacea: whales, dolphins, porpoises

Order Carnivora: dogs, bears, weasels, cats, skunks

Order Proboscidea: elephants

Order Sirenia: manatees

Order Perissodactyla: horses, hippopotamuses, zebras

Order Artiodactyla: pigs, deer, cattle

Order Primates: lemurs, monkeys, apes, humans

Suborder Prosimii: lemurs, tree shrews, tarsiers, lorises,
pottos

Suborder Anthropoidea: monkeys, apes, humans

Superfamily Ceboidea: New World monkeys

Superfamily Cercopithecoidea: Old World monkeys

Superfamily Hominoidea: apes and humans

Family Hylobatidae: gibbons

Family Pongidae: chimpanzees, gorillas, orangutans

Family Hominidae: Australopithecus*, Homo habilis*,
Homo erectus*, Homo sapiens sapiens* 

*extinct
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Note: Page numbers
in italics indicate
material presented

in figures and tables. Text
and page numbers in
magenta indicate topics of
human interest.

A
ABA. See Abscisic acid
Abdominal cavity, 201, 201
Abiotic, definition of, 688
ABO blood typing, 278, 482
Abscisic acid (ABA), 172, 176
Abstinence, sexual, 431, 431
Abyssal zone, 739, 739
Accommodation, visual, 355
Acetylcholine (ACh), 327, 331, 331, 386
Acetylcholinesterase (AChE), 327
Acetyl-CoA, 119, 122, 127
ACh. See Acetylcholine
AChE. See Acetylcholinesterase
Acid(s)

in acid deposition, 30, 30
amino. See Amino acid(s)
vs. bases, 28–29
citric, 123
definition of, 28
deoxyribonucleic. See Deoxyribonucleic

acid
fatty, 34, 229
folic, 231
hydrochloric, 28, 28, 218, 220
litmus test for, 28
nucleic, 40–41

digestion of, 225
in origin of life, 549–550

pantothenic, 231
ribonucleic. See Ribonucleic acid
uric, 305

Acid-base balance, 305, 315, 315
Acid deposition (acid rain), 30, 30, 752–753,

753
Acidic group, 37
Acidity. See also pH

of blood, 29, 208, 348
and hydrogen ion concentration, 28, 28,

29, 29
pH scale of, 29, 29
of seminal fluid, 421
of stomach, 218, 220, 266

Acidosis, 409
Acne, 205

anabolic steroids and, 410
testosterone and, 411

Acoelomates, 619
Acquired immunodeficiency syndrome

(AIDS), 435–437
and birth defects, 456
drug therapy for, 582
and HIV virus, 272, 280, 456
opportunistic infections in, 436
prevention of, 280, 437
stages of, 436
and T lymphocytes, 252
transmission of, 437
treatment of, 437, 582
vaccine for, 437

Acromegaly, 402, 402
Acrosome, 422, 423
ACTH. See Adrenocorticotropic hormone
Actin filament(s)

in animal cell, 50
composition and function of, 49, 58
in cytokinesis, 91, 91

definition of, 58
in muscle, 199
and muscle contraction, 385, 385, 387,

387
in plant cell, 51
structure and appearance of, 59

Action potential, 324, 325
Active site, of enzyme, 109
Active transport, 72, 72, 76, 77–79, 172

of minerals, in plants, 171
by sodium-potassium pump, 70, 77, 77,

324
of sugar, in plants, 174

Acyclovir, 582
Adam’s apple, 216, 423
Adaptation

definition of, 9
differential, 562
and natural selection, 561–562
sensory, 348–349

Adaptive radiation, 567
Addison disease, 407, 407
Adenine (A), 40–41

in DNA, 507–508
in RNA, 510, 510

Adenoids, 265
Adenosine deaminase, 539
Adenosine diphosphate (ADP)

in photosynthesis, 138–139, 139
production in ATP hydrolysis, 41, 41
recycling of, 124

Adenosine triphosphate (ATP), 41, 107, 142,
142

and active transport, 77
and ADP, 41, 41, 107
and aerobic cellular respiration, 56
ATP synthase complex, 125, 142, 142
breakdown of, 106, 106–107, 107
conversion to cyclic AMP, 397, 397
cycle, 107
definition of, 41
energy of, 56, 107, 107
function of, 41, 107
hydrolysis of, 41, 41
in mitochrondria, 106
and muscle contraction, 104, 104, 381,

385, 385, 387, 387, 389
and oxygen debt, 389
phosphate groups, 41
in photosynthesis, 138–139, 139, 140,

143, 145
structure of, 41, 107
yield, from glucose, 126

Adenosine triphosphate formation, 113,
120, 123–125, 147

in aerobic cellular respiration, 56, 112,
118–119, 122

by archaea, 579
in chloroplasts, 56
fermentation in, 129
in mitochondria, 56–57
and photosynthesis, 56, 142

Adenovirus, 574, 576
in gene therapy, 540

Adenylate cyclase, 72
ADH. See Antidiuretic hormone
Adhesion junction, 196
Adipose tissue, 196, 197, 204f,

205
and blood glucose level, 408
and leptin production, 411

ADP. See Adenosine diphosphate
Adrenal gland(s), 405, 405–407

cortex, 398, 405, 405
hormones released by, 398
location of, 399, 399
malfunction of, 407
medulla, 396, 398, 405, 405

Adrenaline. See Epinephrine

Adrenocorticotropic hormone (ACTH), 398,
400, 405

low level of, 407
Adrenocorticotropic-releasing hormones,

405
Aerobe, 577
Aerobic cellular respiration, 56, 112,

118–127
anabolism and catabolism in, 127
definition of, 118
efficiency of, 126
electron transport system in, 119, 124,

124–125
energy yield from, 126, 126
equation for, 56, 118, 147
during exercise, 128, 389
glycolysis in, 119–120, 120
Krebs cycle in, 119, 122–123, 123
phases of, 119, 119
photosynthesis vs., 147, 147
reactants for, 122
transition reaction in, 119, 122

African sleeping sickness, 589
Afterbirth, expulsion of, 460, 461
Age structure

diagrams of, 696
of LDCs vs. MDCs, 696

Agglutination, of blood, 278, 278
Aggressiveness

anabolic steroids and, 410
testosterone and, 411

Aging, 463, 463–465, 465
and body systems, 464–465
and coordination, 464–465
extrinsic factors of, 464
and eye disorders, 360
genetics of, 463
hearing loss with, prevention of,

360–361
and heart, 464
illnesses associated with, 315
and integration, 464–465
and processing, 464
and reproductive system, 465
and skin, 464
theories of, 463–464
and transport, 464
as whole-body process, 463

Agranular leukocytes, 249, 251, 252
Agriculture

swidden (slash-and-burn), 727, 757
in tropical rain forests, 727, 757
and water pollution, 740, 755

AID. See Artificial insemination by donor
AIDS. See Acquired immunodeficiency

syndrome
Air circulation, global, 718–719, 719, 736,

736
Air pollution

and acid deposition, 30, 30, 752–753, 753
carbon monoxide as, 253, 253, 289
and global warming, 145, 714, 737,

750–751, 751
and greenhouse gases, 714, 750–751, 751
and ozone depletion, 756, 756
photochemical smog as, 289, 753
and thermal inversions, 289, 289, 753,

753
Air sacs, 655, 655. See also Alveolus
Albinism, 510
Albumin, 249, 250
Alcohol, 341

absorption of, 218
and cancer, 523
detoxification by peroxisomes, 55
and fetal alcohol syndrome, 341, 457

Aldosterone, 305, 313
abnormal amounts of, 407
functions of, 398, 406

I-1

Index

Alga (algae), 583–587, 733, 744
bloom, 586, 586, 754
blue-green. See Cyanobacterium
brown, 583, 585–586, 586
chlorophyll in, 583, 585
classification of, 583
coralline, 587
golden brown, 585–586, 586
green, 583, 584, 584–585, 595
in lichens, 595
and plants, comparison of, 600
red, 583, 587, 587

Allantois, 451, 454
Allele(s)

definition of, 470, 470
dominant, 472
multiple, inheritance by, 482
recessive, 472

Allele frequency
in gene pool, 558
Hardy-Weinberg law and, 556–558

Allergens, 276
Allergy(ies), 276–277

delayed response, 276
immediate response, 276–277
immunoglobulin E and, 276–277
protection against, 277, 277

Allopatric speciation, 565, 565
Allosteric site, of enzyme, 110–111, 111
Alpine tundra, 721
Alternation of generations life cycle

in plants, 601, 601
in protists, 583, 583, 585, 585

Alternative medicine, 130
Altitude, and biomes, 721, 721
Altruistic behavior, 683–684
Alveolus (alveoli), 73, 73

of breast, 430
of lungs, 287, 287

Amino acid(s), 227
in blood, 249
coding for, 511
definition of, 37, 516
essential, 127, 228
in polypeptide chain assembly, 37–38, 38
in protein, 37–38, 39, 556
R groups, 37, 37
structures of, 37, 37
supplements, 228–229
synthesis of, 127
transport through plasma membrane, 76

Amino group, 37
Ammonium (NH4

+), conversion to nitrate,
752

Amniocentesis, 456
Amnion, 451, 453
Amniote egg, 653
Amoeba proteus, 588, 588
Amoeboid cell(s), of sponges, 621, 621
Amoeboids, 588, 588

phagocytosis by, 588
pseudopods of, 588, 588

Amphetamine, 343
Amphibian(s), 618, 651

classification of, 646
heart of, 654

Ampulla, 364, 365
Amygdala, 337, 337, 338
Amyloplasts, 57
Anabolic reactions, 127
Anabolic steroids, 391–392, 411, 423

harmful effects of, 410, 410
Anabolism, 127, 127
Anaerobe(s), 220

facultative, 577
obligate, 577

Anaerobic bacteria, 577
Anaerobic cellular respiration

(fermentation), 120, 129, 129, 389
in exercise, 128, 389
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Anaerobic process, 120, 128
Analogous structures, 555
Anaphase

in meiosis, 94, 94–95
in mitosis, 89, 89, 90, 90

Anaphylactic shock, 276–277
Anaplasia, and cancer cells, 522
Androgens, 411

function of, 398
Anemia, 252
Aneurysm(s), 258
Angina pectoris, 258
Angiogenesis, of cancer cells, 522
Angioplasty, 258, 259
Angiosperms, 152, 600, 600, 612–614

classification of, 612
diversity of, 612
flowers of, 614, 614
life cycle of, 612–614, 613

Angiotensin I, 406, 406
Angiotensin II, 406, 406
Angiotensinogen, 256
ANH. See Atrial natriuretic hormone
Animal(s), 617–668. See also Species

body plans of, 619
characteristics of, 618
classification of, 568, 568–569, 618–619
coelom of, 619, 628, 640
development in. See Development;

Human development
diversity of, 619
evolution of, 618–619, 620
genetic engineering of, 536–537, 537
germ layers of, 618
as heterotrophs, 744
invertebrate, 618, 621–627, 648
levels of organization of, 618, 621, 621
life cycle of, 583, 583
organs of, 618
populations. See Community(ies);

Population(s)
protosome vs. deuterostome, 619, 628
segmentation in, 619
symmetry of, 619
vertebrate, 649–657. See also

Vertebrate(s)
Animal behavior. See Behavior
Animal cell(s)

anatomy/organelles of, 49, 49–50
cytokinesis in, 91, 91
division in, 60, 60
meiosis in, 94, 94
mitosis in, 88–89
osmosis in, 74–75, 75
plasma membrane of, 49

Animalia, 568, 568–569, 618
Animal virus(es), replication of, 576, 576
Annelids, 618, 631–633

digestive system of, 631
locomotion of, 631
segmentation of, 631

Annual ring, 160, 161
Anopheles mosquito, 590
Anorexia nervosa, 235, 235
Antagonistic muscle pairs, 381, 381
Antenna (antennae)

arthropod, 635
crustacean, 635

Anterior pituitary (hypophysis), 398,
400–402

feedback control over, by female sex
hormones, 427, 427–428, 430

hormones released by, 398
Anther, 180, 180–181

of angiosperms, 613, 614, 614
Antheridium (antheridia)

of ferns, 607
of mosses, 602, 603

Anthropoids, 618, 659
Antibiotic(s)

bacterial resistance to, 582
definition of, 582
and hearing loss, 361
mechanism of action of, 582
production of, 582
pros and cons of, 300
for pulmonary disorders, 295, 297
for respiratory tract infections, 295
for urinary tract infections, 306

use of, complications of, 582
Antibody(ies), 268, 436

and agglutination, 278
and autoimmune disease, 279
classes of, 270, 270
diversity of, 271, 271
functions of, 270, 270
IgA, 270, 270
IgD, 270, 270
IgE, 270, 270

and immediate allergic response,
276–277

IgG, 270, 270, 277
IgM, 270, 270
immunity mediated by, 269, 269–270
monoclonal, 276, 276
production of, 268

Antibody titer, 274
Anticodon, 513
Anticodon-codon base pairing, 513, 513
Antidiuretic hormone (ADH), 312, 398, 400
Antigen(s)

allergens, 276
and blood typing, 278
definition of, 268
HLA, 272–273, 279
in lymph nodes, 265
lymphocytes and, 268–269

Antigen-presenting cell (APC), 272
Anti-inflammatory drugs, 266
Antioxidants, 230, 256–257
Antipredator defenses, 708, 708
Antisperm vaccine, 432
Anus, 214, 220
Anvil (ear), 362, 362
Aorta, 243, 243, 246–247

chemoreceptors in, 352
Aortic bodies, 290
APC. See Antigen-presenting cell
Apical meristem, 157, 182

shoot, 158, 158
Apoptosis (cell death), 269, 269, 271, 273

and cancer, 522, 526, 526
and development, 450

Appendicitis, 220
Appendicular skeleton, 378–379
Appendix, 214, 220, 221
Aquatic biomes, 731–740

coastal communities, 734–735, 758
coral reefs, 740
estuaries, 734–735
lakes, 732–733
oceans, 736–739, 758

Aqueous humor, 354
Aquifers, 731, 749
Arachnid(s), 639

diversity of, 639
Archaea, 568, 578–579

habitats of, 579, 579
types of, 579, 579

Archaeopteryx, 551, 551, 567
Archegonium (archegonia)

of conifers, 609
of ferns, 607
of mosses, 602, 603

Archenteron, 445
Arctic tundra, 722, 722
Areola, 430, 430
Arrector pili muscles, 204, 205
Arterial duct, 458
Arterioles, 240, 240–241

blood flow in, 248, 248
Arteriovenous shunt, 241, 241
Artery(ies), 240, 240–241

aorta, 243, 243, 246–247
blood flow in, 248, 248
carotid, 352
chemoreceptors in, 352
clogged, clearing, 258–259
coronary, 242, 247
and plaque, 229, 257, 257
pressure receptors in, 348
pulmonary, 243, 243, 246, 246
renal, 304, 304, 307

Arthritis, 279, 380
treatment of, 406

Arthropods, 618, 634–639
appendages of, 634
characteristics of, 634

diversity of, 634
segmentation of, 634

Articular cartilage, 370, 371
Articular process, 377
Articulations, 370, 380–381
Artificial insemination by donor (AID), 434
Ascaris lumbricoides, 627, 627
Ascending colon, 214, 220
Ascomycota, 591, 593
Ascospores, 593, 593
Ascus, 593, 593
Asexual reproduction

of bacteria, 581, 581
of ciliates, 589
definition of, 9, 91
of ferns, 606, 607
of green algae, 584, 584
of imperfect fungi, 595, 595
of liverworts, 602
of mosses, 602
of plants, 186–187
of protozoans, 588
of sac fungi, 593
of sponges, 621
of sporozoa, 590
of yeasts, 593
of zygospore fungi, 592, 592

Aspirin, 258
as anti-inflammatory agent, 266
effect on prostaglandins, 412

Association areas of brain, 336, 337
Aster, 88, 88
Asthma, 277, 296, 298
Astigmatism, 359, 359
Astrocytes, 200, 200
Asymmetry, 619
Atherosclerosis, 257
Athletes. See also Exercise

and anabolic steroids, 391–392, 410
Athlete’s foot, 591, 595
Atmosphere

and air circulation, 719
carbon dioxide concentrations in,

750–751
carbon monoxide in, 253, 253, 289
global warming in, 145, 714, 737,

750–751, 751
greenhouse gases in, 714, 750–751, 751
nitrogen concentration in, 752–753
in nitrogen cycle, 752, 752
in origin of life, 548
oxidizing, 548
photochemical smog in, 289, 753
primitive, 548
reducing, 548
thermal inversions in, 289, 289, 732, 732

Atom
definition of, 20
structure, 20, 21

Atomic number, 20
of carbon, 20, 21
definition of, 20

Atomic weight, definition of, 21
ATP. See Adenosine triphosphate
Atria, cardiac, 242, 243
Atrial natriuretic hormone (ANH), 313, 406,

406, 411
Atrioventricular bundle, 244, 245
Atrioventricular node, 244, 245
Atrioventricular valves, 242–243, 243
Atrophy, 391
Auditory canal, 362, 362

external, 374, 374
Auditory cortex, 336, 336
Auditory (cochlear) nerve, 363, 363
Auditory tube, 295, 362, 362
Aurignacian tools, 664
Australopithecines, 660, 660
Australopithecus, 660

skull of, 662
Autodigestion, 55
Autoimmune diseases, 279
Autonomic motor neurons, 322
Autonomic nervous system, 330, 331

in cardiac control, 245
vs. somatic system, 331

Autosome(s), definition of, 478, 489
Autotroph(s), 136, 136, 744

bacterial, 578, 744

chemosynthetic, 744
definition of, 550
photosynthetic, 744

Auxin(s), 176, 176–177
as herbicides, 178
mode of action, 177
in phototropism, 177, 177
synthetic, 178

AV. See Atrioventricular valves
Axial skeleton, 374–377
Axillary nodes, 265
Axon(s), 200, 200, 322, 323, 326

action potential of, 324, 325
resting potential of, 324, 325

Axon bulbs, 326, 327, 386, 386

B
Bacillus (bacilli), 578, 578
Bacteriophage(s)

definition of, 532, 575
in gene cloning, 531, 532
host cell specificity of, 574
latent, 575, 575
replication of, 575, 575

Bacterium (bacteria), 62, 62, 577–581
aerobic, 577
anaerobic, 577
archaea, 568, 578–579, 579
autotrophic, 578, 744
binary fission of, 581, 581
in bioremediation, 534, 534
chemosynthetic, 578, 739, 744
chromosomes in, 62
classification of, 568, 578–580
in colon, 220
commensalistic, 578
complement system and, 268, 268
conjugation of, 581
cyanobacteria, 62, 62, 63, 63, 578, 580,

580, 595
as decomposers, 578
denitrifying, 752
diseases caused by, 582, 582
domain of, 568
drug therapy against, and resistance, 582
endospores of, 581, 581
evolution of eukaryotic cell organelles

from, 63, 63
facultative, 220
genetic engineering of, 530–531,

531–532, 534
Gram-negative, 578
Gram-positive, 578
lactic-acid, 129
metabolism in, 62, 577–578
mutualistic, 578
nitrifying, 752
nitrogen-fixing, 578, 752
nutrition of, 578, 744
on ocean floor, 739
parasitic, 578
phagocytosis of, 252, 252, 266
photosynthetic, 140, 578, 580, 744
plasmids of, 62, 530, 577, 577
in recombinant DNA technology,

530–532
reproduction of, 581, 581
shapes of, 578, 578
structure of, 62, 62, 577, 577
symbiotic, 578
transduction in, 581
transformation in, 581
transgenic, 534

Balance
receptors for, 364
sense of, 365
sense organ for, 349, 362

Balanced polymorphism, 564
Baldness

as sex-influenced trait, 499, 499
testosterone and, 411, 423

Ball-and-socket joints, 380
Bark, 160, 161
Barr body, 492, 492
Barrier methods of birth control, 432
Basal body(ies), 60, 61, 63
Basal cell carcinoma, 207, 207
Basal nuclei, 337
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Base(s)
in acid-base balance, 305, 315, 315
vs. acids, 28–29
and basic solutions, 28
definition of, 28
in DNA and RNA, 40
litmus test for, 28
pH scale and, 29

Basement membrane, 194, 195
Base pairing, 40, 41

anticodon-codon, 513, 513
complementary, 508

Base triplet repeats, genetic disorders
caused by, 479, 494, 494

Basidiomycota, 591, 594
Basidium (basidia), 594, 594
Basilar membrane, 363, 363
Basophils, 249

formation of, 251
mast cells and, 266

Batesian mimicry, 708
Bathyal zone, 739
Bathypelagic zone, 738, 738–739
B cells. See B lymphocytes
Bees

altruistic behavior in, 683
communication among, 681, 681
as pollinators, 612

Behavior, 672–684
adaptive value of, 676
altruistic, 683–684
antipredator defenses, 708, 708
and circadian rhythms, 682
communicative, 680, 680–681, 681
competitive, among males, 677–679
conditioned, 674–675
courtship, 676, 676–677
definition of, 8, 672
development of, 674–675
and dominance hierarchies, 677, 677
endocrine system and, 673
feeding, 672–673, 673
fight or flight, 331
genetic basis of, 672–673
group living, 683
helping, 684
imprinting, 675
learned, 674–675
and natural selection, 676
reproductive, 676–679, 683–684
social, 680–681, 683
sociobiology and, 683
territorial, 679, 679

Benign tumor, 522
Benthic division, 738, 738, 739

research on pollutants in, 758
Benthic zone, 733, 733
Bicarbonate, 23, 23
Biceps brachii muscle, 381, 381–383
Bicuspid (mitral) valve, 242, 243
Bifocal lenses, 355
Bilateral symmetry, 619
Bile, 219, 222
Bilirubin, 220, 222, 250
Binary fission, 91, 581, 581
Biodiversity, 12. See also Diversity
Bioengineering. See Genetic engineering
Biogenesis, theory of, 5
Biogeochemical cycles, 748

carbon, 750, 750–751
nitrogen, 752, 752–753
phosphorous, 754, 754–755
water (hydrologic), 749

Biogeography, 554
Biological clock, 172, 411, 682
Biological magnification, 754
Biology, definition of, 2
Biomass pyramids, 747–748
Biome(s), 722–730

aquatic, 731, 731–740
definition of, 721
desert, 730, 730
factors determining, 718, 720, 721
forest, 723–724, 724, 726, 726–727, 727
grassland, 728, 729
shrubland, 728, 728
taiga, 723, 723
terrestrial, 722–730
tropical forest, 726, 726–727, 727

tundra, 721–722, 722
world distribution of, 720, 721

Bioremediation, 534, 534
Biosphere

aquatic biomes and, 731–740
climate and, 718–719
definition of, 10, 688, 718
terrestrial biomes and, 722–730
world biomes and, 721

Biotechnology, 529–540. See also Genetic
engineering

animal cloning, 536–537, 537
bioremediation, 534, 534
definition of, 530
DNA fingerprinting, 533, 533
gene cloning, 530, 530–533
gene therapy, 539–540
Human Genome Project, 538
products, 534–537

from animals, 536
from bacteria, 534, 534
from plants, 535

xenotransplantation, 536
Biotic potential, 690, 690

environmental resistance to, 690
Bipolar cells, 357, 357
Bird(s), 618, 655

anatomy of, 654
behavioral development in, 674–675
classification of, 646
and dinosaurs, 652
heart of, 654
helping behavior of, 684
imprinting in, 675
mating behavior of, 672, 676, 676–677
nesting behavior of, 672
orders of, 655
pecking behavior of, 674, 674
respiration of, 655, 655
song learning by, 675, 675

Birth, 460, 461
and afterbirth, 460, 461
human development after, 463–465
oxytocin action during, 400
stages of, 460, 460–461

Birth control
abstinence, 431
barrier methods of, 432
cervical cap, 431, 432
coitus interruptus (withdrawal), 431
condoms and, 431, 432, 432
contraceptive implants, 431
contraceptive vaccines, 432
definition of, 431
Depo-Provera, 431, 432, 432
diaphragm, 431, 431–432, 432
douche for, 431
intrauterine device (IUD), 431, 431–432
male pill for, 432
methods of, 431, 431–433, 432
pills. See Birth-control pills
RU-486, 433
tubal ligation, 431
vasectomy, 431

Birth-control pills, 431, 431–432
male, 432
morning-after, 433

Birth defects
genetic testing for, 456
prevention of, 456–457

Birth weight, 562, 562
Bitter receptors, 352, 352
Bivalves, 629–630
Black bread mold, 592, 592
Blackheads, 205
Bladder

swim, 651
urinary, 304, 304

Blastocoel, 445
Blastocyst, 452
Blastopore, 445
Blastula, 444, 445
Blindness

color, 359
glaucoma and, 355
prevention of, 360, 365

Blind spot, 357, 357
Blood, 198, 249–255, 267–279

ABO system and types, 278, 482

agglutination of, 278, 278
calcium level, regulation of, 404, 404
cancer of (leukemia), 194, 252
cholesterol level, 36, 256
clotting of, 250, 254, 254, 266
composition of, 198, 198, 249, 249–250
formed elements of, 249, 249
functions of, 198
glucose level, 222, 227

in diabetes mellitus, 409
regulation of, 208, 406, 408, 408

high-density lipoproteins in, 229, 256,
390

and homeostasis, 208, 250
low-density lipoproteins in, 229, 256
movement of, 208, 248, 248, 464
oxygen-carrying capacity of, 250
pH of, 29, 208, 348

chemoreceptors and, 348, 352
plasma, 198, 198, 222, 249, 249, 254, 268
platelets (thrombocytes), 198, 198, 249,

251, 254
purification of, 265
Rh system, 278–279
sex hormone level, maintenance of, 423,

427
terms, 254
typing, 278, 278–279
volume, regulation of, 406, 406

Blood-brain barrier, 80
Blood cell(s)

division rate, 194
formation in bone marrow, 250, 251
red (erythrocytes). See Red blood cells
white (leukocytes). See White blood cells

Blood flow, 208, 248, 248
effects of aging on, 464

Blood pressure, 208, 248–249
and capillary exchange, 255
diastolic, 248
diet pill and, 343
glomerular, 311
high, 256–257

treatment of, 412
lowering of, 412
measuring, 248
normal, 208, 248
regulation of, 406, 406
sensory receptors and, 348
smoking and, 256
sodium intake and, 233
sudden drop in, 276
systolic, 248

Blood type
ABO system of, 278, 482
glycoproteins and, 70
inheritance of, 482
Rh system of, 278–279, 482

Blood vessels, 46, 240, 240–241. See also
Artery(ies); Capillary(ies); Vein(s)

smooth muscle in, 199
B lymphocytes, 251, 268

and antibody-mediated immunity,
269–271

characteristics of, 269
clonal selection theory and, 269, 269
formation of, 251
maturation of, 268
and monoclonal antibodies, 276
stimulation of, 272

Body cavity(ies)
in animals, 619. See also Coelom
in humans, 201

Body fluids, 254. See also Blood; Lymph;
Plasma, blood; Tissue fluid

Body plans, of animals, 619
Body temperature

normal, 208
regulation by skin, 205

Bond(s), chemical, 23–27
covalent, 24–25, 25, 26, 32
double, 25
hydrogen, 26. See also Hydrogen bond(s)
ionic, 22, 23
peptide, 37–38

Bone(s), 197, 373, 373–379
anatomy and physiology of, 370–372
appendicular, 387–380
axial, 374–377

classification of, 373
compact, 370, 371
development of, 458
endochondral formation of, 372
growth of, 372
intramembranous, 372
long, 373

structure of, 370, 371
mass decline in, 464
red bone marrow in, 266
remodeling of, 372
short, 373
skeletal, 373, 373–379
spongy, 370, 371

Bone marrow
red, 265, 266, 370

blood cell formation in, 250, 251, 373
yellow, 370, 373

Book lungs, of spiders, 639, 639
Bottle-feeding, vs. breast-feeding, 462
Bottleneck effect, 559
Brain, 334, 334–337

cerebral cortex, 336, 336–337
and cerebrospinal fluid, 332
energy source for, 227
functions of, 338–341
gray matter, 335, 337
integration of visual signals in, 358, 358
limbic system, 337, 337
lobes of, 336, 336
nervous tissue in, 200
neuroglial cells in, 200
parts of, 334–335
of placental mammals, 657
right vs. left, 340
scans of, 339, 339
and sensation/perception, 348, 349
ventricles of, 332, 334, 334
white matter, 335, 337

Brain stem, 335
BRCA1 and BRCA2 genes, testing for, 526
Bread mold(s)

black, 592, 592
red, 593

Breast(s)
anabolic steroids and, 410
anatomy of, 430, 430
development of, hormonal regulation of,

430
lactation in, 430, 461, 461–462

Breastbone (sternum), 377, 377
Breast-feeding

vs. bottle-feeding, 462
hormonal regulation of, 400
and passive immunity, 275
psychological aspects of, 462

Breathing, 284
expiration, 284, 291, 291
inspiration, 284, 290, 291
mechanism of, 288–291, 291
nervous control of, 290
vital capacity, 288, 288

Breech birth, 460
Broca’s area, 336, 339, 340
Bronchioles, 285, 287, 287
Bronchitis, 296, 297
Bronchus (bronchi), 285, 287
Brush-border enzymes, 219
Bryophyte(s), 600, 600, 602

life cycle of, 602, 603
Bud(s)

axillary, 158, 158
leaf, 158

Budding
of sponges, 621
of virus, 576, 576
of yeasts, 593, 593

Bud scales, 158
Buffers, 29
Bulb

axon, 326, 327, 386, 386
of plant, 164

Bulbourethral glands, 420, 420–421
Bulimia nervosa, 234–235, 235
Bundle sheath cell(s), 146
Bursa (bursae), 380, 380
Bursitis, 380

treatment of, 406
Butterfly, metamorphosis of, 637
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C
Calcitonin, 398, 404, 404
Calcium, 232, 233

absorption of, 230
amount in body, 232
biologic significance of, 23, 23
in blood clotting, 254
blood level, regulation of, 404, 404
daily intake of, 372
ion (Ca2+), 23
and muscle contraction, 385, 386–387,

387
as second messenger, 397

Calcium chloride, formation, 23, 23
Calorie, definition of, 27, 36
Calvin cycle, 138–139, 139, 143, 143–146

stages of, 144, 144–145
Cambrian explosion, 551
cAMP. See Cyclic adenosine

monophosphate
CAM plants, 146, 146
Canaliculi, 197, 197
Cancer(s)

angiogenesis in, 522
apoptosis (cell death) and, 522, 526,

526
basal cell carcinoma, 207, 207
carcinogenesis, 87, 522
causes of, 524
and cell division, 194
cervical, 425, 436, 438
classification by tissue, 194
colon, 221, 227
and DNA replication, 509
environmental factors and, 524, 525
and genetic control, 522–526
in HIV-infected (AIDS) patients, 436
identification of, 276
leukemia, 252
lung, 298, 298, 342
nicotine and, 298, 342
and oncogenes, 525
prevention of, 227, 390, 523
and regulation of cell cycle, 525
skin, 206–207, 523
squamous cell carcinoma, 207, 207
and sunbathing, 523
treatment of

gene therapy in, 539–540
research on, 275

and tumor-suppressor genes, 87, 524,
525

Cancer cells, 522
and apoptosis (cell death), 522, 526, 

526
division rate of, 194
lack of differentiation of, 522
metastasis of, 522
nuclei of, 522
and tumors, 522

Candida albicans, 440, 595
Candidiasis, 591, 595
Capillary(ies), 241, 250, 255

blood flow in, 248, 248
exchanges within lungs, 73, 73
inflammatory reaction and, 266
lymphatic, 255, 255, 264
wall of, 194
water concentration in, 250

Capillary beds, 241, 241
Capsid(s)

of HIV, 435, 436
viral, 574

Capsule
in bacteria, 62, 62

Carbohydrate(s), 32–33
chains, in plasma membrane, 68, 70
complex, 227, 227
definition of, 32
dietary, 31, 227

effects of, 36
diets low in, 236
digestion of, 224, 225
foods rich in, 31
in photosynthesis, 56, 138–139, 139, 145
simple, 32

reducing, 227
storage in plants, 32–33, 33, 163

synthesis of, 56, 143–145
types of, 32–33

Carbon
atom, 21
atomic number, 20, 21
bonding patterns, 31
compounds, 31
in organic molecules, 31
reservoirs for, 750

Carbon chain, 31
Carbon cycle, 750, 750–751
Carbon-14 dating, 553
Carbon dioxide (CO2)

atmospheric concentrations of, 750–751
in blood plasma, 249
in breathing, 288, 290, 292, 293
in capillary exchange, 255, 255
in carbon cycle, 750, 750
in cellular respiration, 118–119, 122–123,

284
diffusion through plasma membrane, 72
fixation, 144, 144, 146, 146
in gas exchange in lungs, 287
as greenhouse gas, 750–751
and pH of blood, 348, 352
in photosynthesis, 138–139, 139, 140,

143, 145
reduction, in Calvin cycle, 144, 144, 145
transfer rate of, 750

Carbonic acid, 29
Carbonic anhydrase, 292
Carboniferous period, 604, 604
Carbon monoxide

and hemoglobin, 250
and pollution, 253, 253, 289

Carboxyl group, 31
Carcinogens, 525
Carcinoma, 194. See also Cancer(s)

basal cell, 207, 207
squamous cell, 207, 207

Cardiac cycle, 244, 244
Cardiac muscle, 199
Cardiovascular disease (CVD), 256–259

aging and, 464
angina pectoris, 258
atherosclerosis, 257
cholesterol and, 229
congestive heart failure, 259
heart attack, 258
hemorrhoids, 248
hypertension, 256–257

diet pill and, 343
sodium intake and, 233
treatment of, 412

phlebitis, 248
plaque, 229, 257, 257
prevention of, 256–257
risk factors for, 256
stroke, 258
thromboembolism, 258
treatment of, 258–259
varicose veins, 248

Cardiovascular system, 202, 202, 239–259,
246

homeostasis and, 208
organs of, 240–245
pulmonary circuit of, 246
systemic circuit of, 246–247, 247

Caries, dental, 215
Carnivores, 105, 136, 744
Carotenoids, 137, 140

absorption spectrum for, 137, 137
Carotid arteries, 352
Carrier(s)

of X-linked traits, 494, 496, 496
detection of, 497

Carrier protein(s)
in electron transport system, 124–125
transport by, 70, 70, 72, 76–77

Carrying capacity, 691
borrowed, 697

Cartilage, 196–197, 370, 371
articular, 370, 371
elastic, 370
fibrocartilage, 370
hyaline, 370, 371

in knee, 380, 380
lacunae in, 196
types of, 196–197

Casparian strip, 156, 157
Catabolism, 127, 127
Cataracts, 355, 360

ozone depletion and, 206
smoking and, 360, 365

CCK. See Cholecystokinin
cDNA. See Complementary DNA
Cecum, 214, 220, 221
Celiac disease, 277
Cell(s), 46–63. See also specific tissue and cell

types
animal, 49, 49, 50

anatomy/organelles of, 49, 49–50
cytokinesis in, 91, 91
division in, 60, 60
meiosis in, 94, 94
mitosis in, 88–89
osmosis in, 74–75, 75
plasma membrane of, 49

antigen-presenting, 272
bipolar, 357, 357
blood

division rate, 194
formation in bone marrow, 250,

251
red (erythrocytes). See Red blood

cells
white (leukocytes). See White

blood cells
cell recognition, 70
cloning of, 100
and cytoplasm, 49
definition of, 7
differentiation of, 448
evolution of, 63, 63
function of, 46–63
killer, 268
mast, 266, 267
memory, 269, 274
movement mechanisms of, 58–59
muscle. See Muscle fiber(s)
neuroglial, 200, 322
organelles of, 49, 49–62
plant. See Plant cell(s)
plasma, 269
plasma membrane. See Plasma

membrane
Schwann, 323, 323
size of, 48
somatic, 84
stem, 251, 266
structure of, 46–63
sustentacular (Sertoli), 422
in tissue culture, 71

Cell body, 322, 323
Cell cycle, 86, 86

regulation of, 86–87, 87
and cancer, 525

Cell death, programmed. See Apoptosis
(cell death)

Cell division, 84–99
animal, 60, 88–89
binary fission, 91
and cancer, 87, 194
centrioles in, 60, 60, 63
centrosomes in, 60, 60
control of, 86–87
in eukaryotes, 84–99
mitotic, 84, 86, 88–91
in plants, 90, 90–91
in prokaryotes, 91
zone of, 156, 157

Cell membrane. See Plasma membrane
Cell plate, formation of, 90, 90
Cell recognition protein(s), function, 70, 70
Cell theory, 46
Cellular differentiation, 448
Cellular level of organization, 618, 621, 621
Cellular respiration, 118–130, 284

aerobic, 56, 112, 118, 118–127, 119
efficiency of, 126
energy yield from, 126, 126
equation for, 56, 118, 147
during exercise, 128, 389
vs. photosynthesis, 147, 147

anaerobic (fermentation), 120, 128–129,
129, 389

definition of, 56
Cellulose. See also Starch

in cell wall, 33, 33, 49
in phototropism, 143
structure and function of, 33

Cell wall
bacterial, 62, 62
plant, 33, 33, 49, 51

composition of, 49, 49
in cytokinesis, 90, 91
function of, 49
in mitosis, 90
in phototropism, 177, 177
structure of, 49
and turgor pressure, 75

Central nervous system (CNS), 322, 332,
332–337

and higher mental functions, 338–341
organization of, 322
psychoactive drugs affecting, 341–343
sensory receptors and, 348

Centriole(s)
animal cell, 50, 60
in cell division, 88, 88
composition of, 49
function of, 49, 60
structure of, 60, 60

Centromere, 84, 84, 88, 88–89
Centromeric fibers, 88, 89
Centrosome(s)

in cell division, 60, 60, 88, 88
definition of, 58
microtubule regulation by, 58, 60

Cephalization, 619, 624–625
Cephalochordates, 618
Cephalopods, 628–629
Cephalothorax, 635
Cerebellum, 334, 335
Cerebral cortex, 336, 336–337
Cerebral hemispheres, 334,

335–337
functions associated with, 338–340

Cerebrospinal fluid, 332
Cerebrovascular accident (CVA), 258
Cerebrum, 334, 335
Cervical nerves, 330, 331
Cervical vertebrae, 376, 376
Cervix, uterine, 424, 425

cancer of, 425, 436, 438
dilation of, 460, 460

CFCs. See Chlorofluorocarbons
Chancre, 440
Channel proteins, transport by, 70, 70, 72
Chaparral, 728, 728
Chemical bond(s), 23–27

covalent, 24–25, 25, 26, 32
double, 25
hydrogen, 26. See also Hydrogen bond(s)
ionic, 22, 23
peptide, 37–38

Chemical communication, 680
Chemical cycling, 745, 745

biogeochemical cycles, 748
of carbon, 750, 750–751
gaseous, 748
model for, 748
of nitrogen, 752, 752–753
of phosphorous, 754, 754–755
sedimentary, 748
of water, 749

Chemical energy, 104
Chemical evolution, 550, 550
Chemical messengers, 396
Chemical reaction

covalent, 24, 24–25
ionic, 22, 23, 23
oxidation-reduction, 25, 118, 124

Chemical senses, 352–353
Chemiosmosis, 125, 142
Chemistry, 20–41

inorganic vs. organic, 31
Chemoautotrophs, 744
Chemoreceptors, 348, 349
Chemosynthesis

bacterial, 578, 739
on ocean floor, 739

Chemotherapy, gene therapy and, 539–540
Chick

behavioral development in, 674, 674
development of, 446, 446
extraembryonic membranes of, 451, 451
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Children
AIDS in, 436
lysosomal disorder in, 55
viral diseases in, 582

Chitin, 591, 634
Chlamydial infection, 439
Chlamydomonas, 584, 584
Chloride ion, 22, 232, 233

active transport of, 77
amount in body, 232
biologic significance of, 23
and salt, 23

Chlorine (Cl)
atoms, and ozone depletion, 206, 

756
gas, formation of, 24

Chlorofluorocarbons (CFCs), 206, 756
Chlorophyll, 57, 137

a, 137, 137, 140–141
absorption spectrum for, 137, 137
in algae, 583, 585
b, 137, 137, 140
in chloroplasts, 57
in thylakoids, 138

Chlorophyta, 583–584
Chloroplast(s), 51

ATP formation in, 56
composition of, 49
definition of, 57, 138
of euglenoids, 587, 587
function of, 49, 56, 138–139, 147
of green algae, 584, 584
and mitochondria, cycling of molecules

between, 112, 113
origin and evolution of, 63
in photosynthesis, 56, 112
size of, 57
structure of, 56, 138

Choanocyte(s), 621, 621
Cholecystokinin (CCK), 220
Cholesterol, 229

arterial deposits of, 36, 79
blood levels, 256
and cardiovascular disease, 36, 229,

256–257
composition of, 35
in diet, 36

reducing, 229
familial hypercholesterolemia, 79
in plasma membrane, 68, 69
production of, 222
regulation of, 222
transport of, 229, 256

Chondrocytes, 370
Chordate(s), 618, 646–648

and echinoderms, 644
embryo, 447
evolutionary tree of, 647
invertebrate, 648

Chorionic villi, 455
Chorionic villi sampling, 456
Choroid, 354, 354
Chromatids

nonsister, in meiosis, 93, 93
sister

in meiosis, 92, 92
in mitosis, 84, 84, 88, 89

Chromatin, 52, 52
in cell division, 84, 88
in eukaryotic nucleus, 85, 85

Chromosome(s)
in bacteria, 62
in cell division, 52, 84–85, 88, 88–90, 90,

92–93, 93, 94
binary fission in prokaryotes, 

91
and centromere, 84
composition of, 85
crossing-over and, 93, 93
deletion of, 491, 491
diploid number, 84
duplication of, 491, 491
haploid number, 84
homologous, 92, 92, 93, 93, 94, 94
independent assortment of, 93, 93
inheritance of, 488–491
inversion of, 491, 491
mapping, 500
in meiosis, 92–93, 93, 94

in mitosis
in animal cells, 88, 88–89
in plant cells, 90, 90

mutations of, 491
nondisjunction of, 489, 489, 489–490
proteins of, 85
in reproduction, 98–99
structure of, 85, 85
synapsis, 92, 92, 93, 93
translocation of, 491, 491

Chyme, 218
Cigarette smoke

and birth defects, 456
and cancer, 298, 342, 523
carbon monoxide in, 253
and cardiovascular disease, 256
and cataracts, 360, 365
health consequences of, 299
nicotine in, 341–342

Ciliary body, 354, 354
Ciliary muscle, 355, 355
Ciliated columnar epithelium, 194
Ciliates, 588–589, 589
Cilium (cilia)

of ciliates, 589, 589
composition of, 49
function of, 49, 60, 194
movement, 60
of olfactory cells, 353
of oviducts, 424
structure of, 61

Circadian rhythms, 172, 411, 682, 682
Circulatory system

of bivalves, 630
closed, 631
of fetus, 458–459, 459
open, 630, 635

Circumcision, 421
Cirrhosis, 223, 341
Citric acid cycle, 123
Cladistics, 568
Clams, 630, 630

comparison with squid, 629
Class (taxon), 568
Classification

of animals, 568, 568–569, 618–619
of fungi, 568, 568–569, 591
of invertebrates, 618
of plants, 568, 600
of protista, 568, 568–569, 583
of vertebrates, 618, 646
of viruses, 574

Cleaning symbiosis, 711
Cleavage, 452

of zygote, 445
Cleavage furrow, 91, 91
Cleft, synaptic, 326, 327, 386, 386
Climate, 718–719. See also Biomes

change in, 751. See also Global warming
oceans and, 736, 736

Climax community, 712
Climax-pattern model of succession, 712
Clitellum, 632, 632
Clitoris, 424, 425, 425
Cloaca, 656
Clonal plants, 186
Clonal selection theory

applied to B cells, 269, 269
applied to T cells, 273, 273

Cloning
of animals, 536–537, 537
of genes, 530, 530–533
of humans, 100

Closed circulatory system, 631
Clotting, blood, 254, 254, 266
Club mosses, 604–605, 605
Cnidarians, 618, 622–623

comparison with other animals, 640
life cycle of, 622

CNS. See Central nervous system
CoA. See Coenzyme A
Coastal areas

communities in, 734–735, 758
water pollution in, 755

research on, 758
Cocaine, 342–343
Cochlea, 362, 362, 363, 363
Cochlear canal, 363, 363
Cochlear (auditory) nerve, 363, 363

Cocoon, 637
Codominance, 482
Codon(s), 511, 511
Coelom, 201, 619

animals with, comparison of, 640
of bivalves, 630
structure and function of, 626, 626

Coelomates, 619
Coenzyme(s), 111, 120, 230

recycling of, 124
Coenzyme A (CoA), 122
Coevolution, 708
Cofactor, 111
Cognitive function, aging and, 464–465
Cohesion-tension theory, 170–171, 171
Cohort, 691
Coleoptile, 177, 185, 185
Collagen, 37, 196, 205

in connective tissue, 37, 196
in dermis, 205

Collar cells, 621, 621
Collecting ducts, 308, 309, 312
Collenchyma cells, 154
Colon, 214, 220–221

bacteria in, 220
polyps in, 221

Colon cancer, 221
causes of, 221
prevention of, 227

Colony-stimulating factors (CSFs), 251, 252
Color blindness, 359

test for, 498, 499
as X-linked trait, 496, 496–498

Color vision, 348, 356
Colostrum, 430

and lactation, 461
Columnar epithelium, 194, 195
Commensalism, 710, 710–711
Commensalistic bacteria, 578
Communication

auditory, 680–681
chemical, 680
definition of, 680
tactile, 681
visual, 681

Community(ies), 702–714. See also
Population(s); specific biomes

climax, 712
composition of, 702, 702, 703
definition of, 7, 688, 702
diversity in, 702, 702–703, 712–713
ecological niche and, 703, 703
ecological succession in, 712
habitat and, 703
individualistic model of, 702, 703
interactive model of, 703
intermediate disturbance hypothesis of,

713, 713
populations and, 10
predation in, 707–709
stability of, 712–713
symbiosis in, 710–711

Compact bone, 197, 197, 370, 371
Companion cell(s), 155, 155, 159, 174
Competition, 704–706

among males, 677–679, 679
and resource partitioning, 706, 706

Competitive exclusion principle, 704,
704–706, 705

Complementary base pairing, of DNA, 508
replication and, 509

Complementary DNA (cDNA), 532
Complement system, and immunity, 268
Compound eye, 635
Compounds, 23–25
Concentration gradient, 72
Conception, 451
Condensation synthesis, 32, 32

of fat, 34
of maltose, 32
of peptide, 38
of polymer, 32, 32

Condom(s)
in AIDS prevention, 437
female, 431, 432
male, 431, 432, 432
protection against sexually transmitted

disease, 439
Cone(s), of conifer, 608, 609

Cone cells, 348, 355
function of, 354
and ganglion cells, 357
lack of, and color blindness, 359
location in retina, 357, 357
structure of, 356, 356

Congestive heart failure, 259
Conidiospores, 593, 595, 595
Coniferous forest, 702, 702, 723

montane, 721
taiga, 723, 723
temperate rain forest, 723

Conifers, 600, 608, 608
adaptations of, 608–612
life cycle of, 608, 609
uses of, 608–612

Conjugation
bacterial, 581
definition of, 585
of filamentous green algae, 585

Connective tissue, 194, 196–198, 197
cancer of, 194
fibrous, 370
functions of, 196
macrophages in, 266
types of, 196–198

Conservation
of tropical rain forest, 12, 757, 757
wildlife, DNA analysis in, 725

Conservation biology, 757
Constipation, 221
Consumers, in ecosystem, 744
Contact dermatitis, 276
Continental drift, 554, 554
Continental shelf, 738, 739
Continuous ambulatory peritoneal dialysis,

314
Contraception. See Birth control
Contractile ring, 91, 91
Contractile vacuole, 55

of euglenoids, 587, 587
of protozoans, 588, 588

Contraction(s)
muscle, 381, 384–385, 385–388

actin filaments in, 385, 385, 387,
387

ATP and, 104, 104, 381, 385, 385,
387, 387, 389

calcium and, 385, 386–387, 387
energy for, 389–391
exercise and, 391–392
and lymphatic vessels, 264
muscle fibers in, 384, 385–387,

391–392
myosin filaments in, 385, 385, 387,

387
physiology of, 388
proprioceptors and, 350
sliding filament theory of, 385
whole muscle in, 388–389

uterine, 400, 421, 460
Control group, 3
Controlled experiment, 4–5
Coordination, aging and, 464–465
Coral(s), 622, 623, 740

growth of
dinoflagellates and, 586–587
red algae and, 587

skeletons of, 623
Coral reefs, 623, 640, 740, 740
Cork, 154, 160, 161, 161

cambium, 154, 160, 161, 161
Corm(s), 164, 164
Corn, 610, 610

and transposons, 521, 521
Cornea, 354, 354
Coronary arteries, 242, 247

and plaque, 257, 257
Coronary bypass surgery, 258, 258–259
Coronary heart disease, 36. See also

Cardiovascular disease
Corpus callosum, 337, 337
Corpus luteum, 426, 427–429
Corrective lenses, 355, 359, 359
Cortex

cerebral, 336, 336–337
of dicot root, 157
of lymph node, 265, 265
of monocot root, 157, 157
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of plant, 166
renal, 307, 307
of stem (plant), 158, 161

Cortisol, 406
abnormal amounts of, 407
functions of, 398

Cortisone, 266, 405
and inflammatory response, 406

Cotyledons, 153, 153, 175, 182, 184, 185, 
185

of angiosperms, 612
Coupled reactions, 106, 106–107
Covalent bond(s), 24

in condensation synthesis, 32
double, 25
in hydrolysis, 32
in polar molecules, 26
representation methods, 24–25, 25
triple, 25

Covalent reactions, 24, 24–25
Cowper’s glands. See Bulbourethral

gland(s)
C3 plants, 146, 146
C4 plants, 146, 146
Crack cocaine, 342
Cranial cavity, 201, 201, 285
Cranial nerves, 328, 328

action of, 330, 331
Cranium, 374
Crassulacean acid metabolism (CAM), 

146
Craving, drug abuse and, 341, 343
Crayfish, 635, 635

comparison with grasshopper, 637
Creatine phosphate, 389
Creatinine, 305
Creationism, 6
Crenation, 75, 75
Cretinism, 403, 403
Creutzfeldt-Jakob disease, 577
Crick, Francis, 507
Cri du chat syndrome, 491
Cristae, mitochrondrial, 57, 57, 122, 122

organization of, 125, 125
Cro-Magnon, 664, 664
Crop, of earthworms, 632
Cross-fertilization, 625, 632
Crossing-over, 93, 93

definition of, 500
and genetic linkage, 500, 501
unequal, 491

Cross-linking of tissues, aging and, 463
Crustaceans, 635
CSFs. See Colony-stimulating factors
Cuboidal epithelium, 194, 195
Culture (human), development of, 661
Cushing syndrome, 407, 407
Cutaneous senses, 351
Cuticle (plant), 154, 158, 163, 163
Cyanobacterium (cyanobacteria), 578, 580

chloroplast evolution from, 63, 63
colonial, 580, 580
ecological importance of, 580
filamentous, 580, 580
habitats of, 580
in lichens, 595
photosynthesis by, 580
size of, 580, 580
structure of, 62, 580, 580
thylakoids in, 62, 62

Cycads, 608, 608
Cyclic adenosine monophosphate (cAMP),

397
Cyclic electron pathway, 140, 140
Cyclins, 86–87, 87
Cyclosporine, 279
Cystic fibrosis, 222

cause of, 70, 77
gene therapy for, 539
genetics of, 480
signs and symptoms of, 480, 480
testing for, 480

Cytochrome, 124, 140
Cytochrome b-c1 complex, 125, 125
Cytochrome c

amino acid sequence, 556
oxidase complex, 125, 125

Cytochrome oxidase, 253
Cytochrome system, 124, 140
Cytokines, 272, 275

Cytokinesis, 84, 86, 89
in animal cells, 91, 91
in plant cells, 90, 91

Cytokinins, 176, 178
Cytoplasm

in animal cell, 50
in bacteria, 62, 62
definition of, 49
and development, 448, 448
osmosis and, 75

Cytoplasmic dynein, 59
Cytoplasmic fusion, 594, 594
Cytosine (C), 40–41

in DNA, 507–508
in RNA, 510, 510

Cytoskeleton
animal cell, 50
in cell division, 58
composition and structure of, 49, 58–60
function of, 49, 58
plant cell, 51

Cytotoxic T cells, 272–273
and autoimmune disease, 279
and cancer cells, 275
and diabetes mellitus, 409

D
Dandruff, 205
Darwin, Charles, 560–561, 561
Daughter chromosomes

in meiosis, 92, 92
in mitosis, 84, 84, 89, 89

Day length, effect on plants, 178–179, 179
Deafness, prevention of, 360–361
Deamination, 222

definition of, 127
Deciduous forest, temperate, 724, 724
Decomposers, 744

bacterial, 578
Deer tick, 639

life cycle of, 710, 710
Defecation reflex, 220, 221
Deforestation, 757

effects of, 757
Dehydration, diarrhea and, 221
Delayed allergic response, 276
Deletion, chromosomal, 491, 491
Demographic transition, 695–696
Denaturation, 38, 110
Dendrites, 200, 200, 322, 323, 348
Denitrification, 752
Dense fibrous connective tissue, 196
Density-dependent effect, 692, 692
Density-independent effect, 692, 692
Dental caries, 215
Deoxyribonucleic acid. See DNA 
Deoxyribose, 40
Depression, anabolic steroids and, 410
Dermal tissue, of plant, 154, 154–155
Dermatitis, contact, 276
Dermis, 204, 205, 351
Deserts, 730, 730
Detrital food chain, 747
Detrital food web, 746, 747
Detritus, 744, 747
Deuteromycota, 591, 595
Deuterostomes, 619, 628, 644

classification of, 646
Developing countries. See Less-developed

countries
Development, 444–466. See also Human

development
of chordate embryo, 447
and cleavage, 445
cytoplasm and, 448, 448
and differentiation, 448–450
early stages of, 444–447, 445
economic, 697
embryonic, 451–454
and extraembryonic membranes, 451, 451
and gastrula, 444–445
and germ layers, 445
and growth, 9, 9
and homeotic genes, 450, 450
and induction, 449
of lancelet, 444–447, 445–446
and morphogenesis, 448–450
of nervous system, 447, 447

control over, 449, 449

Diabetes
cause of, 71, 76
growth hormone and, 402
insipidus, 400
mellitus, 71, 76, 311, 409
tissue engineering for, 71
type I (insulin-dependent), 409
type II (noninsulin-dependent), 409
urine formation in, 311

Diabetic retinopathy, 360
Dialysis, 314
Diaphragm, 201, 201, 214, 290
Diaphragm (contraceptive), 431, 431–432,

432
Diaphysis, 370
Diarrhea, 221
Diastole, 244
Diastolic pressure, 248
Diatoms, 586, 586
Dicots, 153, 153, 612

development of, 182, 182
embryo, 182, 182, 185
vs. monocots, 153, 153, 185
root, 156, 157
seedling, 185
stem, 158, 159–160

Dicotyledons, 153
Diencephalon, 335
Diet, 226–235

carbohydrates in, 227, 236
and cardiovascular disease prevention,

256–257
high-fat, health-care costs of, 259
and iron-deficiency anemia, 252
lipids in, 229

reducing, 229
proteins in, 31, 226, 228–229
vegetarian, 226, 228
and vision, 356, 365

Dietary supplements
amino acid, 228–229
calcium, 232
protein, 229
vitamin, 230

Dieting, 236
drugs and, 343

Differential permeability, definition 
of, 72

Differentiation, cellular, 448
Diffusion

definition of, 73
process of, 73
through plasma membrane, 72, 73
of water (osmosis), 74–75

Digestion, 214–221
autodigestion, 55
of carbohydrates, 224, 225
of cellulose, 33
and enzymes, 224–225, 225
of fats, 219, 224, 225
of lipids, 224, 225
of nucleic acids, 225

Digestive system, 202, 202, 214, 214–221
accessory organs of, 222–223
autonomic nervous system and, 331
enzymes of, 224–225, 225
homeostasis and, 208
hormonal control of, 220, 220
wall of tract, 217, 217

Digestive vacuole, 55
Dihybrid genotype

definition of, 476
phenotypic ratio with, 476, 476

Dinoflagellates, 586, 586–587
Dinosaurs, 553, 652, 652, 653

and birds, 652
extinction of, 552, 553

Dipeptide, formation of, 38
Diploid chromosome number, 84
Diplontic life cycle, 583, 583, 585
Directional selection, 562–563, 563
Disaccharides, 32, 32

digestion of, 224
Disease(s). See also specific diseases

bacterial, 582, 582
emerging, global warming and, 714
viral, 576–577, 582, 582

Dispersal, of seeds, 184
Disruptive selection, 564, 564
Dissociation, of water, 28, 28

Distal convoluted tubule, 308, 309
Distance vision, 359
Diversity

biodiversity, definition of, 12
of communities, 702, 702, 712–713, 713
conservation biology and, 757
human impact on, 12, 756–757
intermediate disturbance hypothesis of,

713, 713
ozone depletion and, 756
and speciation, 565–568
successional stage and, 713
theory of island biogeography and, 713,

713
tropical rain forest destruction and, 757

DNA (deoxyribonucleic acid) 
amplification of, 532, 532, 533
analysis of, 533, 533

in wildlife conservation, 725
bacterial, 62
base pairing of, 40, 41

anticodon-codon, 513, 513
complementary, 508

base sequences, similarity in organisms,
556

bases of, 507–508, 508
in chloroplasts, 57
cleavage by restriction enzymes, 530,

530–531
cloning and, 100
definition of, 40, 516
double-helix of, 40, 41, 507, 507, 508, 

508
in endosymbiotic hypothesis, 63
fingerprinting, 533, 533
function of, 40
location in cell, 52
mitochondrial, 57
nucleotides in, 40
in origin of life, 549–550
packaging in nucleus, 85
in polymerase chain reaction, 532, 532, 533
recombinant, 530–531, 532
replication of, 84, 86, 509, 509

meiosis and, 92
steps in, 509, 509

and RNA, comparison of, 510
and RNA formation, 511
sequencing of, 40–41, 533
splicing, by DNA ligase, 530, 530–531
sticky ends of, 531
structure of, 40, 40–41, 41, 507, 507, 508, 508
transcription of, 511, 511, 512, 512, 576,

576
types of, 40
viral, 576, 576

DNA ligase, 530, 530, 531
DNA polymerase, 509, 532, 533
Domains, 568, 579
Dominance hierarchies, 677
Dopamine, 337

psychoactive drugs and, 341
Dormancy, of seeds, 184
Dorsal cavity, 201, 201
Dorsal-root ganglion, 328, 328
Double bond, 25
Double fertilization, 181

of angiosperms, 612, 613
Double helix, 40, 41, 507, 507,

508, 508
Doubling time, 695
Down syndrome, 487, 489, 489–490, 490
Drosophila, and morphogenesis, 450, 450
Drug(s)

antibiotic. See Antibiotic(s)
anti-inflammatory, 266
and birth defects, 456–457
and dieting, 343
and gene mutations, 538, 538
immunotherapeutic, 275
psychoactive, 341–343
in tissue transplants, 279
viral resistance to, 582

in HIV, 437
Drug abuse, 341–343
Duchenne muscular dystrophy, 492, 497
Duodenum, 214, 219
Dynamic equilibrium, 364, 365
Dynein, 58–59, 61
Dystrophin, 492, 497
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E
Ear

anatomy of, 362, 362
functions of, 362, 364
inner, 362, 362

and balance, 364, 365
pressure receptors in, 348

middle, 362, 362
infections of, 295, 360

outer, 362, 362
Eardrum (tympanic membrane), 362, 362
Earth

early atmosphere of, 548
history of, 548
solar energy distribution on, 718, 718

Earthworms, 632, 632–633
segmentation of, 632

Eating disorders, 234–235
Ebola virus, 582
ECG. See Electrocardiogram
Echinoderm(s), 618, 644–645

characteristics of, 644–645
and chordates, 644
classification of, 646
diversity of, 644

Ecoestrogens
definition of, 434

Ecological niche, 703, 703, 706
competitive exclusion principle and,

704–706
Ecological pyramids, 747, 747–748

of biomass, 747–748
of energy, 748
of numbers, 747

Ecological succession, 712, 712
Ecology, 688, 688–689
Economic development, sustainable, 697
Ecosystem(s), 744–748. See also Biome(s)

autotrophs in, 744
chemical cycling in, 745, 745, 748–755
components of, biotic, 744, 744
ecological pyramids for, 747, 747–748
energy flow in, 745, 745
food webs in, 746, 747
heterotrophs in, 744
and second law of thermodynamics, 105
trophic levels in, 747, 747–748

Ectoderm, 618
in early development, 445

Ectothermic animals, 652
Edema, 264
Effectors, 209, 322, 323, 331
Egg(s)

amniote, 653
human (oocyte), 98–99, 99, 424, 427

screening for genetic defects,
456–457

reptilian, 653, 653
Ejaculation, 421
Elastic cartilage, 197, 370
Elastic fibers, 196

in dermis, 205
Elastin, 196
Electrical charge, of atomic constituents, 20,

22–23
Electrocardiogram (ECG), 245, 245
Electromagnetic spectrum, 137
Electron(s)

definition of, 20
and electron-dot formula, 24–25, 25
in oxidation and reduction, 25
in shell of atom, 20–21, 21

Electron-acceptor molecule, in
photosystem, 140–141

Electron carrier(s), 124–125
in photosynthesis, 138

Electron microscope, 46–47, 47, 48
Electron transport system, 122, 124, 140–141

in aerobic cellular respiration, 119, 119,
124, 124–125

ATP formation in, 126, 126
carriers in, 124–125
definition of, 119, 124

Electrophoresis, 533, 533, 587
Element(s)

periodic table of, 20, 20–21
Elephantiasis, 627
El Niño-Southern Oscillation (ENSO),

736–737, 737

Embolus, 257
Embryo(s)

development of, 451–454, 453, 555
first week of, 451
fourth and fifth weeks, 454, 454
pre-implantation, 425, 429, 452
second week of, 451–452
sixth through eighth weeks, 454
third week of, 453–454

implantation of, 424, 429, 429, 451–452,
452

prevention of, 432
plant, 180–181

development of, 182, 182
vertebrate, 555, 555

Embryonic disk, 453
Embryo sac

of angiosperms, 613
of plant, 180, 181

Emphysema, 296, 297
Emulsification, 34, 219
Endangered species

exotic species as threats to, 709
Endergonic reaction(s), 106, 106–107, 107
Endocardium, 242
Endocrine glands, 194, 399, 399–412

hormones released by, 398
Endocrine system, 203, 203, 395–412, 399

and behavior, 673
environmental signals and, 396, 396–399
and homeostasis, 209, 399
and nervous system, 396

Endocytosis, 72, 78, 78–79
in evolution of eukaryotes, 63
receptor-mediated, 72, 79, 79

Endoderm, 618
in early development, 445

Endodermis, of plant, 156, 157, 166
Endomembrane system, composition and

function of, 53–55
Endometriosis, 433
Endometrium

function of, 425
hormonal regulation of, 427, 428, 429
layers of, 425

Endoplasmic reticulum (ER)
in animal cell, 50
composition and function, 49, 53, 53
in plant cell, 51

Endorphins, 343, 390
Endoskeleton, of echinoderms, 644
Endosperm, 181, 181, 185, 185

of angiosperms, 612, 613
Endospores, bacterial, 581, 581
Endosymbiotic hypothesis, 63
Endothelium, 240
Endothermic animals, 655
Energy

of activation, 108, 108
in active transport, 77
ATP and, 41, 56, 104
in cells, 41
chemical, 104
conversions of, 104
in electron transport system, 124
and energy-related organelles, 56–57
and entropy, 104
flow of, 112, 745, 745
fossil fuel, 105, 113
free, 106
kinetic, 104
law of conservation of, 104–105
and laws of thermodynamics, 104–105,

112
loss in ecosystem, 105, 105
potential, 104
pyramids of, 747–748
solar, 105, 112–113, 136–137

capture of, 138, 140–142
distribution on earth, 718, 718
in ecosystems, 745
in photosynthesis, 56, 112,

136–138, 140–142
sources of, 105

on primitive earth, 548
wind, 105, 113
yield, from glucose, 126, 126

Enterocoelomates, 628
Entropy, 104, 106

Environment
and cancer, 524, 525
and carrying capacity, 691, 697
human impacts on, 12

and acid deposition, 753, 753
air pollution, 752, 752–753. See

also Air pollution
on biodiversity, 756–757
on climate. See Global warming;

Thermal inversion
and conservation biology, 757
and economic development, 697
on nitrogen cycle, 752–753
on rivers, 731
water pollution, 740, 754–755,

755, 758
on wetlands, 731

Environmental resistance, 690
Enzyme(s)

active site of, 109, 109, 110–111, 111
activity of, 109, 109

enzyme concentration and, 110
factors affecting, 109–111
feedback inhibition, 111
pH and, 110, 110
substrate concentration and, 110
temperature and, 110, 110

allosteric site of, 110–111, 111
brush-border, 219
and cell cycle, 86–87
coenzymes, 230
concentration of, 110
definition of, 108
in degradative reaction, 109, 109
denaturation of, 110
digestive, 224–225, 225
function of, 37
in gene cloning, 530, 530–531
gene expression and, 510
hydrolytic, 55, 224
inhibition of, 110–111
lysosomal, 55
metabolic pathways and, 108
nomenclature, 109
in origin of life, 549–550
peroxisomal, 55
as proteins, 37, 70, 70
structure of, 38
in synthetic reaction, 109, 109

Enzyme cascade, 397
Enzyme cofactors, 111
Enzyme-substrate complexes, 108–109, 109
Eosinophils, 249

formation of, 251
Epicotyl, 182
Epidermal growth factor, 412
Epidermis, 351

human, 204, 205
plant, 154, 154–155, 157–158, 163, 163,

166
Epididymis, 420, 420
Epiglottis, 285, 286

in swallowing, 216, 216
Epilimnion, 732, 732
Epinephrine

for anaphylactic shock, 277
cellular activity of, 397
functions of, 398, 405
and heartbeat regulation, 245
secretion of, 396

Epipelagic zone, 738, 738–739
Epiphyseal (growth) plate, 372, 372
Epiphyte(s), 605, 726, 726
Episiotomy, 460
Episodic memory, 338–339
Epithelial tissue, 194–196, 195

in body membranes, 201
cancer of, 194
junctions between cells in, 196, 196
types of, 194, 195

Epstein-Barr virus, 252
Equilibrium, dynamic and static, 364, 365
Equilibrium pattern, 694, 694
ER. See Endoplasmic reticulum
Erection, 421
Erythroblasts, 250, 251
Erythrocytes. See Red blood cell(s)
Erythromycin, 582
Erythropoietin, 250, 251, 305

Escherichia coli (E. coli)
in colon, 220
and lactose, 519
and urinary tract infection, 306

Esophagus, 217
Essential amino acids, 127, 228
Estrogen, 411

actions of, in females, 430
in birth-control pills, 431
blood level, maintenance of, 427
cellular activity of, 397
in early pregnancy, 429
in females, 430
functions of, 398, 411
and male fertility, 434
and osteoporosis, 372
in ovarian cycle, 426, 427, 427–428

Estrogen replacement therapy, 232
and vision, 360

Estuaries, 734, 734–735
Ethnicity, 664
Ethylene, 176, 178
Euchromatin, 85
Euglenoids, 587, 587
Eukarya, 568, 579
Eukaryote(s), 579

cell cycle in, 86–87
cell division in, 84–99
classification of, 568
components of, 49–60
definition of, 49
evolution of, 63, 63, 551
gene expression in, control of, 517
in genetic engineering, 593
nucleus, chromatin in, 85
organelles of, 49, 49–60
transcriptional control in, 519

Eustachian (auditory) tube, 295, 362, 362
Eutrophication, 732, 755
Evolution, 548–570

agents of, 559–564
of animals, 620
chemical, 550, 550
common descent hypothesis of, 551,

554–556
Darwin’s theory of, 560–561, 561
definition of, 9, 551
of eukaryotes, 63, 63, 551
events of, by geological time period, 552
evidence of, 551–556

anatomical, 554–555
biochemical, 556
biogeographical, 554
in fossils, 551–553

gene flow and, 562
genetic drift and, 559, 559
Lamarck’s theory of, 560, 561
multi-regional continuity hypothesis of,

663, 663
mutations and, 559
natural selection and, 562–564
nonrandom mating and, 562
and origin of life, 548–550
out-of-Africa hypothesis of, 663, 663
phyletic gradualism model of, 567, 567
process of, 556–564
punctuated equilibrium model of, 567,

567
theory of, 5

Evolutionary tree, 568, 568, 620
Excretion, 305

and acid-base balance, 315
definition of, 305
kidneys in, 307–309, 314
and nervous system, 305
organs of, 304, 306
urinary system in, 304–306
and urine formation, 310, 311
and water-salt balance, 312–313

Excretory system, 203, 304–315. See also
Excretion

and homeostasis, 208
Excurrent siphon, 630, 630
Exercise

aerobic cellular respiration and
fermentation during, 128, 389

benefits of, 390
and cardiovascular disease prevention,

257
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for diabetes mellitus, 409
and homeostatic control system, 128
and muscle contraction, 391–392
suggested program for, 390

Exergonic reaction(s), 106, 106–107, 107
Exocrine glands, 194

vs. endocrine glands, 399
Exocrine tissue, of pancreas, 408
Exocytosis, 72

process, 78
Exons, 512
Exophthalmic goiter, 403
Exoskeleton

of arthropods, 634
of crustaceans, 635

Exotic species, invasion by, 709, 709
Experimentation, scientific, 3–5
Expiration, 284, 291, 291
Expiratory reserve volume, 288, 288
Exponential growth, 690, 690, 691

of human population, 695, 695, 696
J-shaped curve of, 690, 690, 695, 695

External auditory canal, 374, 374
External respiration, 292, 293
Extinction, 552, 553
Extraembryonic membranes, 451, 451

of reptiles, 653, 653
Eye(s)

abnormalities of, 355, 359, 359, 360, 365
and accommodation, 355
aging and, 360
anatomy of, 354, 354–355
anterior compartment of, 354, 354–355
compound, 635
development of, 449
focusing of, 355, 355
integration of visual image, 357–358
posterior compartment of, 354, 355
and sense of balance, 365
sensory receptors in, 348, 349, 356
of vertebrates, 649
visual range of, 48

Eyespot
of euglenoids, 587, 587
of green algae, 584, 584
of planarians, 624, 624–625

Eyestrain, 355

F
Facial bones, 375, 375
Facilitated transport, 72, 76, 76
Facilitation model of succession, 712
FAD (flavin adenine dinucleotide), 123

in electron transport system, 124
in Krebs cycle, 123

Fallopian tubes. See Oviduct(s)
Fall overturn, 732, 732
Familial hypercholesterolemia, 79

gene therapy for, 539
Family (taxon), 568
Family planning, 431–433, 696
Farsightedness, 359, 359
Fast-twitch muscle fibers, 391, 391
Fat(s)

in blood, 249
composition of, 34, 34
condensation synthesis and hydrolysis,

34
dietary, 226, 229, 229

and cancer, 221, 523
digestion of, 219, 224, 225
function of, 34
metabolism of, 127

in exercise, 128
regulation of, 400

neutral, 34
in water, behavior of, 34

Fatigue, muscle, 388, 388, 389
in eyestrain, 355

Fatty acid(s)
definition of, 34
dietary intake of, 229
saturated, 34, 229
structure of, 34
unsaturated, 34

Feces, 220
in constipation, 221
in diarrhea, 221

Feedback control. See also Homeostasis
and anterior pituitary gland, 427,

427–428, 430
in hormone regulation, 399–400

Feedback inhibition, 111, 111
Feedback system

negative, 209, 209
positive, 209

Female(s)
mate selection by, 676–677, 677
secondary sex characteristics of, 430

Female reproductive system, 424,
424–425

hormonal regulation of, 427–430
oogenesis in, 98, 98–99, 424
organs of, 424, 424–425
in ovarian cycle, 426, 427, 427

Fermentation, 120, 129
advantages and disadvantages of, 129
efficiency of, 129
during exercise, 128, 389
reactions, 129

Fern(s), 600, 604–606
adaptations of, 606
diversity of, 606, 606
habitats of, 605–606
life cycle of, 601, 601, 606, 607
seed, fossils, 554
uses of, 606

Fertilization, 92
in conifers, 608, 609
double, 181

of angiosperms, 612, 613
in humans, 92, 99, 99, 424, 429, 452, 452
in sea star, 444

Fertilizers, and water pollution, 740, 755
Fetal alcohol syndrome (FAS), 341, 457
Fetal cannabis syndrome, 342
Fetus

circulation in, 458–459, 459
development of, 458–462
at time of birth, 460

Fiber(s)
cellulose as, 33
centromeric, 88, 89
dietary, benefits of, 221, 227
in feces, 220
plant, 154, 610–611
polar spindle, 89, 89
soluble vs. insoluble, 36
spindle, 88

Fibrin, 254
Fibrinogen, 249, 250, 254
Fibroblast(s), 196
Fibrocartilage, 197, 370
Fibrous connective tissue, 370
Fibrous root system, 164
Fight or flight response, 331
Filament(s)

actin. See Actin filament(s)
definition of, 585
of green algae, 585, 585
intermediate, 59, 59
myosin, 58, 199, 385, 385

and muscle contraction, 385, 385,
387, 387

of stamen, 180, 180–181, 613,614, 614
Filarial worm, and elephantiasis, 627
Filial generation (F), 473
Filter feeders, 621, 630–631
Fimbriae, 60

bacterial, 577, 577
of oviducts, 424, 424

First messenger, 397
Fish, 650–651

bony, 650–651
cartilaginous, 650
classification of, 646
in coral reefs, 740
in estuaries, 734–735
heart of, 654
jawed, 650–651
jawless, 650
killing by algal bloom, 754
in lakes, 733, 733
lobe-finned, 651
maintaining populations of, as food

source, 691
nearing extinction, 755

in oceans, 738
ray-finned, 650, 650

Fitness
inclusive, 683, 684
in natural selection, 562

Fixed action pattern (FAP), 674
Flagellum (flagella)

bacterial, 62, 62, 577, 577
composition and function, 49
of euglenoids, 587, 587
function, 60
movement, 60
of sperm, 422, 423
structure, 61
theory on origin, 63

Flame cells, 624, 624
Flatworm(s), 618, 626

body plan of, 624
comparison with other animals, 640
parasitic, 625–626

Flavin adenine dinucleotide (FAD), 123–124
Flower(s)

complete, 180
incomplete, 180
life cycle of, 181
parts of, 180, 180

dicot, 153
monocot, 153

pistillate, 180
structure of, 180, 614, 614

Flowering, effect of day length on, 178–179
Flowering plant(s), 152–153, 180, 181, 600

asexual reproduction in, 186–187
ecologic importance of, 610
life cycle of, 181
sexual reproduction in, 180–185

Fluid(s)
body, 254. See also Blood; Lymph;

Plasma, blood; Tissue fluid
cerebrospinal, 332
seminal, 420–421

Fluid-mosaic model, 68, 68
Fluke(s), 625–626
Focusing, of eye, 355, 355
Folic acid (Folacin), 231
Follicle(s), ovarian, 426, 427

maturation of, 426, 427
primary, 426, 427
secondary, 426, 427
vesicular (Graafian), 426, 427

Follicle-stimulating hormone (FSH), 398,
400

in males, 423, 423
in ovarian cycle, 427, 427–428

Follicular phase, of ovarian cycle, 427, 428
Fontanels, 374, 458
Food. See also Diet

allergies to, 277
organic, methods of acquiring, 136, 136
production of, supplemental energy for,

105, 113
world supply of, 148

Food chains, 10, 10, 746, 747
detrital, 747
grazing, 747

Food guide pyramid, 226
Food vacuoles

of protozoans, 588, 588
of sponges, 621, 621

Food webs, 747
detrital, 746, 747
forest, 746
grazing, 746, 747
trophic levels in, 747

Foot
bones of, 379, 379

Foramen magnum, 332, 374, 374
Foramen ovale (oval opening), 458–459
Foraminifera, 588, 588
Forelimbs, bones of, 554–555, 555
Forest(s)

acid deposition in, 753, 753
composition of, 702, 702
coniferous, 702, 702, 723, 723
coniferous montane, 721
food webs in, 746, 747
old-growth, 723
preservation of, 165
taiga, 723, 723

temperate deciduous, 724, 724
temperate rain, 723
tropical, 726–727
tropical rain, 702, 702, 726, 726–727, 727,

757, 757
Formed elements, of blood, 249, 249
Formula

electron-dot, 24–25, 25
molecular, 25, 25
structural, 25, 25

Formula (infant), vs. breast milk, 462
Fossil(s)

dating methods, 553
definition of, 551
distribution patterns of, 554
living, 567
transitional, 551, 551, 567

Fossil fuels
and acid deposition, 30, 30
and air pollution, 753, 753
energy from, 105, 113
formation of, 750

Founder effect, 559, 559
Fovea centralis, 354, 355

cone cells in, 356
Fragile X syndrome, 493, 493, 494

inheritance pattern for, 494, 495
premutation in, 494

Frameshift mutations, 520
Free energy, 106
Free radicals, 230

and aging, 463
Freshwater

pollution of, 740
supply of, 749

Frog(s)
metamorphosis of, 651
nervous system development in, 447,

447
yolk of egg of, 446, 446

Frond(s), of ferns, 606, 606–607
Frontal lobe, 336, 336
Fructose

in seminal fluid, 421
structure, 32

Fruit, 183
aggregate, 183
of angiosperms, 612–614, 613
diversity of, 183, 183
dry, 183
fleshy, 183
as sugar sink, 175

Fruit fly, and morphogenesis, 450, 450
Fruiting body

of ascomycetes, 593, 593
of club fungi, 594, 594

FSH. See Follicle-stimulating hormone
Functional group, 31
Fundamental niche, 703
Fungus (fungi), 591–596

classification of, 568, 568–569, 591
club, 591, 594, 594
cup, 593, 593
diseases caused by, 591, 595
dispersion of, 591–592
imperfect, 591, 595, 595
in lichens, 595
life cycle of, 583, 583
multicellular, 591
mycelium of, 591
mycorrhizal, 596, 605
parasitic, 592–593, 595
sac, 591, 593
and slime mold, comparison of, 590
structure of, 591
symbiotic relationships with other

organisms, 595–596
unicellular, 591
and water mold, comparison of, 591
zygospore, 591–592

G
Galápagos finches, 560, 566, 567
Gallbladder, 214, 223
Gametangia, 592, 592
Gamete(s). See also Oocyte(s)

definition of, 92
formation of, 472
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of green algae, 584, 584, 585, 585
of Protista, 583, 583

Gamete intrafallopian transfer (GIFT), 434
Gametophore(s), of liverworts, 602
Gametophyte(s), 180, 601–603, 605–609

of angiosperms, development of, 613
Gamma aminobutyrate (GABA), alcohol

and, 341
Gamma globulin, injection, 275
Ganglion (ganglia), 328
Ganglion cells, in retina, 357, 357
Gap junction, 196
Garden pea

anatomy of, 471
genetics of, Mendel’s studies of,

470–471, 471
Gart gene, in Down syndrome, 490, 490
Gas(es)

diffusion through plasma membrane, 73
in primitive atmosphere, 548

Gaseous cycle, 748
Gas exchange

in body, 292–294
in lungs, 287, 287

Gastric glands, 218, 218
Gastric inhibitory peptide (GIP), 220
Gastric mill, 635
Gastrin, 220
Gastropods, 628
Gastrovascular cavity, 623, 623
Gastrula, 444–445, 445
Gastrulation, 445
Gel electrophoresis, 533, 533
Gemmae, of liverworts, 602, 602
Gene(s)

in bacteria/prokaryotes, 62
cloning of, 530, 530–533
definition of, 510
deletion of, 491, 491
duplication of, 491, 491
inheritance of, patterns of, 469–484
linked, 500, 501
mutant, correlation with drug

treatments, 538, 538
nested, in humans, 479
in origin of life, 549
and reproduction, 9
tumor-suppressor, 87, 524, 525

Gene expression, 510–516
control of, 517–519
overview of, 511
participants in, 516
review of, 516, 516

Gene flow
in evolutionary change, 562
geographic barriers and, 565, 565

Gene locus, 470, 470
Gene mutations, 520

causes of, 520
frameshift, 520
missense, 520
nonsense, 520
point, 520, 520
repair of, 520
silent, 520

Gene pharming, 536
Gene pool, 556

reproductive isolation of, 565, 565
Generative cell(s), 180–181, 181

of angiosperms, 613
Gene swapping, 579
Gene therapy, 539–540

in cancer treatment, 539–540
for cardiovascular disease, 259
definition of, 539
ex vivo methods for, 539, 539
future of, 540
for genetic disorders, 539
germ line, 540
in vivo methods for, 539–540
somatic, 540

Genetic code, 511
Genetic control, failure of, 522–526
Genetic cross

dihybrid, 476, 476
one-trait testcross, 474, 474
two-trait testcross, 477, 477

Genetic disorder(s), 478–480
autosomal dominant

characteristics of, 479
pedigree chart for, 478, 478

autosomal recessive
characteristics of, 480, 480
pedigree chart for, 478, 478

gene therapy for, 539
polygenic, 481–482

Genetic drift, 559, 559
Genetic engineering

of animals, 536–537, 537
of bacteria, 534
definition of, 530
ecologic considerations in, 535
gene cloning technology, 530, 530–533
gene therapy, 259, 484, 539–540
of humans, 100
and immunization, 274
of plants, 178, 187, 535
and transgenic organisms, 534, 536
yeasts in, 593

Genetic equilibrium, conditions for, 558
Genetics. See also Gene(s); Genetic disorders

of aging, 463
population, 556–558

Genetic testing
for birth defects, 456

Genetic variation(s), 562, 564
Genital herpes, 438, 438
Genitals, external

female, 425, 425
male, 420, 421, 421

Genital tract
female, 424, 424–425
male, 420, 420–423

Genital warts, 438, 438
Genome

definition of, 532
human, base sequence map of, 538
viral, 574

Genomic imprinting, 479
Genomic library, 531, 532
Genotype(s)

definition of, 472
dihybrid, 476, 476
Hardy-Weinberg law and, 556–558
monohybrid, 473
and phenotype, 472, 473, 476, 476
for sex-linked traits, 496

Genus (taxon), 568
Geological time divisions, 552, 553
Germination (seed), 184–185
Germ layer(s), 618

in early development, 445
Germ line gene therapy, 540
Gerontology, 463
Gibberellins, 176, 178, 178
Gills, 651

of bivalves, 630
of crustaceans, 635

Gill slits, of invertebrate chordates, 648
Gingivitis, 215
Gingko, 608, 608
Gizzard, of earthworms, 632
Gland(s), 194, 204, 205

adrenal. See Adrenal gland(s)
bulbourethral (Cowper’s), 420, 420–421
endocrine, 398–399, 399–412
gastric, 218, 218
lacrimal (tear), 285
oil (sebaceous), 266
parathyroid, 398, 399, 399, 404
pineal, 335, 397, 398, 399, 399, 411
pituitary. See Pituitary gland
prostate, 306, 306, 420, 420–421

disorders of, 306, 315
salivary, 214, 214–215, 399
sweat, 362
thymus, 265, 266, 273, 398, 399, 399, 411
thyroid, 398, 399, 399, 403–404

Glans clitoris, 425, 425
Glans penis, 420, 421, 421
Glaucoma, 355, 360
Glial-derived growth factor, 200
Global warming, 145, 751, 751

effects of, 751
and El Niño, 737
greenhouse gases and, 750–751, 751

Globin, 198, 250
Globulin, 249, 250

Glomerular capsule, 308, 309
Glomerular filtration, 310, 311
Glomerulus, 308, 308
Glottis, 216, 285, 286, 286
Glucagon, 222, 398, 408
Glucocorticoids, 398, 405–406
Glucose

blood level, 222, 227
in diabetes mellitus, 409
regulation of, 208–209, 406, 408,

408
in blood plasma, 249
breakdown and metabolism of, 118,

118–126, 120, 129, 143, 389
aerobic, 119, 119, 120, 147
anaerobic, 129, 389
energy yield from, 126, 126

in capillary exchange, 255, 255
disaccharide formation from, 32
function of, 32
hypoglycemia, 409
in photosynthesis, 147
storage of, 32–33, 33
structure of, 32
transport through plasma membrane, 76
in urine formation, 311

Glucose phosphate, 143
Glycogen, 222

breakdown, regulation of, 397
and liver, 33
storage in humans, 32–33
structure and function of, 33

Glycolipid(s)
and cell recognition, 70
structure of, 68–69

Glycolysis, 118, 118, 119–120, 120
in aerobic cellular respiration, 119, 119,

120, 147
in anaerobic cellular respiration

(fermentation), 129, 389
ATP formation in, 126, 126
definition of, 119–120
energy investment steps, 120, 120–121

Glycoprotein(s)
basement membrane as, 194
and cell recognition, 70
major histocompatibility complex

(MHC), 70, 272
in plasma membrane, 68, 69–70, 70

GnRH. See Gonadotropin-releasing
hormone

Goblet cells, 194, 195
Goiter

exophthalmic, 403
simple, 403, 403

Golgi apparatus
animal cell, 50
composition of, 49
function of, 49, 54, 54
plant cell, 51
vesicles of, 54, 54

Golgi tendon organs, 349–350
Gonad(s), 399, 399, 411

female, 424
hormones released by, 398
male, 420, 420, 422–423

Gonadotropic hormones, 398, 400
in infertility treatments, 433
in males, 423, 423
in ovarian cycle, 427, 427

Gonadotropin-releasing hormone (GnRH)
in male birth control pill, 432
in males, 423, 423
in ovarian cycle, 427, 427–428

Gonorrhea, 438–439
Good genes hypothesis, 676
Gout, 305
Graafian (vesicular) follicle, 426, 427
Granular leukocytes, 249, 251, 252
Granum (grana), 57, 139, 139
Grasshopper, 636

comparison with crayfish, 637
Grasslands, 728, 729
Graves’ disease (hyperthyroidism), 403
Gravitropism, 176–177
Gray crescent, 448, 448
Gray matter, 332–333, 333, 335, 337
Grazing food chain, 747
Grazing food web, 746, 747

Green alga (algae), 583–585
alternation of generations life cycle of,

585, 585
Chlamydomonas, 584, 584
haplontic life cycle of, 583, 584
reproduction of, 584, 584, 585

Green glands, 635
Greenhouse effect, 751, 751
Greenhouse gases

and global warming, 750–751, 751
reduction of, ideas for, 714
significant, 750–751

Ground meristem, 158, 158
Ground tissue, of plant, 154, 154–155
Groundwater, 731, 749
Growth. See also Development; Human

development
of bones, 372
and development, 9, 9
in plants

primary, 160
regulators of, 177, 177–178
secondary, 160–161, 161

Growth factors, 412
in genesis of tumors, 87

Growth hormone (GH), 398, 400
effects of, 402
synthetic, 412

Growth plate, 372, 372
G1 stage, 86, 86–87
G2 stage, 86, 86–87
Guanine (G), 40–41

in DNA, 507–508
in RNA, 510, 510

Guard cells, 154, 155, 163, 163, 172
Gulf Stream, 736, 736
Gumma(s), 440
Gymnomycota, 583, 590
Gymnosperms, 600, 600, 608–612

diversity of, 608, 608
life cycle of, 608, 609

H
Habitat, 703
Hair, 204, 204
Hair cells, 362–363

and balance, 364, 365
damage to, 360, 361

Hair follicles, 204, 205
Halophiles, 579, 579
Hammer (malleus), 362, 362
Hand, bones of, 378, 378
Haploid chromosome number, 84
Haplontic life cycle, 583, 583

of green algae, 584, 584
of zygospore fungi, 592, 592

Hard palate, 214, 216
Hardy-Weinberg law, 556–558
Hay fever, 277
Hazardous waste, 697, 697
HCl. See Hydrochloric acid
HDL. See High-density lipoprotein
Hearing

loss, prevention of, 360–361
mechanoreceptors and, 348
process of, 362–363
sense organ for, 349, 362

Heart, 242–245. See also under Cardiac
aging and, 464
of amphibians, 654
anatomy of

external, 242
internal, 243

apex of, 377
atria of, 242, 243
of bird, 654
cardiac muscle in, 199, 199
conduction system of, 244–245, 245
development of, 454
diastole, 244
of fish, 654
of mammals, 656–657
and pacemaker, 244
passage of blood through, 243, 243
systole, 244
transplants, 259
valves of, 242, 244
ventricles of, 242, 243
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Heart attack, 258
Heartbeat, 244–245
Heartburn, 217
Heart murmur, 244
Heartwood, 160, 161
Height

hormone affecting, 402
hormone therapy to increase, 412

Helper T cells, 272–273
Helping behavior, 684
Heme, 198, 250, 252
Hemocoel, 635
Hemoglobin, 130, 250

binding capacity of, 294
carbon monoxide and, 253
composition of, 198
molecule, 250
reduced, 292
release of, 252
saturation, environmental conditions

and, 294
structure of, 38

Hemolysis, 74
Hemolytic disease of the newborn (HDN),

278, 279
Hemophilia, 254, 498
Hemorrhoids, 221, 248
Hepatic lobules, 222, 222
Hepatic portal system, 222, 223, 247
Hepatic portal vein, 247
Hepatitis, 223, 437, 576

transmission of, 437
Herbaceous stems, 158, 159
Herbivore(s), 105, 136, 744, 745
Hermaphrodites, 625, 632
Heroin, 343
Herpes simplex virus (HSV), 438, 576

infection
and brain function, 339
genital, 438, 438
in HIV-infected (AIDS) patients,

436
Hershey-Chase experiment, 506, 506
Heterocysts, 580
Heterospore(s), 601, 601, 608–609, 612
Heterotroph(s), 136, 550, 744–745
Heterozygous, 472
High-density lipoprotein (HDL), 229, 

256
exercise and, 390

Hinge joints, 380
Hip (pelvic) girdle, 379, 379
Hippocampus, 337, 337, 338, 339
Histamines

and allergy symptoms, 276–277
inflammatory reaction and, 266, 396

Histone(s), 85
HIV. See Human immunodeficiency virus
HLA antigens. See Human leukocyte-

associated antigens
Homeobox, 450
Homeostasis, 203

blood and, 250
definition of, 8, 191, 208
digestive system and, 219–220
exercise and, 128
in humans, normal values, 208
nervous system and, 335
organ system and, 208, 209
respiratory system and, 284
urinary system and, 305

Homeotic genes, 450, 450
Hominidae, 618
Hominids, 659–660

evolutionary tree of, 660, 661
skulls of, 662

Homo, 618
Homo erectus, 662
Homo habilis, 661–662
Homologous chromosomes

crossing-over of, 93, 93
definition of, 92
independent assortment of, 93, 93
in meiosis I, 92, 92, 94, 94
synapsis in, 92, 93

Homologous structures, 555
Homo sapiens, 663–664, 664
Homozygous, 472
Hookworm infection, 627

Hormone(s), 396
and aging, 463
and bone development, 372
cellular activity of, 397, 397
contrary, 399, 406
definition of, 176, 220
and digestive system regulation, 220,

220
endocrine glands and, 398
as environmental signals, 396
feedback control by, 209
and female reproductive system,

427–430
homeostasis and, 208–209
and male reproductive system, 423
nonsteroid, 397
plant, 176, 176
secretion of, regulation of, 399
steroid, 397
thymic, 266

Hormone therapy
and cancer, 523
for osteoporosis prevention, 232
and vision, 360

Horse, evolution of, 562–563, 563
Host, 710
Human(s)

classification of, 13
evolution of, 659–664
integration and control of, 203
internal environment of, 208
ions in, significant, 23, 23
and language, 680–681
life cycle in, 98, 98–99
organization of, 193–211
origin of, 663, 663

Human chorionic gonadotropin (HCG),
429, 433, 452

Human development, 451–461
after birth, 463–465
and aging, 463, 463–465, 465
embryonic, 451–454, 453
fetal, 458–462
before implantation, 425, 429, 452

Human Genome Project, 538
Human immunodeficiency virus (HIV), 576

and birth defects, 456
carriers, 596
drug-resistant strain of, 437
infection

prevention of, 280
stages of, 436
treatment of, 437

lymphocytes infected by, 272
structure of, 435
transmission of, 435–436, 596

Human leukocyte-associated (HLA)
antigens, 272–273

and organ transplants, 279
Human papillomavirus, 438, 438, 576
Human population

age distribution of, 696, 696
distribution of, 689
doubling time of, 695
environmental impact of, 12
growth, 695, 695–697, 696
survivorship curves of, 691

Human reproduction, 420–440. See also
Human development

alternative methods of, 433–434
and birth control, 431–433
and birth defects, 456–457
and female hormone levels, 427–430
female reproductive system, 424–425
fertilization in, 92, 99, 99, 424, 429, 452,

452
gamete intrafallopian transfer for, 434
and infertility, 433–434
male reproductive system, 420–423
oogenesis in, 98, 98–99, 424
ovarian cycle in, 427
spermatogenesis in, 98, 98–99, 422, 423
uterine cycle in, 429

Humoral immunity, 269
Humors (eye), 354–355

function of, 354
Huntington disease, 479, 494, 538
Hyaline cartilage, 196–197, 197, 370, 371,

380

Hybridization, 186
Hybridomas, 276, 276
Hydra, 619, 623, 623
Hydrocarbon(s)

chain, 31
and photochemical smog, 753
in water runoff, 758

Hydrochloric acid (HCl), 28, 28
in stomach, 218, 220

Hydrogen bond(s)
definition of, 26
in DNA, 40, 41, 508
in liquid water, 26, 26, 27

Hydrolysis
definition of, 32
of polymer, 32, 32

Hydrophilic, definition of, 26
Hydrophilic region, of membrane, 

68–69
Hydrophobic, definition of, 26
Hydrophobic region, of membrane, 68–69
Hydrostatic skeleton, 626, 626
Hydroxyl groups, 32
Hypercholesterolemia, familial, 79
Hypertension, 256–257

diet pill and, 343
sodium intake and, 233
treatment of, 412

Hyperthyroidism (Graves’ disease), 403
Hypertonic solution, 75
Hypertrophy, 391
Hypha (hyphae), 591, 593, 593, 594, 594
Hypocotyl, 182, 184, 185
Hypoglycemia, 409
Hypolimnion, 732, 732
Hypophysis (anterior pituitary), 398,

400–402
feedback control over, by female sex

hormones, 427
hormones released by, 398

Hypothalamic-inhibiting hormones, 400
Hypothalamic-releasing hormones, 400
Hypothalamus, 334, 335, 399, 400

and adrenal glands, 405
and eating behavior, 411
and gonads, 411
hormones released by, 398
neurosecretory cells in, 400
and ovarian cycle, 427, 427
and pituitary gland, 396, 399, 401
and testes, 423
thermoreceptors in, 348

Hypothesis, 2–3
Hypothyroidism, 403
Hypotonic solution, 74–75
Hyracotherium, 562–563, 563

I
IAA. See Indoleacetic acid
Ice, and hydrogen bonding, 27
ICSH. See Interstitial-cell-stimulating

hormone
Igs. See Immunoglobulins
Immediate allergic response, 276–277
Immune system. See Immunity
Immunity, 266–276

active, 274, 274
and aging, 463
and allergies, 276
antibody-mediated, 269, 269–270
cell-mediated, 272, 272
and complement system, 268
defenses in

nonspecific, 266–268
specific, 268–273

defined, 266
and engineered tissue, 71
humoral, 269
induced, 274–276
long-term, 269
passive, 275
side effects of, 276–279
and transplant rejection, 71, 279
white blood cells and, 252

Immunization, 274, 274. See also Vaccine(s)
Immunoglobulins (Igs), 250, 270, 270

A, 270, 270
D, 270, 270

E, 270, 270
and immediate allergic response,

276–277
G, 270, 270, 277
M, 270, 270
and passive immunity, 275

Implantation (human), 424, 429, 429,
451–452, 452

prevention of, 432
Impotency, male, 421
Imprinting, 675
Inborn errors of metabolism, 510
Inclusive fitness, 683, 684
Incomplete dominance, 483, 483
Incurrent siphon, 630, 630
Incus (anvil), 362, 362
Independent assortment

of homologous chromosomes, 93, 93
Mendel’s law of, 475, 475

Individualistic model, of community
structure, 702, 703

Indoleacetic acid (IAA), 176, 176
Induced-fit model, 109
Induction, 449
Industrial melanism, in moths, 558, 563
Industrial wastes, 755
Infant respiratory distress syndrome, 287
Infection(s)

antibiotics for, 295, 306
identification of, 276
immunization against, 274
lower intestinal tract, and diarrhea, 221
middle ear, 295, 360
nonspecific defenses against, 266–268
opportunistic, in HIV-infected (AIDS)

patients, 436
respiratory, 295, 297
specific defenses against, 268–273
urinary tract, 306
viral, 576–577
white blood cells and, 252

Infectious mononucleosis, 252
Inferior vena cava, 243, 243, 246, 246–247
Infertility

causes of, 433
definition of, 433
endometriosis and, 433
male, 433
medical intervention for, 433–434
prevalence of, 433

Inflammatory reaction, 266, 267, 396
reduction of, 406

Inheritance, 470–484
chromosomal theory of, 488–491
of genes, patterns of, 469–484
of genetic disorders, 478, 478
with incomplete dominance, 483, 483
Mendel’s laws of, 470–471, 475, 475

exceptions to, 481–484
molecular basis of, 505–526
by multiple alleles, 482
of multiple traits, 475, 475–477
and natural selection, 562
polygenic, 481–482
of sex chromosomes, 492–493

abnormal, 492–493
sex-linked, 496, 496–499
of single trait, 472, 472–474

and one-trait crosses, 473, 473,
474

Inhibin
in male birth control pill, 432
in males, 423

Inhibition model of succession, 712
Inner ear, 362, 362

and equilibrium, 364, 365
pressure receptors in, 348

Insect(s), 636–637. See also specific insects
antipredator defenses of, 708, 708
characteristics of, 636
coevolution with plants, 708
diversity of, 636
as pollinators, 612

Insertion (muscle), 381, 381
Inspiration, 284, 290, 291
Inspiratory reserve volume, 288, 288
Insulin, 222

and blood glucose level, 408, 408
and diabetes mellitus, 409
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engineered, 71
as environmental signal, 396
functions of, 398
insensitivity, 71
isolation of, 409
regulation of, 399
secretion of, 71, 408

Integral proteins, in plasma membrane, 68,
69–70

Integration
sensory, 349
synaptic, 327, 327
of visual signals

in brain, 358, 358
in retina, 357, 357

Interactive model, of community structure,
703

Intercalated disks, 199, 199
Interferon, 268, 275
Interkinesis, 94, 94
Interleukins, 275
Intermediate disturbance hypothesis, 713,

713
Intermediate filament(s), 59, 59
Intermembrane space, mitochondrial, 122,

122
Internal environment, of body

components of, 202
homeostasis and, 203, 208

Internal respiration, 292, 293
Interneuron, 322, 323
Internodes, 152, 152

of stem, 158
Interphase, 86, 86, 88
Interstitial cells, testosterone production by,

423, 423
Interstitial-cell-stimulating hormone

(ICSH). See also Luteinizing hormone
actions, in males, 423, 423

Intervertebral disks, 376, 376
Intestine(s)

functions of, 216
junction of, 221
large, 214, 220–221
small, 214, 219, 219

Intrauterine device (IUD), 431, 431–432
Intrauterine insemination (IUI), 434
Intravenous drug use, and AIDS, 436–437
Introns, 512
Inversion, chromosomal, 491, 491
Invertebrate(s), 621–627

chordate, 648
classification of, 618
definition of, 618

In vitro fertilization (IVF), 434
Iodine, 232, 233

amount in body, 232
and thyroid hormones, 403

Ion(s)
crossing of plasma membrane by, 

72, 72
definition of, 23
significant, in human body, 23

Ionic bond, 22, 23
Ionic reaction, 22, 23, 23
Iris, 354, 354
Iron, 232, 233

amount in body, 232
carbon monoxide and, 253
in hemoglobin, 250, 252

Iron-deficiency anemia, 252
Island biogeography, theory of, 713, 713
Islets of Langerhans (pancreatic islets),

408–409
Isogametes, of green algae, 584, 584, 585,

585
Isotonic solution(s), 75
Isotope(s)

definition of, 21
radioactive, 21

dating technique using, 553
IUD. See Intrauterine device

J
Jacobs syndrome, 489, 489, 493
Jaundice, 223, 437
Jaws, evolution of, 649, 649
Jointed appendages, 634

Joints, 370, 380–381
ball-and-socket, 380
hinge, 380
synovial, 380

J-shaped curve, 690, 690, 695, 695
Jumping genes, 520

discovery of, 521
Junctions, between epithelial cells, 196, 196
Juxtaglomerular apparatus, 313, 313

K
Kaposi’s sarcoma, 436
Karyotype(s)

definition of, 488
human, 488, 488

Keratin, 37, 59, 205
Keratinized scales, 653
Keratotomy, radial, 359
Ketones, buildup of, 409
Keystone predators, 713
Kidney(s), 304, 304, 307–309. See also under

Renal
aging and, 464
anatomy of, 307
artificial, 314, 314
functions of, 305

Kinase, in cell cycle, 86–87, 87
Kinesin, 58–59
Kinetic energy, 104
Kinetochore, 89
Kingdom (taxon), 13, 13, 568, 568–569

Animalia, 568, 568–569, 618
Fungi, 568, 568–569, 591–596
Monera, 568, 568–569, 577–581
Plantae, 568, 568–569, 600
Protista, 568, 568–569, 583–591

Kinins, 266
Klinefelter syndrome, 489, 489, 492–493,

493
Knee, 379, 379, 380, 380
Knee operations, growing cartilage for, 71
Krause end bulbs, 351, 351
Krebs cycle, 122, 123

in aerobic cellular respiration, 119, 119
ATP formation in, 126, 126
definition of, 119, 123

K-selected pattern, 694
Kyphosis, 376

L
Labia majora, 424, 425, 425
Labia minora, 424, 425, 425
lac operon, 518, 519
Lacrimal (tear) glands, 285
Lactate (lactic acid), 128–129, 389
Lactation, 430, 461, 461–462
Lacteal, 219, 219
Lactose intolerance, 224
Lacuna (lacunae), 196, 370, 371
Lakes, 732–733

acid deposition in, 753
eutrophic, 732, 732
life zones of, 733, 733
oligotrophic, 732, 732
temperature stratification and overturn

in, 732, 732–733
types of, 732, 732

Lamarck, Jean-Baptiste, theory of
evolution, 560, 561

Lampbrush chromosomes, and eukaryotic
transcriptional control, 519, 519

Lancelets, 648, 648
development of, 444–447, 445

and yolk of egg, 446, 446
Language, 340

cortical areas for, 339
La Niña, 737, 737
Lanugo, 458
Large intestine, 214, 220–221

functions of, 216
Laryngitis, 295
Larynx, 285, 286, 375

in males, 423
vocal cords in, 286

Latitude, and biomes, 721
Laws of thermodynamics, 104–105

and energy flow in ecosystems, 745

Laxatives, 221
LDCs. See Less-developed countries
LDL. See Low-density lipoprotein
Leaf (leaves), 152, 152, 163

chromoplasts in, 57
function of, 166
modifications in, 164–165, 165
organization of, 163
and photosynthesis, 163
structure of, 138, 139, 163
as sugar sink, 175
of vascular plants, 604
veins of, 153, 163, 163

Leaf primordia, 158, 158
Learning, 338, 674–675
Leeches, medicinal, 633, 633
Leg, bones of, 379, 379
Legumes, 183
Lens(es), 354, 354

accommodation of, 355
corrective, 355, 359, 359

Lenticels, 161
Leptin, 411
Lesch-Nyhan syndrome, 492
Less-developed countries (LDCs)

age distribution in, 696, 696
family planning programs in, 698
greenhouse gas emissions from, 714
population in, 148, 695, 695, 696, 696,

698
Leukemia, 194, 252
Leukocytes. See White blood cells
LH. See Luteinizing hormone
Lichen, 580

morphology of, 595, 595
types of, 595, 595

Life
characteristics, 7–12
classification of, 13, 13
origin of, 548–550

heterotroph hypothesis for, 550
intelligent-design theory of, 570
macromolecules in, 549
protein-first hypothesis for, 549–550
RNA-first hypothesis for, 549–550

Life history patterns, 694, 694
equilibrium, 694, 694
opportunistic, 694, 694

Life span, human, 315
Ligaments, 196, 370
Light, visible, 137
Light-dependent reactions, 140, 140–141, 141

in photosynthesis, 138, 143
Light-independent reactions, 144, 144–145

in photosynthesis, 138
Lignin, 154, 156, 157

in cell wall, 49
Limbic system, 337, 337

olfactory bulbs and, 353
Limbs, evolution of, 649, 649
Limiting factors, in population distribution,

689
Limnetic zone, 733, 733
Linkage, genetic

complete, 500, 501
incomplete, 500, 501

Linkage group
definition of, 475, 500
gametes with, 500, 501

Lipase, 222, 224
Lipids

dietary, 229
reducing, 229

digestion of, 224, 225
foods rich in, 31
types of, 34–35
in water, behavior of, 34

Lipoprotein(s)
exercise and, 390
high-density (HDL), 229, 256
low-density (LDL), 79, 229, 256

Liposome(s), 539, 549, 549
Litmus test, 28
Littoral zone(s)

of lakes, 733, 733
of seashores, 735, 735

Liver, 214, 222–223. See also under Hepatic
alcohol abuse and, 341
and blood glucose level, 408, 408

disorders of, 223
glycogen storage in, 33
and homeostasis, 223
peroxisomes in, 55
in red blood cell destruction, 252
transplant, 223

Liverworts, 602, 602
Lobes, of brain, 336, 336
Lobules, of breasts, 430, 430
Locomotion

of annelids, 631
of primates, 659

Logistic growth, 690, 690–691
S-shaped curve of, 690, 690–691

Long bone, 370, 371, 373
Long-term potentiation (LTP), 339–340
Loop of the nephron (loop of Henle), 308,

309
water reabsorption at, 312, 312

Loose fibrous connective tissue, 196, 197
Lorenz, Konrad, 675
Low-density lipoprotein (LDL), 79, 229, 256
Lower respiratory tract, disorders of, 296,

297–298
Lumbar nerves, 330, 331
Lumbar vertebrae, 376, 376
Lumen, 53, 217, 217
Lung(s), 285, 287. See also under Pulmonary

disorders of, 296, 296–298, 298, 342
gas exchange in, 73, 73, 287
stretch receptors in, 348

Lung cancer, 298, 298
mortality with, 342

Lunula, 205
Luteal phase, 427, 428
Luteinizing hormone (LH), 398, 400

in males, 423, 423
in ovarian cycle, 427, 427–428

Lymph, 254, 255, 264
Lymphatic capillaries, 255, 255, 264
Lymphatic duct, 264, 264
Lymphatic system, 202, 202, 264, 264–266.

See also Immunity
functions of, 264
homeostasis and, 208
organs of, 265, 265–266
vessels of, 264, 264

Lymph nodes, 265, 265
Lymphocytes, 249, 252

B, 251, 252, 268
and antibody-mediated

immunity, 269–271
characteristics of, 269
clonal selection theory and, 269,

269
maturation of, 268
and monoclonal antibodies, 276
stimulation of, 272

formation of, 251
in inflammatory reaction, 266
natural killer cells, 268
receptors on, 268
T, 251, 252

activation of, 272–273
and autoimmune disease, 279
and cell-mediated immunity, 268,

272
characteristics of, 273
clonal selection theory and, 273,

273
cytotoxic, 272–273, 275
and delayed allergic response,

276
and diabetes mellitus, 409
helper, 272–273
maturation of, 266, 268
production of, 411

Lymphoid tissue, 194, 196
Lymphokines, 412
Lymphoma, 194
Lysis, 74, 75, 575

in bacteriophage replication, 575, 575
Lysogenic cycle, 575, 575
Lysosome(s)

animal cell, 50
composition of, 49
definition of, 55
function of, 49, 54, 55
vesicle fusion with, 55
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Lysozyme, 575
Lytic cycle, 575, 575

M
Macroevolution, 556, 568
Macromolecules, in origin of life, 549
Macronutrients, 226
Macrophages, 252, 265–266, 267

engulfing bacteria, 252
HIV infection and, 436
stimulation of, 272

Macular degeneration, 360
Mad cow disease, 577
Magnetic resonance imaging (MRI), 339
Magnoliophyta, 600, 612
Major histocompatibility complex (MHC)

proteins, 70, 272
Malaria, 590

sickle-cell trait and, 484, 564
treatment of, 611
vaccine against, 274

Male(s)
competition among, 677–679, 679
courtship displays of, 676–677
dominance hierarchies of, 677, 677
secondary sex characteristics of, 423
territoriality of, 679

Male reproductive system, 420, 420–423
hormonal regulation of, 423, 423
organs of, 420–423, 423

Malleus (hammer), 362, 362
Malpighian tubules, 639
Maltase, 224
Malthus, Thomas, 560
Maltose, 32, 224
Mammal(s), 618, 656–657

characteristics of, 656
classification of, 646
evolution of, 554
heart of, 654
marsupials, 657
monotremes, 656–657
placental, 657
types of, 656–657

Mammary ducts, 430, 430
Mammary glands, 656
Mandible, 374, 375, 375
Mantle, mollusk, 628
Manubrium, 377, 377
Marchantia, 602, 602
Marijuana, 342, 611
Marine environment. See also Ocean(s)

divisions of, 738
research on, 758

Marsupials, 657
Mast cell(s), and inflammatory reaction,

266, 267
Mastoiditis, 374
Mating

courtship behavior, 674–677, 676
female choice in, 676–677, 677
male competition in, 677–679
nonrandom, in evolutionary change, 

562
Matrix

of blood, 198
of bone, 197, 197
of cilia and flagella, 60
of connective tissue, 196
of hyaline cartilage, 196, 197
of mitochondrion, 57, 57, 122, 122

Matter, definition of, 20
Maxillae, 374, 375, 375
MDCs. See More-developed countries
Mechanoreceptors, 348, 349
Medulla, renal, 307, 307
Medulla oblongata, 334, 335

in cardiac control, 245
Medullary cavity, 370, 371–372
Megagametophytes, 180, 181

of angiosperms, development of, 613
of conifers, 608, 609

Megakaryoblasts, 251
Megakaryocytes, 254
Megaspores, 180, 181

of angiosperms, 612, 613
of conifers, 609
of seed plants, 601, 601

Meiosis, 583, 583
allele separation during, 472
crossing-over in, 93, 93
definition of, 92, 92
genetic recombination in, 93, 93
in humans, 98, 98–99
I (first division in), 92, 92, 94, 94, 96
II (second division in), 92, 92, 94, 95, 96
independent assortment in, 93, 93, 475,

475
vs. mitosis, 96, 97
nondisjunction during, 489, 489–490
phases in, 94, 94–95
in plants, 601, 601
segregation in, 470, 475, 475

Meissner’s corpuscles, 351, 351
Melanin, buildup of, 407, 407
Melanocytes, 205
Melanocyte-stimulating hormone (MSH),

398, 400
Melanoma, 207, 207
Melatonin, 335

and circadian system, 682
functions of, 398
production of, 411

Membrane(s)
basement, 194, 195
basilar, 363, 363
body (human), 201
in chloroplast, 56, 57
extraembryonic, 451, 451, 653
otolithic, 364, 365
plasma. See Plasma membrane
pleural, 201, 290
serous, 201
synovial, 201
tectorial, 363, 363
thylakoid, 142, 142
tympanic, 362, 362

Memory, 338, 338–340
smell and, 353

Memory cells, and immunity, 269, 274
Mendel, Gregor, 470, 470, 471

laws of inheritance, 470–471, 475, 475
Meninges, 201, 332, 332–333
Meningitis, 201, 332
Menisci, 380, 380
Menopause, 430
Menses, 429
Menstruation

and endometriosis, 433
hormonal regulation of, 427, 428, 429
prostaglandins and, 412

Mental retardation, with cretinism, 403
Meristem(s), 154, 154

apical, 157, 182
primary, 158, 158
shoot apical, 158, 158

Meristematic tissue, 90
Meristem culture, 186
Mesentery, 201
Mesoderm, 618–619

in early development, 445
Mesoglea, of hydra, 623
Mesopelagic zone, 738, 738–739
Mesophyll

cells of, 138, 139, 146
functions of, 166
palisade, 163, 163
spongy, 163, 163

Messenger RNA (mRNA), 510–511, 516
codons for, 511
processing of, 512
and translation, 512–513, 514

Metabolic pathways, 108
and enzymes, 108
and oxidation-reduction, 112, 113

Metabolic pool, 127, 127
Metabolism

bacterial, 62, 577–578
definition of, 9, 106
energy transformations in, 106, 106–107
fat, 127–128, 400
fermentation, 129, 389
glucose, 118–126, 129, 143, 389
hormones and, 396, 403

Metamorphosis, 637
complete, 637
gradual, 637

Metaphase
in meiosis, 94, 94–95
in mitosis, 89, 89–90

Metastasis, 522
Methamphetamine, 343
Methane

as greenhouse gas, 750–751
production of, 579, 579

Methanogens, 579, 579
MHC proteins. See Major

histocompatibility complex proteins
Microevolution, 556, 558, 558
Microgametophyte, 180, 181

of angiosperms, 613
of conifers, 608, 609

Micronutrients, 226
Micropropagation, 186, 186
Microscope(s), 46, 46

light, 46–47
compound, 46

scanning electron, 46–47, 47
transmission electron, 46–47, 47

Microspheres, 549
Microspore(s), 180, 181

of angiosperms, 612
of conifers, 609
of seed plants, 601, 601

Microtubule(s), 58–59
animal cell, 50
in cilia and flagella, 60, 61
plant cell, 51
regulation of, 58, 60
in spindle, in cell division, 88
structure and appearance of, 59

Microvillus (microvilli), 219, 219
and actin filaments, 58
definition of, 48
function of, 194
in taste bud, 352, 352

Midbrain, 334, 335
Middle ear, 362, 362

infections of, 295, 360
Milk production, in breast, 430, 461, 461
Mimicry, 708, 708

Batesian, 708
Müllerian, 708

Mineral(s), 232, 232–233
required by plants, 171
transport in plants, 171

Mineralocorticoids, 405–406
functions of, 398

Missense mutations, 520
Mitochondrion (mitochondria)

animal cell, 50
ATP production in, 56–57, 125
carbon monoxide and, 253
composition of, 49, 56
cristae of, 57, 57, 122, 122, 125, 125
definition of, 57, 88, 122
electron transport system in, 124–125
function of, 49, 56, 112, 122, 122–126, 147
matrix of, 57, 57, 122, 122
muscle cell, 128
origin and evolution of, 63
plant cell, 51
in spermatozoa, 423
structure of, 57, 57, 122, 122–126

Mitosis
in animal cells, 88–89
cell cycle and, 86, 86–87, 87
definition of, 84
in humans, 98, 98
vs. meiosis, 96, 97
phases of, 88, 88–89, 89
in plant cells, 90, 90
process of, 84, 88–91

Mitral (bicuspid) valve, 242, 243
Mold(s)

slime, 583, 590–591, 591
water, 583, 591

Molecule(s)
crossing of plasma membrane by, 72,

72–79
definition of, 23
inorganic, 31
motor, 58
organic, 31
polar, 26

Moles, melanoma and, 207

Mollusks, 618, 628–630, 629
Molting, 634
Monera, 568, 568–569, 577–581. See also

Bacterium (bacteria)
classification of, 578–580
metabolism of, 577–578
reproduction of, 581
structure of, 577

Monoclonal antibodies, 276, 276
Monocots, 153, 153, 185, 612

vs. dicots, 153, 153, 185
embryo development in, 182
root, vascular ring of, 157, 157
stem, 158, 159

Monocotyledons, 153
Monocytes, 249, 252

formation of, 251
in inflammatory reaction, 266, 267

Monohybrid genotype, 473
phenotypic ratio with, 473

Monomer
condensation synthesis and hydrolysis,

32, 32
definition of, 31

Mononucleosis, infectious, 252
Monosaccharide, 32
Monosomy, 489
Monotremes, 656–657
Mons pubis, 425, 425
More-developed countries (MDCs)

age distribution in, 696, 696
population growth in, 695, 695–696, 696
resource consumption in, 697, 697

Morning-after pill, 433
Morphogenesis, 448–450

and pattern formation, 450
Morula, 444–445, 445, 452
Mosquito (Anopheles), and malaria, 590
Moss(es), 600, 602

dispersion of, 602, 603
habitats of, 602
life cycle of, 601, 601, 602, 603

Moth(s), industrial melanism in, 558, 563
Motion, perception of, 356
Motion sickness, 365
Motor areas, of cortex, 336, 336
Motor molecule(s), 58

types of, 58–59
Motor neuron(s), 322, 323, 386, 386, 388
Motor unit, 388
Mountains

biome changes on, 721
Mouth, 214–215, 215
Movement

cellular, 58, 58–59
of cilia and flagella, 60

MRI. See Magnetic resonance imaging
MS. See Multiple sclerosis
MSH. See Melanocyte-stimulating hormone
Mucous membranes, 201
Müllerian mimicry, 708
Multiple sclerosis (MS), 279, 323
Multi-regional continuity hypothesis, of

evolution, 663, 663
Mumps, 214–215
Muscle(s). See also specific muscles

and blood flow in veins, 248
fatigue, 388, 388, 389

in eyestrain, 355
innervation of, 386–387
and oxygen debt, 389
skeletal, 381–382, 382–383

antagonistic pairs of, 381, 381
attachment of, 381, 381

smooth, 199, 199
spindle, 388

and proprioception, 349–350, 350
tissue, 194, 199, 199
tone, 350, 388
twitch, 388

Muscle cell(s). See Muscle fiber(s)
Muscle contraction, 381, 384–385, 385–389

actin filaments in, 385, 385, 387, 387
ATP and, 104, 104, 381, 385, 385, 387,

387, 389
calcium and, 385, 386–387, 387
energy for, 389–391
exercise and, 391–392
laboratory observation of, 388
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and lymphatic vessels, 264
muscle fibers in, 384, 385–387, 391–392
myosin filaments in, 385, 385, 387, 387
physiology of, 388
proprioceptors and, 350
sliding filament theory of, 385
whole muscle, 388–389

Muscle fiber(s) (cells), 128, 199, 384, 385,
385

and actin filaments, 385, 385, 387, 387
contraction in, 384, 385–387, 391–392
innervation of, 386–387
and myosin filaments, 385, 385, 387, 387
neuromuscular junction and, 386, 386–387
slow-twitch vs. fast-twitch, 391, 391

Muscular dystrophy
Duchenne, 492, 494, 497

Musculoskeletal system, 203, 203, 370–392.
See also Bone(s); Muscle(s)

Mushroom(s), 594, 594
Mutagens, 520
Mutation(s), 491

and antibody diversity, 271
dynamic, 494
in evolutionary change, 559
viral, 574

Mutualism, 710, 711, 711
Mutualistic bacteria, 578
Myasthenia gravis, 279
Mycelium, 594, 594
Mycorrhizae, 596
Myelin, 200
Myelin sheath, 323, 323
Myocardial infarction, 258
Myocardium, 242
Myofibrils, 384, 385
Myoglobin, 389, 391
Myogram, 388, 388
Myosin filaments, 58, 199, 385

in muscle contraction, 385, 385, 387, 387
Myotonic dystrophy, 494, 494
Myxedema, 403

N
NAD. See Nicotinamide adenine

dinucleotide
NADH. See Nicotinamide adenine

dinucleotide
NADP. See Nicotinamide adenine

dinucleotide phosphate
NADPH. See Nicotinamide adenine

dinucleotide phosphate
Nail-patella syndrome, 500
Nails, 205, 205
Nasal cavity, 285, 285, 353, 353
Nasopharynx, 285, 285

and middle ear, 362
in swallowing, 216, 216

Natriuresis, 406
Natural family planning, 431
Natural killer cells, 268
Natural selection

and behavior, 676
Darwin’s theory of, 560–561, 561
direct, 683
directional, 562–563, 563
disruptive, 564, 564
and evolutionary change, 562–564
indirect, 683
sexual, 676
stabilizing, 562, 562

NE. See Norepinephrine
Neanderthals, 664
Nearsightedness, 359, 359
Negative feedback

in hormone regulation, 399–400
system, 209, 209

Neisseria gonorrhoeae, 438
Nematocysts, 622, 623
Nematodes, 450, 618
Neoplasia, and cancer cells, 522
Nephridia, 631–632
Nephrons, 307, 307, 308, 308–309
Neritic province, 738, 738
Nerve(s), 328

cranial, 328, 328
action of, 330, 331

functions, 200

optic, 354, 355
spinal, 328, 328, 376
structure, 200
vagus, 328, 330, 331

Nerve cord, in chordates, 646
Nerve fibers, 328
Nerve growth factor, 412
Nerve impulse, 324

and action potential, 324, 325
definition of, 324
and resting potential, 324, 325
and sensation, 348, 349

Nerve net, of hydra, 623
Nervous system, 203, 203, 321–343

autonomic, 330, 331, 331
central, 322, 322, 332, 332–335
development of, 447, 447, 453–454

control over, 449, 449
and endocrine system, 396
functions of, 200
and heartbeat regulation, 245
homeostasis and, 209
organization of, 322
parasympathetic, 330, 331
peripheral, 322, 322, 328–331
somatic, 329, 331
sympathetic, 330, 331
and urinary system, 305, 305

Nervous tissue, 194, 200, 200
Nested genes, in humans, 479
Nesting behavior, 672
Neural folds, 447
Neural plate, 447
Neural tube, 447
Neurofibromatosis, 479
Neuroglial cell(s), 200, 200, 322
Neurolemmocytes, 323
Neuromuscular junction, 386, 386
Neuron(s), 322

action potential of, 324, 325
axon of, 322, 323, 326
cell body of, 322, 323
dendrites of, 322, 323
description of, 200, 200
interneuron, 322, 323
motor, 322, 323, 386, 386, 388

autonomic, 322
somatic, 322

neuroglial cells and, 200
resting potential of, 324, 325
sensory, 322, 322–323
structure of, 322–323, 323

Neurosecretory cells, 400
Neurotransmitters, 326, 327

as environmental signals, 396, 396
psychosomatic drugs and, 341

Neurula, 447
Neurulation, 447, 447
Neutral fat, 34
Neutron, 20
Neutrophils, 249, 252

formation of, 251
in inflammatory reaction, 266, 267

Niacin (nicotinic acid), 230, 231
deficiency, 111

Niche, 703, 703
competitive exclusion principle and,

704–706
fundamental, 703
partitioning of, 706, 706
realized, 703

Nicotinamide adenine dinucleotide (NAD;
NADH), 120

in aerobic cellular respiration, 112, 120,
124

dehydrogenase complex, 125
in electron transport system, 124
and glycolysis, 120

Nicotinamide adenine dinucleotide
phosphate (NADP; NADPH), in
photosynthesis, 112, 138–139, 139,
140, 143, 145

Nicotine, 341–342
and cardiovascular disease, 256
and cataracts, 360, 365
and health, 299
and lung cancer, 298, 342

Nipple, of breast, 430, 430
Nitrate (NO3

-), 752

Nitrification, 752
Nitrite (NO2

-), 752
Nitrogen (N2)

and air pollution, 752–753
in amino acids, 37, 38
cycling of, 752, 752–753
gas, formation of, 24
in nucleic acids, 40
in proteins, 37, 38, 38
uptake by plants, biodiversity and, 173

Nitrogen cycle, 752, 752
human alteration of, 752–753

Nitrogen fixation, 752
Nitrogen oxides, in atmosphere, 752–753
Nitrous oxide (N2O), 750–751
Nodal tissue, 244
Node(s), 152, 152

of Ranvier, 323, 323, 324
of stem, 158

Noncyclic electron pathway, 140–141, 141
Nondisjunction, 489, 489, 489–490
Nonpoint sources, 740, 755, 755
Nonrandom mating, 562
Nonsense mutations, 520
Nonsteroid hormone, 397

cellular activity of, 397
Nonvascular plant(s), 600–602, 601
Norepinephrine (NE), 327

functions of, 398
and heartbeat regulation, 245
and motor pathways, 331, 331
secretion of, 396

Nose, 285, 285
Notochord, 447, 555, 646
Nuclear envelope, 52, 52, 63
Nuclear pore(s), 52, 52
Nucleic acid(s), 40–41

definition of, 40
digestion of, 225
DNA. See Deoxyribonucleic acid
function, 40
in origin of life, 549–550
RNA. See Ribonucleic acid
structure, 40–41

Nucleoid, bacterial, 62, 62, 577, 577
Nucleolus

animal cell, 50
composition of, 49
function of, 49
plant cell, 51
rRNA and, 52, 52

Nucleoplasm, 52
Nucleosome, 85
Nucleotide(s)

definition of, 40
in DNA, 40–41, 507
in RNA, 40–41

Nucleus (nuclei)
atomic, 20, 21
cell

animal, 50
composition of, 49, 52
DNA in, 52, 85, 85
eukaryotic, 85
function of, 49, 52
plant, 51
polar nucleus, 180, 181

true, 579
Nutrition, 226–235

and birth defects, 456
and bone strength, 464
and cancer, 523
and cardiovascular disease prevention,

256–257
and iron-deficiency anemia, 252
and vision, 356, 365

Nutrition labels, 36

O
Obesity, 234, 234

and cancer, 523
and diabetes mellitus, 409
and leptin blood levels, 411
and sodium-potassium transport

inability, 70
Occipital bone, 374, 374
Occipital lobe, of brain, 336, 336
Occupational hazards, and cancer, 523

Ocean(s), 736
benthic division of (seafloor), 738, 738,

739, 758
currents of, 736, 736
El Niño and La Niña in, 736–737, 737
pelagic division of (open waters), 738,

738–739
Oceanic province, 738, 738
Oceanic ridges, 739
Oil(s), 229

behavior in water, 34
composition of, 34
spills, 755
in water runoff, 758

Oil (sebaceous) glands, 204, 205, 266
Olestra, 229, 236
Olfactory cells, 353, 353
Olfactory epithelium, 353, 353
Oligochaetes, 632–633
Oligodendrocytes, 200, 200
Oligotrophic lakes, 732, 732
Omnivores, 136, 744
Oncogenes, 525
Oocyte(s), 427. See also Egg(s)

primary, 98, 99
production of, 424
secondary, 98–99, 99

Oogenesis, 98, 98, 98–99, 424
Oomycota, 583, 591
Ooplasmic segregation, 448
Oparin, Aleksandr, 548
Open circulatory system, 630, 635
Operant conditioning, 674–675
Operator, 518
Operon(s), 517–518

lac, 518
Opportunistic infection(s)

definition of, 436
in HIV-infected (AIDS) patients, 436

Opportunistic patterns, 694, 694
Optic chiasma, 358, 358
Optic nerve, 354, 355
Oral cavity, 214–215, 216
Oral contraceptive(s), 431, 431–432

male pill as, 432
morning-after, 433

Order (taxon), 568
Organelle(s)

energy-related, 56–57
eukaryotic, 49–60, 63
movement mechanisms, 58–59
origin and evolution, 63
prokaryotic (bacterial), 62
types, 49, 49

Organic molecule(s), 31–41
formation on primitive earth, 548–550

Organism(s)
characteristics of, 7
classification of, 13, 13

Organ level of organization, 618
Organochlorides, 755
Organ of Corti, 363, 363
Organoids, 540
Organ system(s), 202, 202–203

definition of, 7
homeostasis and, 208–209

Organ transplantation. See Transplant(s)
Orgasm

female, 425
male, 421

Origin, of muscle, 381, 381
Oscilloscope, 324
Osculum, 621, 621
Osmosis, 74, 74–75, 75

in animal cells, 74–75, 75
definition of, 74
and osmotic pressure, 74
in plant cells, 75, 75
and tonicity, 74–75

Osmotic pressure, 74, 208, 255
Ossicles, 362
Ossification, 372

endochondral, 372
intramembranous, 374

Osteichthyes, 618
Osteoarthritis, 380
Osteoblasts, 372
Osteoclasts, 372
Osteocytes, 197, 197, 370, 371
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Osteons, 197, 197, 370
Osteoporosis, 232

and aging, 464
estrogen levels and, 372
prevention of, 390

Otitis media, 295
Otolith, 364, 365
Otolithic membrane, 364, 365
Otosclerosis, 360
Outer ear, 362, 362
Out-of-Africa hypothesis, of evolution, 663,

663
Oval opening, 458–459
Oval window, 362, 362
Ovarian cycle, 426, 427, 427–429

follicular phase of, 427, 428–429
luteal phase of, 427, 428–429

Ovaries, 399, 399, 411
anabolic steroids and, 410
hormones released by, 398

Ovary(ies)
anatomy of, 424, 424, 426, 427
egg production by, 424
of pistil, 613, 614, 614
of plant, 180, 180, 181, 181

flowering, 613, 614, 614
Oviduct(s), 424, 424

blocked, 433
fertilization in, 424

Ovulation, 424, 426, 427, 428, 429, 429, 452
Ovule(s)

of angiosperms, 612, 613, 614, 614
of conifers, 608, 609
of plants, 180, 180, 181, 181

Oxidants, 289
Oxidation, 25, 112, 118
Oxidation phosphorylation, 124
Oxidation-reduction reaction, 25, 112, 118,

124
Oxygen (O2)

accumulation in atmosphere, 206, 206
in blood plasma, 249
in capillary exchange, 255, 255
diffusion through plasma membrane, 72
in electron transport system, 124
and gas exchange in lungs, 73, 73, 287,

287
in hemoglobin, 250, 294
in photosynthesis, 112, 138, 138, 140, 145
transport by red blood cells, 198
uptake, in exercise, 128

Oxygen debt, 128–129, 389
Oxyhemoglobin, 292
Oxytocin, 400

and lactation, 461–462
Ozone (O3)

atmospheric, harmful effects of, 753
stratospheric (shield), depletion of, 145,

206, 206, 756, 756
Ozone hole(s), 145, 206, 756, 756

P
Pacemaker, 244
Pacinian corpuscles, 351, 351
Pain

receptors, 348–349, 351
reduction of, endorphins and, 343, 390
referred, 351
sensation of, 266

Palate
hard, 214, 216
soft, 214

Palisade mesophyll, 163, 163
PAN. See Peroxyacetylnitrate
Pancreas, 222, 408

and diabetes. See Diabetes
exocrine and endocrine properties of,

194
hormones released by, 398
insulin-producing cells, engineered, 71
islets of Langerhans, 408–409
isolation of insulin from, 409
location of, 214, 399
and regulation of blood glucose level,

408
Pancreatic amylase, 222, 224
Papillae, 352
Pap test, 425

Paramecium (paramecia), 589, 589
competitive exclusion among, 706, 706

Paraplegia, 333
Parapodia, 631
Parasite(s), 710

bacterial, 578
viruses as, 574

Parasitism, 710, 710
Parasympathetic nervous system, 330, 331

and heartbeat regulation, 245
Parathyroid glands, 398, 399, 399, 404
Parathyroid hormone (PTH)

functions of, 398
release of, 404, 404

Parenchyma cells, 154, 155, 163
Parietal lobe, of brain, 336, 336
Parkinson disease, 80
Parturition, 460
Passive transport, 72, 72
Paternity, proof of, blood typing and, 482
Pathogen(s)

barriers to entry of, 266
breakdown of, 272
complement system and, 268, 268
definition of, 250, 266
epithelial tissue protection from, 194
in vaccines, 274

Pattern formation, and morphogenesis, 450
Pectoral girdle, 378, 378
Pedigree chart

autosomal dominant, 478, 478
autosomal recessive, 478, 478
use of, 478
for X-linked recessive disorders, 497, 497

Pelagic division, 738, 738
Pellagra, 230

deficiency, 111
Pellicle, 587, 587, 589, 589
Pelvic girdle, 379, 379

in females, 430
Pelvic inflammatory disease (PID)

gonococcal, 439
and infertility, 433

Penicillin, 582, 595, 595
Penis, anatomy of, 420, 421, 421
Pepsin, 110, 110, 218, 224
Peptide(s), 37–38

and hormones, 411
Peptide bond, 37–38
Peptidoglycan, 62
Perception, 348

of motion, 356
Pericardial cavity, 201, 201
Pericardium, 242
Pericarp, 183, 185
Pericycle, 156, 157, 157
Periodic table of elements, 20, 20–21
Periodontitis, 215, 220
Periosteum, 370, 371

developing, 372
Peripheral nervous system (PNS), 322,

328–331
autonomic, 330, 331, 331
organization of, 322
somatic, 329, 331

Peripheral protein(s), in plasma membrane,
68, 69–70

Peristalsis, 217, 220
Peritoneum, 201, 314
Peritonitis, 201, 220
Peritubular capillary network, 308, 308
Peroxisome

animal cell, 50
composition of, 49, 55, 55
function of, 49, 55
plant cell, 51

Peroxyacetylnitrate (PAN), 753
Pesticides, 187
Petals, 180, 180, 613, 614, 614
Petiole, 152, 163
Peyer’s patches, 217
PG. See Prostaglandins
PGAL (glyceraldehyde-3-phosphate),

143–145, 144–145
p53 gene, 87

and cancer, 525
in gene therapy, 540

pH
of blood, 29, 208, 348

chemoreceptors and, 348, 352
maintenance of, 305, 315, 315
regulation of, 250
scale, 29, 29
of seminal fluid, 421
of stomach, 218, 220, 266

Phaeophyta, 583, 585
Phagocytic cells, 252
Phagocytosis, 72, 78, 78, 252, 252

by amoeboids, 588
by slime mold, 590
temperature and, 266
by white blood cells, 588

Pharynx, 216, 285, 285
of earthworms, 632

Phenotype
with codominance, 482
definition of, 472
genotype and, 472, 473, 476, 476, 477
with incomplete dominance, 483, 483
polygenic inheritance and, 481, 481

Phenylketonuria (PKU), 480
and gene expression, 510

Pheromones, 396, 680, 680
Phlebitis, 248
Phloem, 155, 155–156, 157, 159, 174

definition of, 604
primary, 158, 158, 161
secondary, 161, 161
translocation in, pressure-flow theory

of, 174–175
Phosphate(s)

in ATP, 41
ions, cycling of, 754
in nucleic acids, 40
in phospholipids, 35
protein activation by, 86
significance to body, 23

Phospholipid(s)
bilayer, 35, 35, 49, 68, 68, 69
production by smooth ER, 53

Phosphorus cycle, 754, 754–755
Phosphorylation, of enzyme, 110
Photoautotrophs, 744
Photochemical smog, 289, 753
Photoperiodism, 178. See also Biological

clock
in plants, 178–179

Photoreceptor(s), 348, 349, 356
of euglenoids, 587, 587
function of, 354, 355
of plants, 179
structure of, 356, 356

Photosynthesis, 112, 136–147
vs. aerobic cellular respiration, 147, 147
in algae, 583
and ATP formation, 142
bacterial, 140, 578, 580, 744
CAM, 146
and carbohydrate synthesis, 143–145
chloroplasts in, 56, 138–139
C3 vs. C4, 146
equation for, 56, 112, 138, 145, 147
food produced through, 136
in leaves, 163
light-dependent reactions in, 138
light-independent reactions in, 138
organelles for, 139
reactants in, 143–144
solar energy in, 56, 112, 136–138,

140–142
Photosynthesizers, 744
Photosystem, 140–141
Phototropism, 176–177, 177
Phyletic gradualism, 567, 567
Phylum (phyla; taxon), 568

of animals, 618
Phytochrome, 179, 185
Phytoplankton, 733, 733

and fuel oil hydrocarbons, 758
PID. See Pelvic inflammatory disease (PID)
Pigment(s)

bile, 252
in plants, 55, 57
respiratory, 250
visual, 356

Pill, birth-control, 431, 431–432
male, 432
morning-after, 433

Pineal gland, 399, 399, 411
hormone released by, 397, 398

Pine tree, life cycle of, 608, 609
Pinocytosis, 72, 78, 78–79
Pioneer species, 712
Pistil, 180, 180–181, 614, 614

of angiosperms, 613
Pith, 157, 157

functions of, 166
in herbaceous stem, 158
of woody plant, 160, 160–161

Pits, tracheid, 154, 154, 170
Pituitary dwarf, 402
Pituitary gland

anterior, 427, 427–428, 430
control by female sex hormones, 427,

427–428, 430
control by hypothalamus, 396, 399–400,

401
and gonads, 411
hormones released by, 398
posterior, 398, 400

PKU. See Phenylketonuria
Placenta

anatomy of, 455, 455
expulsion of, 460, 461
and fetal circulation, 458, 459
formation of, 425
function of, 429, 455
hormone production by, 429
passage through, 455

Placental mammals, 657
Planarians, 624, 624–626
Plankton, 733
Plant(s)

vs. algae, 600
alternation of generations in, 180,

180–181
angiosperms, 600, 600
antipredator defenses of, 708, 708
biotechnology products from, 535
C3, 146
C4, 146
cellulose in, 33, 33, 49
cell wall, 33, 33, 49, 51. See also Cell wall
characteristics of, 600, 600–601
classification of, 568, 600
day length and, 178–179, 179
dicot. See Dicots
dioecious, 180
ecologic importance of, 610–611
endangered, preservation of, 614
flowering, 152–153, 180–187, 181, 600,

610
genetic engineering of, 178, 187, 535
growth of

primary, 160
secondary, 160–161

growth regulators, 177, 177–178
gymnosperms, 600, 600
hormones in, 176, 176
insectivorous, 165
leaves, 152, 152, 163. See also Leaf
life cycle of, 181, 583, 583, 601, 601, 602,

604
medicinal, 611
monocot vs. dicot, 153, 153. See also

Dicots; Monocots
monoecious, 180
nonvascular, 600–602, 601
nutrients for, inorganic, 171, 171
organization of, 152, 152–165
organs of, 152, 152
photosynthesis in. See Photosynthesis
physiology, 170–187
propagation in tissue culture, 186,

186–187
reproduction in

asexual, 186–187
sexual, 180–185

responses to environmental stimuli,
176–179

roots of, 152, 152. See also Root(s)
seed, 601, 601, 608–614
seedless, 600, 600, 601, 604–606
shoot system of, 152, 152
starch in, 32, 33
stems of, 152, 152. See also Stem(s)
structure of, 152, 152–165
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tissues of, 154–155, 166. See also
Tissue(s), plant

transport in
of minerals, 171
of organic nutrients, 174–175
of water, 154–161, 163, 170–172,

174–175
uses of, 610–611
vascular, 601, 601, 604, 606–614
viruses, 577
woody, 160, 160–161, 161

Plantae, 568, 568–569, 600
Plant cell(s), 49, 49, 51

anatomy of, 49, 49, 51
cell division in, 90, 90–91
cell wall of, 33, 33, 49, 90. See also Cell

wall
chloroplasts in, 56–57
cytokinesis in, 90, 91
mitochondria, 56–57
mitosis in, 90, 90
osmosis in, 75, 75
peroxisome, 55
pigment, 55, 57
plasma membrane of, 49, 51, 69
plastids, 57, 154
turgor pressure in, 75
types of, 154, 154–155
vacuole, 55

Plaque, arterial, 229, 257, 257
Plasma, blood, 198, 198, 249, 254

composition of, 249, 249
proteins in, 222, 249, 250

in capillary exchange, 255, 255
function of, 249
and immunity, 268

Plasma cell, 269
Plasma membrane, 49, 68–79

in animal cell, 49, 50, 69
in bacteria, 62, 62
in binary fission, 91
and cell recognition, 70, 70
composition, 49, 68–69
diffusion across, 74–75
evolution, 63, 63
fluidity of, 69
fluid-mosaic model of, 68, 68
function of, 49
osmosis through, 74–75, 75
permeability, 72, 72
phospholipids in, 35, 35, 49, 68, 68, 69
in plant cell, 49, 51, 69
proteins in, 68, 68–69, 69, 70, 70, 76–77
and receptors, 70, 348
structure of, 68–70
transport through, 72, 72–79
and turgor pressure, 75

Plasmid(s), 530
in bacteria, 62, 530, 577, 577
in gene cloning, 530, 530

Plasmin, 254
Plasmodesma (plasmodesmata), 155, 174
Plasmodium, 590, 591
Plasmolysis, 75
Plastids, 57, 154
Platelet-derived growth factor, 412
Platelets (thrombocytes), 198, 198, 249, 

249
formation of, 251, 254

Platyhelminths, 618
Pleural cavities, 201, 201
Pleural membranes, 201, 290
Pleurisy, 201, 290
Pneumonectomy, 298
Pneumonia, 296, 297, 436, 590
PNS. See Peripheral nervous system
Podocytes, 309
Point mutations, 520, 520
Point sources, 740, 755, 755
Poisoning, carbon monoxide, 253
Polar body, 98
Polarity, and water, 26
Polar molecule, 26
Polar nuclei, 180, 181
Pollen cone(s), of conifers, 608, 609
Pollen grain(s), 180, 181

of angiosperms, 612, 613
of conifers, 608, 609
dicot, 153, 153

monocot, 153, 153
of seed plants, 601, 601

Pollen sac(s), 180, 181
of angiosperms, 612, 613

Pollen tube(s)
of angiosperms, 613
of conifers, 608, 609

Pollination, 180–181
of angiosperms, 612, 613
of conifers, 608, 609

Pollinators
and angiosperms, 612
protection of, 187

Pollution, 148
air. See Air pollution
water, 740, 754–755, 755, 758

Polygenic disorders, 481–482
Polygenic inheritance, 481–482

and phenotype, 481, 481
of skin color, 481

Polymer
condensation synthesis and hydrolysis,

32, 32
definition of, 31

Polymerase chain reaction, PCR, 532, 532,
533

Polyp(s), 221
body form of, 622, 622

Polypeptide(s)
definition of, 38
evolution of, 549–550

Polyribosome(s)
definition of, 53
structure of, 515, 515

Polysaccharides, 32–33
Pons, 334, 335
Population(s). See also Community(ies)

age distributions of, 696, 696
biotic potential of, 690
carrying capacity of, 691
characteristics of, 690–691
definition of, 7, 10, 556, 688, 702
equilibrium, 694, 694
human, 12, 689, 691, 695, 695–696, 696
life history patterns of, 694, 694
opportunistic, 694, 694

Population density, 689
predator/prey cycles and, 707, 707

Population distribution, 689
by age, 696
clumped, 689, 689
human, 689
patterns of, 689, 689
random, 689, 689
uniform, 689, 689

Population genetics, 556–558
Population growth, 148

age-structure diagrams, 696, 696
biotic potential and, 690
carrying capacity and, 691
doubling time and, 695
environmental resistance to, 690
in equilibrium species, 694, 694
exponential, 690, 690, 691
human, 695, 695–697, 696
J-shaped curve of, 690, 690, 695, 695
logistic, 690, 690–691
in MDCs vs. LDCs, 695, 695–696, 696
in opportunistic species, 694, 694
patterns of, 690, 690–691
per capita rate of increase and, 690
replacement reproduction and, 696
S-shaped curve of, 690, 690–691
survivorship curves and, 691, 691
zero, 695–696

Population size
doubling time of, 695
factors regulating, 692

Pore(s)
nuclear, 52, 52
of sponges, 621, 621

Porifera, 618, 620, 621
Positive feedback, 209

in hormone regulation, 400
Posterior pituitary gland, 398, 400
Postmating isolating mechanism, 565, 565
Posttranscriptional control, 517
Posttranslational control, 517
Posture, 349–350, 388

Potassium and potassium ion(s), 232, 233
in active transport, 77, 77, 172
ion, in opening and closing of stomates,

172, 172
and sodium-potassium pump, 70, 77, 77,

324
Potential energy, 104
Precipitation

in determination of biomes, 718, 720–721
and mountains, 719, 719
and rain shadow, 719, 719

Predation, 707–708
and biodiversity, 713
definition of, 707
and predator/prey population cycles,

707, 707
and prey defenses, 708, 708

Predator(s), 707
keystone, 713
mimicry of, 708, 708
population cycles of, 707, 707
prey defenses against, 708, 708

Predator/prey cycles, 707, 707
Prefrontal area, 336, 336, 338

and memory, 339
Pregnancy, 429

alcohol effects during, 341, 457
and birth defects, 456–457
cannabis effects during, 342
events during. See Human development
identification of, 276
Rh-immunoglobulin injection in, 279
smoking during, 456

Premating isolating mechanism, 565, 565
Premutation, in human genetic disease, 494
Pressure, sense of, 349
Pressure-flow theory, of phloem transport,

174–175, 175
Pressure receptors, 348

types of, 351, 351
Prey species, 707

defenses of, 708, 708
mimicry by, 708, 708
population cycles of, 707, 707

Primary consumers, 744
Primary growth, of plant, 160
Primary motor area, 336, 336
Primary oocyte, 98, 99
Primary somatosensory area, 336, 336
Primary succession, 712
Primate(s), 618

classification of, 659
evolution of, 658

Prime mover, 381
Primitive streak, 453
Principle, scientific, 5
Prion(s), 577
PRL. See Prolactin
Probe(s), of genomic library, 532
Procambium, 158, 158
Producers, 744

energy flow and chemical cycling in, 
745

Profundal zone, 733, 733
Progesterone, 411

actions, in females, 430
in birth-control pills, 431, 433
blood level, maintenance of, 427
cellular activity of, 397
in contraceptive implants, 432
in early pregnancy, 429
in females, 430
function of, 398, 411
in ovarian cycle, 426, 427, 427–428

Proglottids, 626
Programmed cell death (PCD). See

Apoptosis
Prokaryote(s), 62, 577, 579. See also

Bacterium
cell division in, 91
classification of, 568
evolution of, 551
transcriptional control in, 517, 517–519

Prolactin (PRL), 398, 400, 430
Promoter, in operon model, 518
Prophage, 575, 575
Prophase

in meiosis, 94, 94–95
in mitosis, 88, 88–89, 90

Proprioceptors, 348–349
types of, 350

Prosimians, 659
Prostaglandins (PG), 396, 412

in morning-after pills, 433
in seminal fluid, 421

Prostate gland, 306, 306, 420, 420–421
disorders of, 306, 315

Protease, HIV, 435, 436
Protein(s)

amino acids in, 37, 556
in bone, 197
carrier, 70, 70, 72, 76–78
cell cycle regulation by, 86–87
channel, 70, 70, 72
in chromosomes, 85
complement, 268
in connective tissue, 196
definition of, 37, 516
denaturation of, 38
dietary, 31, 226, 228–229

complementary, 228
digestion of, 218, 224, 225
enzymatic, 37, 70, 70
functions of, 68–70, 70
gluten, 277
histone, 85
hormone receptor, 397, 397
integral, 68, 69
major histocompatibility complex

(MHC), 70, 272
motor molecules, 58–59
peripheral, 68, 69
plasma, 222, 249

function of, 249
and immunity, 268

in plasma membrane, 68, 68–69, 69, 70,
70

receptor, 70, 79, 348, 349, 352
structure of, 37–38

levels of organization, 38, 39
supplements, 229
synthesis of

endoplasmic reticulum in, 53
regulation of, 400
ribosomes in, 53
RNA and, 40

transport, 70, 70, 72
types of, 68–70, 70
zinc-finger, 232

Protein-first hypothesis, for origin of life,
549–550

Protein gradients, and morphogenesis, 450
Prothallus, 607
Prothrombin, 254
Protista, 583–591

classification of, 568, 568–569, 583
life cycles of, 583

alternation of generations, 583,
583, 585, 585

diplontic, 583, 583, 585
haplontic, 583, 583, 584, 584, 592,

592
Protocell, 549, 549, 550, 550
Protoderm, 158, 158
Proton, 20
Protonema, 602, 603
Proto-oncogenes, and cancer, 524, 525
Protoplast(s), 187, 535
Protostomes(s), 619, 628, 628
Protozoan(s), 588–590

classification of, 583, 588
vacuole in, 55

Proximal convoluted tubule, 308, 309, 309
Pseudocoelom, 619, 626, 626
Pseudopods, 58, 588
Pseudostratified epithelium, 194, 195
PTH. See Parathyroid hormone
Puberty, melatonin and, 411
Pubis, 379, 379
Pulmonary arteries, 243, 243, 246, 246
Pulmonary circuit, 246
Pulmonary disorders, 295, 296, 297–298
Pulmonary fibrosis, 296, 297
Pulmonary tuberculosis, 296, 297
Pulmonary veins, 243, 243
Pulp, 215, 215

of spleen, 265, 265
Pulse, 244
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Pump. See also Sodium-potassium pump
Punctuated equilibrium, 567, 567
Punnett square

definition of, 473
for population genetics, 557
for two-trait cross, 477, 477
use of, 473, 473, 492
for X-linkage problem, 496, 497

Pupa, 637
Pupil, 354, 354
Purines, 508
Purkinje fibers, 244, 245
Pus, 266
Pyramids

ecological, 747, 747–748
Pyrenoid, 584, 584, 587, 587
Pyrimidines, 508
Pyruvate

breakdown of, 122
definition of, 119
formation of, 120
reduction, in fermentation, 129

Q
Quinine, 611

production in cell suspension cultures,
187

R
Radial keratotomy (RK), 359
Radial symmetry, 619, 622
Radiant energy. See also Solar energy
Radiation

and cancer, 523
ultraviolet (UV)

and eye disorders, 360, 365
ozone depletion and, 756
protection from, 207
skin cancer and, 207
types of, 207

Radicle, 182, 185, 185
Radioactive dating techniques, 553
Radioactive isotopes, 21
Radiotelemetry, 678, 678
Raggiana birds of paradise, 676, 676
RAS. See Reticular activating system
ras genes, and cancer, 525
Rays, 650
RB genes, and cancer, 525
Reaction(s)

anabolic, 127
catabolic, 127
coupled, 106, 106–107
covalent, 24, 24–25
degradative, 109, 109
endergonic, 106, 106–107, 107
enzymatic, 106
exergonic, 106, 106–107, 107
fermentation, 129
inflammatory, 266, 267, 396, 406
ionic, 22, 23, 23
light-dependent, 138, 140, 140–141, 141,

143
light-independent, 138, 144, 144–145
oxidation-reduction, 25, 112, 118, 124
polymerase chain, 532, 532, 533
redox, 25
reversible, 106
synthetic, 109, 109
transition, 119, 119, 122

Receptor(s). See Chemoreceptors;
Photoreceptor(s); Sensory receptors

Receptor-mediated endocytosis, 79, 79
Receptor protein(s), 70, 79, 348, 349, 352
Recessive allele(s)

definition of, 472
letters signifying, 472

Recombinant DNA technology, 530–532
Recombinant genes, and linkage groups,

500, 501
Rectum, 214, 220, 221
Recycling, paper, 162
Red blood cell(s) (erythrocytes), 198, 198,

249, 249, 250–252
agglutination of, 278, 278
appearance in micrographs, 46–47
in blood clotting, 254

hemolysis, 74
homeostasis and, 208
in hypertonic solution, 75
in hypotonic solution, 74
insufficient, 252
life cycle of, 252
physiology of, 250
production of, 250, 251

Red bone marrow, 265, 266, 370
blood cell formation in, 250, 251

Red bread molds, 593
Red deer, territorial behavior of, 679, 679
Redox reaction, 25
Red tide, 586, 586
Reduction, 118

definition of, 25, 112
oxidation-reduction reaction and, 25,

118
Referred pain, 351
Reflex action, 216, 329, 329, 350
Refractory period, 324, 421
Regeneration

definition of, 621
in sponges, 621

Reindeer moss, 595
Rejection, transplant, 71, 210, 279
Renal artery, 304, 304, 307
Renal cortex, 307, 307
Renal medulla, 307, 307
Renal pelvis, 307, 307
Renal vein, 304, 304, 307
Replacement reproduction, 696
Replication

DNA, 84, 86, 92, 509, 509, 532, 532,
533

virus, 575–577
Reproduction

of algae, 584, 584, 585
of angiosperms, 612, 613
asexual. See Asexual reproduction
of bacteria, 581, 581
of ciliates, 589
of club fungi, 594, 594
definition of, 9
differential, and natural selection, 562
of ferns, 606, 607
human. See Human reproduction
of imperfect fungi, 595, 595
of liverworts, 602
of plants, 180–187
of protozoans, 588
replacement, 696
of reptiles, 653, 653
of sac fungi, 593, 593
sexual. See Sexual reproduction
of sponges, 621
of sporozoa, 590
of viruses, 575–577
of zygospore fungi, 592, 592

Reproductive behavior
altruistic, 683–684
in birds, 672, 676, 676–677, 684
female choice in, 676–677
male competition as, 677–679
and sexual selection, 676

Reproductive system, 203, 420–440. See also
Female reproductive system; Male
reproductive system

aging and, 465
Reptile(s), 618, 653

classification of, 646
evolution of, 551, 554
reproduction of, 653, 653

Resource consumption, in MDCs vs. LDCs,
697, 697

Resource partitioning, 706, 706
Respiration, 284, 288–291, 291

in birds, 655, 655
cellular. See Cellular respiration
external, 292, 293
internal, 292, 293
nervous control of, 290
organs of, 284–287

Respiratory center, 290
Respiratory system, 202, 202, 283–301

disorders of, 295–298
functions of, 288–294
homeostasis and, 208, 284
organs of, 284–287

Respiratory tract, 284, 284–287
lower, disorders of, 296, 297–298
upper, 285

ciliated cells in, 266
infections of, 295

Restriction enzyme(s)
in DNA fingerprinting, 533, 533
in gene cloning, 530, 530–531

Restriction fragment length polymorphism
(RFLP), 533

in gene mapping, 538
Reticular activating system (RAS), 335, 335

connective tissue, 196
fibers, 196, 266
formation, 335

Retina, 354, 355
anatomy of, 357
disorders of, 360
integration of visual signal in, 357, 357

Retinal, 356, 356
Retrovirus(es)

characteristics of, 576
definition of, 436
diseases caused by, 576
in gene therapy, 539–540
replication of, 576, 576

Reverse transcriptase, 435, 436, 576, 576
and origin of true cell, 550
in preparation of genomic library, 

532
RFLP. See Restriction fragment length

polymorphism
Rheumatic fever, 244
Rheumatoid arthritis, 279, 380

cause of, 201
Rh factor, 278–279

inheritance of, 482
Rhizoid(s)

of black bread mold, 592, 592
of liverworts, 602
of mosses, 602, 603

Rhizome(s), 164, 164, 186
of club moss, 605, 605
of ferns, 606
of horsetails, 605, 605
of whisk fern, 604, 604

Rhizopus stolonifer, 592, 592
Rhodopsin, 356, 356
Rhyniophyta, 604
Rib cage, 290, 377, 377

functions of, 373
Riboflavin (Vitamin B2), 230, 231

deficiency of, 111
Ribonucleic acid (RNA), 510

definition of, 40
vs. DNA, 510
and endosymbiotic hypothesis, 63
formation of, 511
function of, 40, 510–511
messenger (mRNA), 510–511

codons for, 511
definition of, 516
processing of, 512
and translation, 512–513, 514

nucleotides in, 40
ribosomal (rRNA), 510

definition of, 516
production of, 52
and ribosomes, 53
taxonomy based on, 578–579

and RNA-first hypothesis, for origin of
life, 549

structure of, 40–41, 41, 510, 510
transfer (tRNA), 510

definition of, 516
and translation, 512–513, 514

Ribonucleic acid (RNA) polymerase, 512
Ribose, 40
Ribosomal ribonucleic acid (rRNA), 510

definition of, 516
production of, 52
and ribosomes, 53
taxonomy based on, 578–579

Ribosome(s), 513
animal cell, 50
bacterial, 62, 62, 577, 577
composition and function of, 49, 52–53
definition of, 53
eukaryotic vs. prokaryotic cell, 63

plant cell, 51
on rough ER, 53, 53

Ribozyme(s), 512, 549–550
Ribulose bisphosphate (RuBP), 143,

143–144, 144, 145
Rickets, 230, 230
Right vs. left brain, 340
Ringworm, 591, 595
Rivers, 731, 731
RNA. See Ribonucleic acid
RNA-first hypothesis, for origin of life,

549–550
Rockweed (Fucus), 585, 586
Rocky shores, 735, 735
Rod cells, 348, 355

function of, 354
and ganglion cells, 357
location in retina, 357, 357
structure of, 356, 356
visual pigment in, 356

Root(s)
amyloplasts in, 57
branch (secondary), 157, 157
cap, 157
dicot, 156, 157
of ferns, 606
function of, 166
of gymnosperms, 608
hairs, 154, 156, 157
modified, 164
monocot, 157, 157
organization of, 156–157
primary, 164
prop, 185
sugar buildup in, 174–175
symbiotic relationship with fungi, 596
tip, 156
tissues of, 157
vascular, 604
vascular ring of, 157
zones of, 156, 157

Root pressure, 170
Root system

fibrous, 164
of plant, 152, 152

Rough endoplasmic reticulum, 49–51, 53,
53

Roundworm(s), 618, 626, 626–627
body plan and skeleton of, 626
comparison with other animals, 640
diversity of, 627
infections caused by, 627

rRNA. See Ribosomal ribonucleic acid
r-selected pattern, 694
RU-486, 433
RuBP. See Ribulose bisphosphate
Runners, of plant, 164, 164

S
Sac body plan, 623–624
SAD. See Seasonal affective disorder
Safe sex, 437
St. John’s wort, 130
Salivary amylase, 215, 224
Salivary glands, 214, 214–215, 399
Salt. See also Sodium and sodium ion(s)

and cancer, 523
crossing of plasma membrane, 74–75, 77
and hypertonicity, 75
and hypotonicity, 74

Saltatory conduction, 324
Salt marshes, 734, 734, 735
Salt-water balance, 305

maintenance of, 312, 312–313
Saltwater biomes, 731
Sandy beaches, 735, 735
SA (sinoatrial) node, 244, 245
Saprotrophs, 578
Sapwood, 160, 161
Sarcodina, 583, 588
Sarcolemma, 384, 385–386
Sarcoma, 194
Sarcomeres, 384, 385
Sarcoplasmic reticulum, 384, 385–386
Saturated fatty acid(s), 34

dietary intake of, 229
Savannas, 728, 729, 744
Scanning electron micrograph (SEM), 47
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Scanning electron microscope, 46–47, 47
Schistosoma, 625, 625
Schistosomiasis, 625, 625
Schizocoelomates, 628
Schwann cells, 323, 323
Scientific name, 568
Sclera, 354, 354
Sclereids, 154
Sclerenchyma cells, 154, 155
Scolex, 626
Scoliosis, 376
Scorpions, 639, 639
Scrapie, 577
Scrotal sacs, 420, 420
Scrotum, 420, 420, 422
Scurvy, 230
Sea anemone, 622, 623
Sea cucumber, 644
Sea lettuce, 585
Seashores, 735, 735
Seasonal affective disorder (SAD), 411, 682
Seasons, cause of, 718, 718
Sea star, 645, 645

fertilization in, 444, 444
Sea urchin, 644
Seaweed, 585, 586, 587
Sebaceous glands, 204, 205, 266
Sebum, 205
Secondary consumers, 744
Secondary growth, 160–161, 161
Secondary oocyte, 98–99, 99
Secondary sex characteristics

female, 430
male, 423

Secondary succession, 712, 712
Second law of thermodynamics, 745
Secretin, 220
Secretion, definition of, 304
Sedimentary cycle, 748
Sedimentation, 551
Seed(s), 181, 181, 601, 601

of angiosperms, 608, 612, 613
of conifers, 608, 609
covered, 613
definition of, 608
dispersal of, 184
dormancy of, 184
fruits and, 183
germination of, 184–185
of gymnosperms, 608
structure of, 608

Seed coat, 181, 181, 184
Seed cone, 608, 609
Seed fern, 554
Segmentation, 619
Segregation, Mendel’s law of, 470, 475, 475
Selenium, 232, 233
SEM. See Scanning electron micrograph
Semantic memory, 338
Semen, 420–421
Semicircular canals, 362, 362

and dynamic equilibrium, 364, 365
Semilunar valves, 242–243, 243
Seminal

fluid, 420–421
vesicles, 420, 420

Seminiferous tubules, 422, 422–423
Sensation, 200, 348, 349
Senses, 347–348

chemical, 352–353
cutaneous, 351
somatic, 349–351
special, 349, 349

Sensitive period, in imprinting, 675
Sensory adaptation, 348–349
Sensory areas in brain, 336, 336, 338
Sensory neurons, 322, 322–323
Sensory receptors, 205, 214, 323

definition of, 348
in ear, 362–363

damage to, 360, 361
in eye, 348, 349, 354, 355–356, 356
negative feedback control and, 209, 209
in skin, 348, 351, 351
types of, 348

Sepal(s), 180, 180, 613, 614, 614
Septum, cardiac, 242, 243
Serosa, 217, 217
Serotonin, 343

Serous membranes, 201
Sertoli (sustentacular) cells, 422, 423
Serum, 254, 254
Serum sickness, 275
Sessile animals, 619
Sessile filter feeders, 631
Setae

of annelids, 631
of earthworms, 632

Severe combined immunodeficiency, gene
therapy for, 539

Sex chromosomes
definition of, 488
genes for sexual development, 496
inheritance of, 492–493

abnormal, 492–493
nondisjunction of, 489, 492
number of, abnormal, 492

Sex hormones. See also specific hormones
blood level, maintenance of, 423, 427
in female, pituitary control by, 427,

427–428, 430
and female reproductive system, 427–430
functions of, 398
and male reproductive system, 423
production of, 400, 405, 411

Sex-influenced trait(s), 499, 499
Sex-linked trait(s)

definition of, 496
genotypes for, 496
inheritance of, 496, 496–499

Sexually transmitted disease(s) (STDs),
435–440

prevention of, 432
treatment of, 435
types of, 274, 435–440
viral, 435

Sexual reproduction
by bacteria, 581
of ciliates, 589
of club fungi, 594, 594
definition of, 9
in flowering plants, 180–185
of green algae, 584, 584, 585
Hardy-Weinberg law and, 556–558
in humans. See Human reproduction
of liverworts, 602
of protozoans, 588
of sac fungi, 593
of sponges, 621
of sporozoa, 590
of zygospore fungi, 592, 592

Sexual response
female, 425
male, 421

Sexual selection, 676
Seymouria, 551
Sharks, 650
Shoot apical meristem, 158, 158
Shoot system, 152, 152
Shoulder (pectoral) girdle, 378, 378
Shrublands, 728, 728
Sickle-cell disease

as gene mutation, 520, 520
inheritance of, 483, 483–484
signs and symptoms of, 483–484
treatment of, 484

Sickle-cell trait
incomplete dominance of, 483, 483–484
and malaria survival, 564
protective effect against malaria, 484

Sieve-tube element(s), 155, 155
of phloem, 159, 174, 174
of plant, 155

Sigmoid colon, 214, 220
Silent mutations, 520
Simple goiter, 403, 403
Sinoatrial (SA) node, 244, 245
Sinuses, 285, 285, 374
Sinusitis, 295
Skeletal muscle(s), 199, 199, 381–382,

382–383
antagonistic pairs of, 381, 381
attachment of, 381, 381
and blood flow in veins, 248
contraction of, 199, 381, 384–385,

385–388
actin filaments in, 385, 385, 387,

387

ATP and, 104, 104, 381, 385, 385,
387, 387, 389

calcium and, 385, 386–387, 387
energy for, 389–391
exercise and, 391–392
laboratory observation of, 388
and lymphatic vessels, 264
muscle fibers in, 384, 385–387,

391–392
myosin filaments in, 385, 385, 387,

387
physiology of, 388
proprioceptors and, 350
sliding filament theory of, 385
whole muscle in, 388–389

and exercise, 391–392
functions of, 381
innervation of, 386–387
spindles in, 349–350, 350, 388

Skeleton
appendicular, 378–379
attachment of muscles to, 381, 381
axial, 374–377
bones of, 373, 373–379
functions of, 373
of vertebrates, 649

Skill memory, 338
Skin, 202, 204–205

accessory structures of, 205
aging and, 464
anatomy of, 204
artificial, grafts with, 71
in body temperature regulation, 205
color of, inheritance of, 481
functions of, 204
receptors in, 351, 351
regions of, 204, 205
sun exposure and, 205, 523
thermoreceptors in, 348

Skin cancer, 207
ozone depletion and, 206
prevention of, 207
sunbathing and, 523
types of, 207

Skull, 374, 374
Slash-and-burn agriculture, 727, 757
SLE. See Systemic lupus erythematosus
Sliding filament theory of muscle

contraction, 385
Slime disease, 436
Slime layer, of bacteria, 62, 62
Slime molds, 583, 590–591, 591
Slow-twitch muscle fibers, 391, 391
Small intestine, 214, 219, 219

functions of, 216
junction with large intestine, 221

Smell
chemoreceptors and, 348
sense of, 353
sense organ for, 349
and taste, 353

Smog, 289, 753
Smoking

and birth defects, 456
and cancer, 298, 342, 523
and carbon monoxide, 253
and cardiovascular disease, 256
and cataracts, 360, 365
health-care costs of, 259
health consequences of, 299
and nicotine, 341–342

Smooth endoplasmic reticulum, 49–51,
53, 53

Smooth muscle, 199, 199
Snails

behavior of, 673
evolution of, 564, 564

Snakes
feeding behavior of, 672–673, 673
tongue of, 653, 653

Soap, 34
Social responsibility, science and, 6
Society

advantages of, 683
definition of, 680

Sociobiology, 683
Sodium and sodium ion(s) (Na+), 22, 23, 23,

232, 233. See also Salt
active transport of, 77, 77

amount in body, 232
biologic significance of, 23, 23
in blood plasma, 249
dietary, 36
dietary intake of, 233

reducing, 233
reabsorption of, 313
renal absorption of, regulation of, 406
in urine formation, 311

Sodium bicarbonate, in pancreatic juice,
222, 224

Sodium chloride
formation (ionic bonding) of, 22, 23
and hypertonicity, 75

Sodium hydroxide, in basic solutions, 28,
28

Sodium-potassium pump, 70, 77, 77, 324
Soft palate, 214
Solar energy, 105, 112–113, 136–137

distribution on earth, 718, 718
in ecosystems, 745
energy content, 137
in photosynthesis, 56, 112, 136–138,

140–142
types of, 137
wavelength of, 137

Solute, definition of, 73
Somatic nervous system, 329, 331
Somatic senses, 349–351
Somatosensory area, 336, 336, 350
Somatotropin, 412
Song learning, in birds, 675, 675
Sorus (sori), 607
Sound, sense receptors for, 362–363
Special senses, 349, 349
Speciation, 565–568

adaptive radiation and, 566, 567
allopatric, 565, 565
geographic barriers and, 565, 565
pace of, 567, 567
phyletic gradualism and, 567, 567
process of, 565
punctuated equilibrium and, 567, 567
sympatric, 565

Species, 568. See also Community(ies);
Population(s)

classification of, 13
definition of, 9, 565
endangered

DNA analysis in protection of,
725

threats to, 709
equilibrium, 694, 694
exotic, impact of, 709, 709
life history patterns of, 694, 694
opportunistic, 694, 694
pioneer, 712
predator, 707, 707, 708–709, 713
prey, 707, 707, 708, 708, 709
range of, 702, 703

Specific epithet, 568
Speech, 340

cortical areas for, 339
Sperm (spermatozoa)

abnormalities of, and infertility, 433
acrosome of, 422, 423
of angiosperms, 613
of conifers, 609
of ferns, 606, 607
head of, 422, 423
maturation of, 420, 422–423
middle piece of, 422, 423
parts of, 422, 423, 444
of plants, 181

nonvascular, 602, 603
production of, 420, 422, 422–423
in semen, 421
storage of, 420
tail (flagellum) of, 422, 423
Volvox, 584, 584

Spermatids, 98
Spermatogenesis, 98, 98–99, 422, 423
Sperm count, 421

declining, 434
Spermicide(s), 431–432

in AIDS prevention, 437
in STD prevention, 439

Sphagnum, 602
Sphincters, 217
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Spicules, 621, 621
Spiders, 639, 639

classification of, 638
evolutionary tree of, 638
webs of, 638, 638

Spinal cord, 201, 201, 322, 332–333, 333
nervous tissue in, 200

Spinal nerves, 328, 328, 376
dorsal root of, 328, 328
ventral root of, 328, 328

Spindle(s)
in cell division, 58, 63, 87

meiosis, 94
mitosis in animals, 88, 88, 89, 89
mitosis in plants, 90, 90

muscle, 388
and proprioception, 349–350, 350

Spine(s)
of cactus, 165, 165
of echinoderms, 644

Spinobulbar muscular dystrophy, genetics
of, 494, 494

Spinocerebellar ataxia, genetics of, 494, 494
Spiral organ (organ of Corti), 363, 363
Spirogyra, 585, 585
Spleen, 265, 265

in red blood cell destruction, 252
Split-brain patients, 340
Sponge(s), 618

chalk, 621
classification of, 621
comparison with other animals, 640
evolution of, 620, 621
glass, 621
life cycle of, 621
organization of, 618, 621, 621

Spongy bone, 197, 370, 371
formation of, 372

Spongy mesophyll, 163, 163
Sporangiophore(s), of black bread mold,

592, 592
Sporangium (sporangia), 590

of black bread mold, 592, 592
of club moss, 605
of conifers, 609
definition of, 592
of ferns, 607
of moss, 602, 603
of plants, 601, 601
of whisk fern, 604, 604–605

Spore(s)
definition of, 584, 601

Sporophyte(s), 583, 583
of plants, 601, 601, 602, 604, 606, 607, 609

Sports. See Exercise
Spring overturn, 732, 733
Squamous cell carcinoma, 207, 207
Stabilizing selection, 562, 562
Stamen, 180, 180–181

of angiosperms, 613, 614, 614
Staphylococcus, drug resistance in, 582
Starch. See also Cellulose

definition of, 32
digestion of, 224, 225
function of, 32, 33
storage of, 143
structure of, 32, 33

Starfish, 645, 645
and coral reefs, 640

Stasis, evolutionary, 567
STDs. See Sexually transmitted disease(s)
Stem(s), 152, 152

dicot, 159–160
function of, 166
growth of, 158
herbaceous, 158, 159
internodes, 152, 152
modifications of, 164, 164
monocot, 159
nodes, 152, 152
organization of, 158
phototropism in, 177, 177
of vascular plants, 604
woody, 160, 160–161, 161

Stem cell(s), 251, 266
banking of, 64
definition of, 250
lymphoid, 251
myeloid, 251

Sterility, 422, 433
Steroids, 397

anabolic, 391–392, 411, 423
harmful effects of, 410, 410

cellular activity of, 397
and cholesterol, 35, 35
in plant plasma membrane, 69
structure of, 69

Stigma
of pistil, 180, 180–181, 613, 614, 614

Stimulants, 341
Stimulus (stimuli), 348

definition of, 8
Stinging cells, of hydra, 623
Stolon(s), 164, 164, 186

of black bread mold, 592, 592
Stomach, 214, 218, 218

acidity of, 218, 220, 266
Stomate(s), 138, 139, 154, 155, 163, 163

opening and closing of, 172, 172
of vascular plants, 604

Stratosphere, 756, 756
Stratum (strata), 551
Streams, 731
Strep throat, 295
Streptococcus, drug resistance in, 582
Streptococcus pyogenes, 295
Streptomyces, antibiotic production by, 582
Streptomycin, 582
Stress response, adrenal hormones and,

405, 405
Stretch receptors, 348
Striation, 199, 199
Strobilus (strobili), 599

of club moss, 605, 605
of horsetails, 605, 605

Stroke, 258
Strongylocentrotus, 644
Style, of pistil, 180, 181, 613, 614, 614
Subatomic particles, 21
Subclavian veins, 264, 264
Subcutaneous layer, 204, 205
Suberin, 154, 156, 157, 161
Sublittoral zone, 739
Substrate(s)

definition of, 108
and enzyme-substrate complexes,

108–109, 109
Substrate-level phosphorylation, 120

in Krebs cycle, 123
Succession, ecological, 712

models of, 712
primary, 712
secondary, 712, 712

Suckling reflex, 461, 461–462
Sucrose, 32, 143

transport in plants, 175, 175
Sugar. See also Glucose

dietary, reducing, 227
hexose, 32
pentose, 32
transport in plants, 174–175, 175

Sulfur dioxide (SO2), in atmosphere,
752–753

Sundew, 165
Sun exposure, and skin, 205, 207, 523
Superior vena cava, 243, 243, 246, 246–247
Surfactant, 287
Surrogate mothers, 434
Survival of the fittest, 560
Survivorship curves, 691, 691
Sustainable world, 697
Sustentacular (Sertoli) cells, 422, 423
Sutures, 380
Swallowing, 216, 216
Sweat glands, 204, 205

in auditory canal, 362
Swidden (slash-and-burn) agriculture, 727,

757
Swim bladder, 651
Swimmerets, 635
Symbiosis, 710, 710–711

cleaning, 711
commensalism as, 710–711
definition of, 710
of fungi and other organisms, 595–596
mutualism as, 711, 711
parasitism as, 710, 710

Symbiotic bacteria, 578

Symmetry
bilateral, 619
of echinoderms, 644
radial, 619

Sympathetic nervous system, 330, 331
and heartbeat regulation, 245
and hormone secretion, 396

Sympatric speciation, 565
Synapse, 326, 327

drug action at, 341, 341
Synapsis, in meiosis, 92, 92, 93, 93
Synaptic 

cleft, 326, 327, 386, 386
integration, 327, 327

Syndrome, definition of, 489
Synergists, 381
Synovial fluid, 201

joints, 380
membranes, 201

Syphilis
congenital, 440
signs and symptoms of, 440
stages of, 440
treatment of, 440

Systematics, 568
Systemic circuit, 246–247, 247
Systemic lupus erythematosus (SLE), 279
Systole, 244
Systolic pressure, 248

T
T3. See Triiodothyronine
T4. See Thyroxine
Tactile communication, 681
Taiga, 723, 723
Tail

of chordates, 646
of human embryo, 454, 454
of sperm, 422, 423

Tall-grass prairie, 728, 729
Tapeworm(s), 625–626

proglottids of, 626
scolex of, 626

Taproot, 164
Taste

chemoreceptors and, 348
cortex area for, 336, 336
sense of, 352
sense organ for, 349
and smell, 353

Taste buds, 214, 352, 352
Taxon (taxa), 568
Taxonomists, 546
Taxonomy, 13, 545, 568
Tay-Sachs disease, 480
T cells. See T lymphocytes
Tea, 610
Tear (lacrimal) glands, 285
Technology

definition of, 6
world food supply and, 148

Tectorial membrane, 363, 363
Teeth, 215, 215

aging and, 464
of placental mammals, 657

Tegument, 625
Telencephalon, 335
Telophase

in meiosis, 94, 94–95
in mitosis, 89, 89, 90, 90, 91

TEM. See Transmission electron
micrograph

Temperate deciduous forest, 724, 724
Temperate rain forest, 723
Temperature

and biomes, 718, 720–721
body, 205, 208
global, rise in, 751. See also Global

warming
and phagocytosis, 266
and thermal inversion, 753, 753

Template, for DNA replication, 509
Temporal bones, 374, 374, 375, 375
Temporal lobe, of brain, 336, 336
Tendons, 370, 381

Golgi tendon organs in, 349–350
tissue in, 196

Tendrils, 164–165

Tension, 170
Tentacles, of hydra, 623
Terrestrial biomes, 722–730

coniferous forest, 723
desert, 730, 730
grassland, 728, 729
shrubland, 728, 728
taiga, 723, 723
temperate deciduous forest, 724, 724
temperate rain forest, 723
tropical forests, 726–727
tropical rain forest, 726, 726–727, 727
tundra, 721–722, 722

Territoriality, 679, 679, 680, 680
Tertiary consumers, 744
Testcross

definition of, 474
one-trait, 474, 474

Mendel’s use of, 471
two-trait, 477, 477

Testis (testes), 399, 399, 411
anabolic steroids and, 410, 423
anatomy of, 420, 420, 422, 422–423
descent of, 422, 458
development of, 422
hormonal regulation of, 423, 423
hormones released by, 398

Testosterone, 411
actions in males, 423
blood level, maintenance of, 423
composition of, 35
functions of, 398, 411
in male birth control pill, 432
production of, 423, 423

Tetanus, 388, 388
Tetany, 404
Tetracycline, 582
Tetrahydrocannabinol (THC), 343
Tetrapods, 646
Thalamus, 334, 335, 340

and visual pathway, 358, 358
Thalidomide, 455, 457
Thallus, 602, 602
Thamnophis elegans, 672–673
THC. See Tetrahydrocannabinol
Theory

definition of, 5
and principle, 5

Therapsids, 551
Thermal inversion, 289, 289, 753, 753
Thermoacidophiles, 579
Thermocline, 732, 732
Thermodynamics, laws of, 104–105

and energy flow in ecosystems, 745
Thermoreceptors, 348

types of, 351, 351
Thermus aquaticus, 532
Thiamine (Vitamin B1), 231
Thigmotropism, 176
Third-world countries, 695. See also Less-

developed countries
Thoracic cavity, 201, 201, 287
Thoracic duct, 264, 264
Thoracic nerves, 330, 331
Thoracic vertebrae, 376, 376–377
Threshold, 324
Thrombin, 254
Thrombocytes (platelets), 198, 198, 249, 249

formation of, 251, 254
Thromboembolism, 257–258
Thrombopoietin, 251
Thrombosis, prevention of, 412
Thrombus, 257
Thrush, 436, 595
Thylakoid membrane

light-dependent reactions in, 142, 142
organization of, 142, 142

Thylakoids, 57
bacterial, 62, 62
chlorophyll in, 138
in chloroplasts, 57, 138
pigments in, 138, 139

Thylakoid space, 138
Thymine (T), 40–41, 507–508
Thymosin, 266, 411

functions of, 398
Thymus gland, 265, 266, 399, 399, 411

aging and, 266
apoptosis in, 273
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hormone released by, 398
lobules of, 265

Thyroid gland, 403–404
effects of, 403
hormones released by, 398
location of, 399, 399

Thyroid-inhibiting hormone (TIH), 400
Thyroid-releasing hormone (TRH), 400
Thyroid-stimulating hormone (TSH), 398,

400
Thyroxine (T4), 232, 398
Tibia, 379, 379
Tibialis anterior muscle, 382–383
Ticks, 639, 639
Tidal volume, 288, 288
Tight junction, 196
TIH. See Thyroid-inhibiting hormone
Tinnitus, 360
Tissue(s)

and aging, 463
connective, 194, 196–198, 197
cross-linking of, 463
definition of, 7, 194
engineered, 71. See also Genetic

engineering
epithelial, 194–196, 195
fetal, research using, 80
internal environment and, 208
muscular, 194, 199, 199
nervous, 194, 200, 200
plant

epidermal, 163, 163
meristematic, 90
vascular, 154, 154–155, 155–156,

157, 166
transplanted. See Transplant(s)
types of, 194–200
vascular, 198

plant, 154, 154–155, 155–156, 157,
166

Tissue culture, definition of, 186
Tissue fluid, 208, 254, 255

accumulation of, 264
in capillary exchange, 255, 255
composition of, 208, 208

Tissue level of organization, 618
Tissue plasminogen activator (t-PA), for

thromboembolism, 258
T lymphocytes (T cells), 251

activation of, 272–273
and autoimmune disease, 279
and cell-mediated immunity, 268, 272
characteristics of, 273
clonal selection theory and, 269, 269
cytotoxic, 272–273, 275, 436
and delayed allergic response, 276
and diabetes mellitus, 409
formation of, 251
helper, 272–273, 436
and HIV infection, 436
maturation of, 266, 268
production of, 411

Tolerance, drug abuse and, 341, 343
Tomato, 183, 183
Tone, muscle, 388

maintenance of, 350
Tongue, 214–215

as sense organ in snakes, 653
taste buds on, 214, 352, 352

Tonicity, 74–75
Tonsil(s), 285, 295

functions of, 214, 265
palatine, 265
pharyngeal, 265

Tonsillectomy, 214, 295
Tonsillitis, 214, 295
Tool use

by Cro-Magnons, 664
earliest, 661

Topography, definition of, 719
Touch, sense of, 348–349

receptors for, 351, 351
Toxin, 270
Toxoplasmosis, in HIV-infected (AIDS)

patients, 436
t-PA, for thromboembolism, 258
Trachea, 216, 285, 286–287

of grasshopper, 637
lining of, 194

Tracheids, 154, 155, 161, 170, 170
Tracheostomy, 286
Tracts, 333
Trade winds, 719, 719
Trait(s)

genetic, 470
codominance and, 482–483
controlled by multiple alleles,

inheritance of, 482
incomplete dominance and,

483–484
polygenic inheritance of, 481–482

multiple, inheritance of, 475–477
single, inheritance of, 472–474

Transamination, 127
Transcription

of DNA, 511, 511, 512, 512
in lac operon, 518

Transcriptional control, 517
in eukaryotes, 519, 519
in prokaryotes, 517, 517–519

Transcription factors, 519
Transduction, bacterial, 581
Transfer rate, 750
Transfer ribonucleic acid (tRNA), 510

definition of, 516
and translation, 512–513, 514

Transfer ribonucleic acid (tRNA)
synthetase, 513

Transformation, bacterial, 581
Transgenic organism(s), 534, 536
Transition reaction, 119, 119, 122
Translation, 511, 511, 512–515

elongation stage of, 514
initiation stage of, 514
in lac operon, 518
and messenger RNA, 512–513, 514
stages of, 514, 514–515
termination stage of, 514
and transfer RNA, 512–513, 514

Translational control, 517
Translocation

chromosomal, 491, 491
in phloem, 174

Transmission electron micrograph (TEM),
47

Transmission electron microscope, 46–47,
47

Transpiration, 170
Transplant(s)

animal-to-human, 71, 536
cell-cell recognition and, 70
engineered tissue, 71
heart, 259
improvements in procedure, 210
kidney, 314
limited availability of organs as, 210
liver, 223
organ preservation for, 210
rejection of, 71, 210, 279

Transport
active, 72, 72, 76, 77–79, 171–172, 174
aging and, 464
by carrier proteins, 70, 70, 72, 76–77
by channel proteins, 70, 70, 72
of cholesterol, 229, 256
exocytosis, 72, 78
facilitated, 72, 76, 76
of oxygen, 198
passive, 72, 72
types, 72, 72
of water, in plants, 154–161, 163,

170–172, 174–175
xylem, cohesion-tension theory of,

170–171, 171
Transposon(s), 520–521, 521
Transverse colon, 214, 220
Transverse processes, 376, 376–377
Transverse tubules, 384, 385
Trapezius muscle, 382–383
Treponema pallidum, 440
TRH. See Thyroid-releasing hormone
Triceps brachii muscle, 381, 381–383
Trichinella spiralis, 627, 627
Trichinosis, 627, 627
Trichocysts, 589
Trichomonas vaginalis, 589

vaginitis caused by, 440
Trichomoniasis, 440

Trichonympha collaris, 589
Tricuspid valve, 242–243, 243
Triglyceride, 34
Triiodothyronine (T3), 398, 403
Trinucleotide repeats, genetic disorders

caused by, 479, 494, 494
Triple bond, 25
Triplet code, for amino acids, 511
Triplet repeats, genetic disorders caused

by, 479, 494, 494
Triplo-X syndrome, 489, 489, 493
Trisomy 13 (Patau syndrome), 489, 489
Trisomy 18 (Edward syndrome), 489, 489
Trisomy 21 (Down syndrome), 487, 489,

489–490, 490
Gart gene in, 490, 490

Trisomy, definition of, 489
Trochlea, 378
Trochophore larvae, 630–631
Trophic levels, 747

pyramids depicting, 747, 747–748
Tropical rain forest, 11, 11, 12, 702, 702, 726,

726–727, 727
destruction/conservation of, 12, 757, 757

Tropism
definition of, 176
negative, 176
positive, 176

Tropomyosin, 387, 387
Troponin, 387, 387
Trumpet manucode, 677
Trypanosoma brucei, 589, 589
Trypanosome, 589
Trypsin, 109, 222, 224

optimal pH for, 110, 110
TSH. See Thyroid-stimulating hormone
T tubules, 384, 385
Tubal ligation, 431
Tube cell, 180, 181

of angiosperms, 613
Tubercle, 378
Tuberculin skin test, 276
Tuberculosis, 296, 297

drug-resistant, 582
Tubers, 152, 164, 164
Tube-within-a-tube body plan, 626
Tubular reabsorption, 310, 311
Tubular secretion, 310, 311
Tubulin, 58
Tumor(s)

benign, 522
cells and, 522
metastatic, 522

Tumor-suppressor genes, 87, 524, 525
Tundra

alpine, 721
Arctic, 722, 722

Tunicates, 648, 648
Turgor pressure, 75, 172
Turner syndrome, 492, 493

chromosomes in, 489, 489
T2 virus, and genetic testing, 506, 506
Tympanic canal, 363, 363
Tympanic membrane, 362, 362
Tympanostomy tubes, 295
Typhlosole, 632

U
Ulcer(s), 218, 218

treatment of, 412
Ulna, 378, 378
Ultraviolet (UV) radiation, 206

and eye disorders, 360, 365
ozone shield depletion and, 756
protection from, 207
skin cancer and, 207
types of, 207

Ulva, 585, 585
Umbilical arteries and vein, and fetal

circulation, 458
Umbilical cord, 454–455

blood from, market for, 64
Unicellular

phagocytosis in, 78
vacuole in, 55

United States
and Kyoto agreement on greenhouse

gas reduction, 714

population growth in, 696
resource consumption in, 697, 697

Unsaturated fatty acid(s), 34
Upper respiratory tract, 285

ciliated cells in, 266
infections of, 295

Upwelling, 736
Uracil, 40, 510, 510
Urea, 305

in blood plasma, 249
production of, 222

Uremia, 314
Ureters, 304, 304
Urethra, 304, 304

female, 424, 425, 425
male, 420, 420, 421, 421

Urethritis, 306
Uric acid, 305

in blood plasma, 249
Urinary bladder, 304, 304
Urinary system, 202, 304, 304–315

and acid-base balance, 315
functions of, 305, 312–315
and homeostasis, 208, 305
organs of, 304, 307–309
and water-salt balance, 312–313

Urinary tract infections, 306
Urination, 305

nervous system and, 305, 305
painful, in males, 421

Urine formation, 310, 311
Urochordates, 618, 646
U.S. National Organ Transplant Act

(NOTA), 64
Uterine contraction(s)

during birth, 460
oxytocin and, 400
prostaglandins and, 421

Uterine cycle
events of, 428, 429, 429
proliferative phase of, 428, 429, 429
secretory phase of, 428, 429, 429

Uterine tubes. See Oviduct(s)
Uterus

anatomy of, 424, 424–425
embryonic development in, 425
prostaglandins in, 412

Utricle, 364, 365
Uvula, 214, 215

V
Vaccine(s), 274, 274

AIDS, 280, 437
antisperm, 432
contraceptive, 432
HBV, 274
hepatitis, 274, 437

Vacuole(s)
animal cell, 50
composition and function of, 49, 55
in endocytosis, 72, 72
plant cell, 51

Vagina, 424, 425
Vaginitis, 440
Vagus nerve, 328, 330, 331
Valves

cardiac, 242, 244
venous, 241, 248

Variable, 3
Variable expressivity, in neurofibromatosis,

479
Varicose veins, 248
Vascular bundles, in stems, 153, 153, 158,

159
Vascular cambium, 158, 158

of woody plant, 160, 160, 160–161, 161
Vascular cylinder, 157

of plant, 156
Vascular endothelial growth factor, 540
Vascular plant(s)

seed, 608–614
life cycle of, 601, 601, 608, 609,

612–614, 613
types of, 608

seedless, 600, 600, 604–606
dispersion of, 604
evolution of, 604
life cycle of, 601, 601
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Vascular tissue
of human, 198
of plant, 154, 154–155, 155–156, 157, 166

Vas deferens (vasa deferentia), 420, 420
Vasectomy, 431
Vasopressin, 398
Vector(s)

plasmid, 530, 530–531, 531–532
for recombinant DNA, 530, 530–532, 531
viral, 531, 531–532

Vegetables, and cancer prevention, 523
Vegetarian diet, 226, 228
Vegetative propagation, 186
Vein(s), 240, 241

blood flow in, 248, 248
hepatic portal, 247
inflammation of, 248
leaf, 153, 163, 163
pulmonary, 243, 243
renal, 304, 304, 307
subclavian, 264, 264
valves of, 241, 248
varicose, 248

Venae cavae, 243, 243, 246, 246–247
Venous duct, and fetal circulation, 458
Ventilation, 290
Ventral cavity, 201, 201
Ventral root, 328, 328
Ventricles

brain, 332, 334, 334
cardiac, 242, 243

Ventricular fibrillation, 245
Venules, 241
Venus’s-flytrap, 165, 165
Vernix caseosa, 458
Vertebral canal, 201
Vertebral column, 201, 376, 376, 649
Vertebrate(s), 649–657. See also specific types

of vertebrates
amphibians, 651
anatomical plan of, 554–555, 555
classification of, 618, 646
definition of, 618
development of, 447
embryology of, 555, 555
evolution of, 649, 649
fish, 650–651
mammals, 656–657
reptiles, 653

Vertigo, 365
Vesicle(s)

in active transport, 72, 72, 78–79
animal cell, 50
cell plate formation by, 90
composition of, 49
definition of, 53
endocytic, 72, 72, 78, 78–79, 79
exocytic, 72, 72, 78
function of, 49, 54
movement of, 54, 58–59
plant cell, 51

Vesicular (Graafian) follicle, 426, 427
Vessel elements, 154, 170, 170
Vestibular canal, 363, 363
Vestibular nerve, 364, 365
Vestibule

of female genitals, 425
of inner ear, 362, 362

Vestigial structures, 555
Viagra, 421
Vidarabine, 582
Villi, 219, 219
Viroid(s), 577
Virus(es), 574–577

animal, replication of, 576, 576
budding of, 576, 576
capsid of, 574
classification of, 574
diseases caused by, 576–577, 582, 582

drug therapy against, 582
enveloped, replication of, 576
evolution of, 574
and genetic testing, 506, 506
genome of, 574
host cell specificity of, 574–575
infections, 576–577
mutation of, 574
nucleic acid of, 574
outer envelope of, 574
parasitic nature of, 574
plant, 577
replication of, 575–577
size of, 574
structure of, 574, 574

Visceral mass, 628
Visible light, 137
Vision, 354–359

color, 348, 356
disorders of, 355, 359, 359, 360, 365
distance, 359
integration of visual signal

in brain, 358, 358
in retina, 357, 357

night, 356
photoreceptors and, 348, 349, 356
protection of, 360, 365
sense organ for, 349, 354–355

Visual accommodation, 355
Visual communication, 681
Visual cortex, 336, 336, 339

function of, 358, 358
Visual field, 358, 358
Visual pigments, 356
Vital capacity, 288, 288
Vitamin(s), 36, 230, 231

and coenzymes, 111
deficiency of, 111

illnesses due to, 230
definition of, 111

Vitamin A, 230, 231
and cancer prevention, 523
visual pigment and, 356

Vitamin B1 (thiamine), 231
Vitamin B2 (riboflavin), 230, 231
Vitamin B6, 231
Vitamin B12, 231
Vitamin C, 230, 231

and cancer prevention, 523
Vitamin D, 230, 231

parathyroid hormone and, 404
Vitamin E, 230, 231
Vitamin K, 231, 254
Vitreous humor, 355
Vocal cords, 286, 286
Volume sensation, 363
Volvox, 584, 584
Vomer bone, 374, 375
Vulcanization, 611
Vulva, 425, 425

W
Walking stick, 636
Wallace, Alfred Russel, 561
Warmth receptors, 351
Warning coloration, 708, 708
Wart(s), genital, 438, 438
Waste

industrial, 755
production, in MDCs vs. LDCs, 697, 

697
Water (H2O)

and aerobic cellular respiration,
118–119, 122

in blood plasma, 249
blood pressure and, 255
in capillaries, 250
cycling of, 749, 749

in diarrhea/constipation, 221
diffusion across plasma membrane, 74,

74–75, 75
dissociation of, 28, 28
fish adaptations for life in, 651
formation of, 24
hydrogen bonding and, 26, 26, 27
hydrolysis and, 32
osmosis and, 74, 74–75, 75
osmotic pressure and, 255
in photosynthesis, 138, 140
plasmolysis and, 75
properties of, 26–27, 27
supply of, 749
transport, in plants, 154–161, 163,

170–172, 174–175
unsafe for swimming, 220
in urine formation, 311

Water (hydrologic) cycle, 749, 749
Water molds, 583, 591
Water pollution

in fresh water, 740
from fuel oil hydrocarbons, 758
health hazards from, 755
from phosphates, 754–755
research on, 758
sources of, 740, 754–755, 755

Water-salt balance, 305
maintenance of, 312, 312–313

Water table, 731, 749
Water vapor, as greenhouse gas, 751, 751
Water vascular system, 645
Watson, James, 507
Weather. See also Climate

El Niño effects on, 737, 737
Weight gain. See also Obesity

aging and, 465
and cardiovascular disease, 256

Weight loss, 236
diet pill for, 343

Wernicke’s area, 339, 340
Westerlies, 719, 719
Wetlands, 731
Wheat, 610, 610
Wheezing, 277
Whisk ferns, 604, 604–605
White blood cell(s) (leukocytes), 198, 198,

249, 249, 252
agranular, 249, 251, 252
formation of, 251, 266
functions of, 198
granular, 249, 251, 252
homeostasis and, 208
and immunity, 264
phagocytosis by, 588
vs. red blood cells, 198

Whiteheads, 205
White matter, 333, 333, 335, 337
White pulp, 265, 265
Widow’s peak, 472, 472
Wildlife conservation, DNA analysis in, 725
Wildlife managers, 670
Wilkins, Maurice, 507
Wind energy, 105, 113
Winds

global patterns of, 719, 719
ocean currents and, 736, 736

Withdrawal
as birth-control method, 431
in drug abuse, 341, 343

Women
AIDS in, 436
family planning and, 698

Wood, 160, 160–161, 161
Woody stems, 160, 160–161, 161
Worm(s)

clam, 631, 631
earthworms, 632, 632–633
fan, 631, 631

filarial, 627
flatworms, 618, 624–626, 626, 640
hookworm, 627
infections caused by, 591, 595, 627
marine, 631
pinworm, 627
ringworm, 591, 595
roundworm, 618, 626, 626–627, 627, 640
tapeworm, 625–626

Wound healing, 412

X
X chromosome, 488

in fragile X syndrome, 493, 493, 494
gene for sexual development, 496
and genetic disease, 492
inactivation of, 492, 492
map of, 538, 538

Xenotransplantation, 536
Xiphoid process, 377, 377
X-linked trait, 494, 496–499

genetics problems of, solving, 496–497
recessive

pedigree chart for, 497, 497
types of, 497, 497

X-rays, and birth defects, 456
Xylem, 153–155, 155–156, 157, 159, 170

conducting cells of, 170
definition of, 604
primary, 158, 158, 160–161
secondary, 160, 160–161
transport of, cohesion-tension theory of,

170–171, 171

Y
Y chromosome, 488

genes for sexual development, 496
and genetic disease, 492

Yeast(s), 129, 593, 593
in genetic engineering, 593
uses of, 593

Yellow bone marrow, 370, 373
Yolk, 444, 446, 446–447
Yolk sac, 451–453

Z
Zero population growth, 695–696
Zinc, 232, 233
Zones, in dicot root, 156, 157
Zooflagellates, 588–589, 589
Zoologists, 546
Zoomastigophora, 583, 589
Zooplankton, 733, 733
Zoos, ethical issues involving, 684
Zoospores, 584, 584
Zoo staff, 546
Zooxanthellae, 740
Zygomatic bones, 374, 375, 375
Zygomaticus muscle, 382–383
Zygomycota, 591–592
Zygospore(s)

fungal, 592, 592
of green algae, 584, 584

Zygospore fungi, 591–592, 592
Zygote(s), 98, 98, 444

of angiosperms, 613
of ascomycetes, 593, 593
cleavage of, 445
cloning of, 100
of ferns, 607
of filamentous green algae, 585
formation of, 424
of lancelet, 445
of plants, 180–181
of Protista, 583, 583
of slime mold, 590
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iv

STUDENT STUDY GUIDE

The philosophy behind this edition of the Student Study Guide is based upon the practical experience of the author in which
students complete the first section, called Study Exercises, according to information found in the textbook. The second part,
called the Chapter Test, allows the students to determine how much they remember by providing questions similar to what
most teachers would ask. Engaging in a systematic and thorough study of the textbook first, makes it easier to study for a test.
However, it is recognized that the Study Exercises section is an excellent review in and of itself by having someone else read
the statements to you or by you covering up the answers that you filled in. Some instructors may have you fill these sections
out for extra credit. Ideally, you should have completed these sections before the instructor ever lectures on the topic.

Chapter Review: This section, taken from the summary at the end of the corresponding chapter in the textbook,
provides you with a quick overview of the main concepts in the chapter. Key terms, identified in the textbook by bold print,
are also found here.

Study Exercises: Here, each section in the textbook is correlated to the Student Study Guide along with the major
concepts for that section. The page numbers allow for a quick identification of the answer.

Chapter Test: This part of the Student Study Guide was designed to allow you to test yourself. Multiple choice
questions, and thought questions provide a evaluation of your newly acquired knowledge. The thought questions involve
critical thinking, and there may not be any single correct answer. 

Answers: Answers are provided for the Study Exercises, and the Chapter Test at the end of each chapter. However, be
sure to give your own answers first.  The questions will be of little help to you if you simply fill in your Student Study Guide
with the answers provided.

THE TEXTBOOK

Inquiry Into Life, ninth edition, by Sylvia S. Mader also has many student aids that you should be sure to use.
History of Biology End Papers: The inside front covers list major contributions to the field of biology in a concise,

chronological manner. Students may refer to these whenever it is appropriate.
Text Introduction: The introductory chapter examines the scientific process and discusses the characteristics of life.

This chapter surveys the field of biology as a whole and prepares students for the study of the rest of the text.
Part Introduction: The part introduction tells the student how the topics within each part contribute to biological

knowledge. Each chapter is represented by a portion of its opening photograph, and a short statement describes the content of
the chapter.

Career Pages: Biology offers many varied types of careers. Each part has a career page that lists possible biological
careers in that particular field. The career pages illustrate how the study of biology can result in a life-long vocation.

Chapter Concepts: Each chapter begins with a list of concepts that organize the content of the chapter into a few
meaningful sentences. The concepts provide a framework for the content of the chapter.

The concepts are grouped under the major sections of the chapter and are page-referenced for student study. This
system also enables instructors to assign certain portions of the chapter.

Key Terms:  Key terms are boldfaced in the chapter and are defined in context. These terms are page-referenced in
Understanding the Terms at the end of the chapter, and are defined in the glossary. An extensive glossary is located at the
Inquiry website, http://www.mhhe.com/biosci/genbio/mader.

Internal Summary Statements:  Short internal summary statements appear at the end of major sections and helps
students to focus their study efforts on the basics.

TO THE STUDENT
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v

Readings: Reading topics correlate to the subject matter of the chapter. Three types of readings are included in
the text:

Health Focus readings review measures to keep healthy, such as the need for exercise “Exercise, Exercise, Exercise”,
Chapter 19 and guidelines for preventing cancer “Prevention of Cancer”, Chapter 25.

Ecology Focus readings draw attention to a particular environmental problem, such as acid rain “The Harm Done by
Acid Deposition”, Chapter 2.

Science Focus readings, such as “How Memories are Made”, Chapter 17 are designed to introduce students to the
research methods of scientists.

Illustrations:  The illustrations in Inquiry Into Life are consistent with multicultural educational goals.
Integrative illustrations relate micrographs with drawings. This enables students to see an actual structure alongside a

diagram drawn similarly to the micrograph. Leaders and labels common to both the micrograph and the drawing allow the
student to accurately locate and visualize a particular structure.

The Visual Focus illustrations are new to this edition. They illustrate in depth a main topic, system, or cycle in the
chapter.

The use of icons helps students to relate a part of the cell to the whole cell (Part I) or reminds students of the
evolutionary relationship among groups of organisms (animal chapters 30 and 31). Map icons in the biosphere chapter
(chapter 35) tell students where a particular biome is located around the world.

Bioethical Issues:  This section is new to this edition. A bioethical issue topic is covered in a non-biased manner at the
ends of the chapters. These topics stimulate thought and discussion of today’s most relevant bioethical issues.

Chapter Summaries: The summary, called Summarizing the Concepts, is organized according to the major sections
of the chapter, and the content of each section is summarized in a short paragraph of two. Chapter summaries offer a concise
review of material in each chapter. Students may read them before beginning the chapter to preview the topics of importance,
and they may also use them to refresh their memories after they have a firm grasp of the concepts presented in each chapter.

Chapter Questions:  Studying the Concepts are page-referenced short-answer questions that follow the organization of
the material in the chapter. Testing Yourself are new multiple choice objective questions. Answers are supplied in Appendix
A. Thinking Scientifically are thought-provoking questions that pertain to the topics stressed in the chapter. These questions
ask students to think as a scientist thinks.

Understanding the Terms: This section lists the text’s boldface key terms and includes a short definition matching
exercise. Definitions of the key terms are given in the glossary.

Using Technology: This section provides further resources on the Internet and on CD-ROM for studying the topics
presented in the chapter.

Further Readings: The further readings list at the end of each part suggests references that can be used to investigate
the topics in that part. New to this edition, at the request of readers, are references to additional scientific magazines and
journals that can be easily obtained by the student. Articles can be used for research on a specific topic, or instructors can
assign readings. Magazine articles cite the date, volume, issue, and page number, followed by a short summary of their
content.

Appendices and Glossary: The appendices contain optional information. Appendix A is the answer key to the
questions found at the end of each chapter. Appendix B is an expanded table for the classification of organisms. The metric
system and an expanded table of chemical elements are on the inside of the back cover. You will find a table outlining drugs
of abuse and their effects, and definitions for acronyms used in the text at the Inquiry Into Life 9E web site.

The glossary defines all the boldfaced terms in the text. These terms are the ones most necessary for the successful
study of biology. Terms that are difficult to pronounce have a phonetic spelling. See the extended glossary at the Inquiry Into
Life 9E web site.

Index: The text also includes an index in the back of the book. By consulting the index it is possible to determine on
what page or pages various topics are discussed.

Exploring the Internet: The Mader Home Page allows students and teachers from all over the world to communicate.
A portion of the Mader Home Page is devoted specifically to Inquiry Into Life, ninth edition. The address site is as follows:

http://www.mhhe.com/biosci/genbio/mader

By visiting this site, students can access additional study aids, explore links to other relevant biology sites, catch
up on current information, and pursue other activities.
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vi

Learning how to study efficiently is a prerequisite to being a successful student. The following concepts are meant to be an
aid in helping you study more productively. Please realize that this list is not all-inclusive and that it may not apply to all
individuals who come to this course with different backgrounds, interests, and abilities.

I.  Be motivated. This attitude cannot be taught to you by an instructor or learned from a textbook but must come from
within yourself. It requires commitment, discipline, and perseverance on your part even when you do not feel like studying.
Maintain a high expectation on your part. Think positively.

II.  Set aside several hours at a particular time of the day to go over old and new material. Preview and review your
assigned material; repetition of the material and consistency in your study habits combine for successful learning. Review
every chance you have. Try to stay one lecture ahead of the instructor. Study in a quiet, well-lit room away from distractions. 

III.  Try to grasp the big picture as well as the details in every chapter. Try to understand how it is related to the rest of
the textbook. Whenever possible, try to attach concepts to “silly” images and build upon them for better recall. Make up
rhymes by using the first letter of each word. Look for distinguishing characteristics when analyzing abstract concepts.

IV.  Continually ask yourself questions. Although it may be boring to remember some things, asking questions will
keep you mentally alert. After each paragraph or main idea, you should ask: “What does this mean?” “How does this relate to
what I’ve already learned?” “How can I put that idea into my own words?” or “How can I apply that concept?” Try to relate
the information to your past experiences. Make sure you know the definitions of key words that are usually boldfaced or
italicized in the text. Read the first and last paragraph of the chapter, then the first and last sentence of each paragraph, and
then change the statements in the paragraph into questions and answers. Draw a line on a paper and write the question on one
side and the answer on the other side. 

V.  Have a positive attitude. Even though all of us have personal problems that may interfere with learning, look at it as
a growing experience. A positive attitude means that you should not give up just because the instructor is poor or you think
the textbook is poorly written. Sometimes you will have to dig the information out of the textbook by yourself. After all, that
is what learning is ultimately all about: it is a lifelong process that we have to achieve basically by ourselves.

VI.  Have someone ask you questions. Asking and responding to questions from another person will improve your
thinking and understanding of the material. Cover up definitions to a word and see if you can answer them correctly. Ask the
instructor if you can use a tape recorder in class and then listen to the lecture again at another time. Don’t be embarrassed to
ask the instructor during or after class about things that you do not understand. Most instructors will be glad to help you. Use
any other available study aids such as those described on pages iv and v. Perhaps rewriting your notes into an outline format
will be helpful as well. 

VII.  Learn as much as possible while in class. Perhaps you may even avoid taking notes in class. Instead, listen very
attentively, follow along with the instructor from the material in the textbook, and highlight key words that the instructor
mentions. If you have previewed the lecture material, you will know where to find the information that is being discussed in
class. If you do take lecture notes, be selective and do not try to take notes on everything mentioned. Abbreviate words and
fill them in immediately after class. Review the same material from the textbook as soon as possible. Try to grasp the big
picture given in class. 

VIII.  On the night prior to a test, make sure you get a good sleep. When taking the test, try to relax by taking several
deep breaths or by tightening up your muscles and then slowly relaxing them. When reading the questions, make sure you
understand exactly what the teacher wants to know AND read carefully to understand any limitations placed upon the
question. On essay questions that are very broad, limit your answer to what the teacher felt was relevant in the class. Make a
quick outline of the salient, major points and then fill in the details as you write your essay. When exams are returned, review
them so that you can learn from your mistakes. That information may be on the final comprehensive test.

Above all, keep things in perspective. Even if you do fail one test, it is not the end of the world. Learn from your
mistakes and do the best you can. Good luck!

HELPFUL STUDY HINTS

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


When studying the world of living things, biologists and
other scientists use the scientific method. Observations
along with previous data are used to formulate a hypoth-
esis. New observations and/or experiments are carried
out in order to test the hypothesis. Scientists often do
controlled experiments. The control group does not go
through the step being tested, and this acts as a safeguard
against a wrong conclusion.

The new data may support a hypothesis or they may
prove it false. Hypotheses cannot be proven true. Several
conclusions in a particular area may allow scientists to
arrive at a scientific theory—a generalization such as
the cell theory, gene theory, or the theory of evolution.
Evolution is the unifying theory of biology.

Science is objective and uses conclusions based on
data to arrive at theories about the natural world. Any expla-
nation based on supernatural beliefs cannot be considered
science because such belief are not tested in the usual
scientific way.

Science does not answer ethical questions; we must
do this for ourselves. Knowledge provided by science, such
as the contents of this text, can assist us in making deci-
sions that will be beneficial to human beings and to other
living things.

Although living things are diverse, they share cer-
tain characteristics. The organization of living things is
exhibited by the smallest unit of life, the cell. In multi-
cellular organisms, similar cells compose a tissue, tissues
form organs, and organs make up organ systems. Each

level of organization has emergent properties that can-
not be accounted for by simply adding up the properties
of the previous levels.

Living things acquire materials and energy from
the environment that are used during metabolism, a
process that maintains homeostasis. Living things respond
to the environment. When they reproduce and develop,
genetic changes are passed on that result in adaptation
to the environment.

Evolution explains both the unity of life (similar
characteristics) and the diversity of life (adaptation to
different environments). Adaptations allow organisms
to play diverse roles in ecosystems, where they interact
with each other and the physical environment. The human
population tends to modify existing ecosystem and to
reduce biodiversity. Because all living things are depen-
dent upon the normal functioning of the biosphere,
ecosystems should be preserved.

Biologists classify organisms into a particular king-
dom (distantly related), phylum, class, order, family,
genus, and species. Each organism is given a binomial name
consisting of the genus and species. The five kingdom sys-
tem recognizes these kingdoms: Monera (unicellular
prokaryotes usually absorb food—e.g., bacteria); Pro-
tista (unicellular eukaryotes, various modes of nutri-
tion—e.g., protozoa and algae); Fungi (usually
multicellular, absorb food—e.g., mushrooms); Plantae
(multicellular photosynthesizers); and Animalia (multi-
cellular, ingest food).

1

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• The scientific process allows biologists to gather information and come to conclusions about the natural
world.

• Various conclusions pertaining to the same area of interest are sometimes used to arrive at a theory, a general
concept about the natural world.

1.1 THE SCIENTIFIC PROCESS (P. 2)

1
THE STUDY OF LIFE

CHAPTER REVIEW
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1. Match the sentences that follow with these terms.
conclusion
control group
experimental results
hypothesis
observation

Male bluebirds are colored differently from female bluebirds. a.____________________

Before the eggs are laid, a male bluebird approaches a model of a “rival” ten times per minute.
b.____________________ and c.____________________

In his study, the experimenter sometimes used a robin model instead of a male bluebird model. d.____________________

The aggression of male bluebirds varies according to the reproductive cycle. e.____________________ and
f.____________________

2. Fill in the blanks in the sentences that follow with these terms.
conclusion
control group
data
hypothesis
variables

The researchers wanted to minimize the a._______________ ; therefore, they housed all the groups of mice similarly.

The b.___________ was used to construct a graph.

The c.___________ was not supported by the experimental results.

One group of mice did not receive any substance S in their diet. d._______________

On the basis of the experimental results, scientists came to the e._______________ that sweetener S is safe up to 10% of the

diet.

3. Place the terms conclusion, hypothesis, and
theory in the correct boxes of the adjacent
diagram that illustrates the scientific method:

2

Why can’t a hypothesis ever be proven true?
d._______________

__________________________________________

Why are there several arrows leaking from box

b to box c? e._______________

_________________________________________________________________________________________________

previous data

formulation of
a. _________

observations
and/or experimentation

new data b. ____________

c. _______________

1 2 3

observations
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3

4. Match the descriptions that follow with these theories: cell theory, theory of biogenesis, theory of evolution,
gene theory.

common descent with adaptation to a way of life. a._______________

All organisms are composed of cells. b._______________

Organisms inherit coded information. c._______________

Life comes only from life. d._______________

Science and Social Responsibility (p. 6)

• All persons have the responsibility to decide how scientific information can best be used to make ethical or
moral decisions.

5. Who is responsible for deciding how we use the fruits of science?
a. Scientists
b. Lay people
c. Ministers
d. All of the above are correct.
e. Only b and c are correct.

6. Which of these is a value judgment?
a. If the biodiversity of plants declines, we may miss the opportunity to find cures for various illnesses.
b. It’s wrong to kill plants because they are defenseless against humans.
c. Due to the use of cars for transportation, air pollution has increased.
d. People shouldn’t use their cars because it increases air pollution.
e. Only b and d are value judgments.

• Although life is quite diverse, it can be defined by certain common characteristics.

7. Match these characteristics of life with the situations that follow.
Living things are organized.
Living things take materials and energy from the environment.
Living things respond to stimuli.
Living things reproduce and develop.
Living things adapt to the environment.

Frogs have a life cycle that includes an egg, a larva (tadpole) that undergoes the process of metamorphosis,

and an adult. a.____________________

Humans immediately remove their hands from a hot object. b.____________________

All living things are composed of cells. c.____________________

A flounder is a flattened fish that lives on the bottom of bodies of water, while a tuna is a streamlined fish that

swims in the open sea. d.____________________

Most cells use the sugar glucose as an energy source. e.____________________

8. Homeostasis refers to keeping a.____________________ relatively stable, such as body
b.____________________.

1.2 THE CHARACTERISTICS OF LIFE (P. 7)
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9. List the following levels of biological organization in order, from smallest to largest:

cell, community, ecosystem, molecule, organ, organism, organ system, population, tissue
a. _______________________ (smallest)

_______________________

_______________________

_______________________

_______________________

_______________________

_______________________

_______________________

_______________________ (largest)

Different groups of organisms interact with the environment at the level of the b.____________________.

10. Label each of the following statements as an example of either the unity of life (U) or the diversity of life (D):
a. Fungi absorb food; plants carry out photosynthesis.
b. Homeostasis, metabolism, and evolution are characteristics of living things.
c. Life began with single cells.
d. Living things consist of cells.
e. Maple trees have broad, flat leaves, and pine trees have needlelike leaves.

Living Things Belong to a Population (p. 10)

• The biosphere is made up of ecosystems where living things interact with each other and the physical
environment.

11. Study the diagram that follows and then answer the questions.

What part do plants play in this food chain? a.___________

What part do animals play in this food chain? b.___________

What part does the decomposer play in this food chain? c.___________

How do plants interact with the physical environment? d.___________

How do plants interact with other living things? e.___________

4

plants rabbits
1

inorganic
nutrients

decomposers

hawks
2
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The Human Population (p. 12)

• The biodiversity of the biosphere is being threatened by human activities.

12. Which of these statements are true?
_____ a. As more and more ecosystems are converted to towns and cities, fewer of the natural cycles are able

to function adequately.
_____ b. Rain forests play no protective role in the biosphere, and their destruction is of little concern to

humans.
_____ c. The present rate of extinction is normal and about the same as at any other time in the history of the

Earth.

5

1.3 THE CLASSIFICATION OF LIVING THINGS (P. 13)

• Living things are classified into categories according to their evolutionary relationships.

13. List the following levels of classification in order, from smallest (most exact) to largest (most general):

class, family, genus, kingdom, order, phylum, species

_______________________ (smallest)

_______________________

_______________________

_______________________

_______________________

_______________________

_______________________ (largest)
14. Name the kingdoms described in each of the following statements:

a. ingest food
b. absorb food; includes molds and mushrooms
c. photosynthesizes food; includes ferns
d. includes protozoa and algae
e. absorbs food; includes bacteria

CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. The binomial name Notorcytes typhlops refers to

taxonomic levels of
a. class and order.
b. genus and species.
c. kingdom and phylum.
d. order and phylum.

2. Select the smallest, most exact taxonomic level
among the following choices:
a. class
b. genus
c. order
d. phylum

3. Select the largest, broadest taxonomic level
among the following choices:
a. class
b. order
c. kingdom
d. phylum

4. Each is a general characteristic of life EXCEPT
a. the ability to respond.
b. reproduction and development.
c. organization.
d. classification.
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5. The smallest level of organization, where the
characteristics of life emerge, is the ______ level.
a. atomic
b. cellular
c. molecular
d. population

6. The term metabolism refers best to
a. chemical and energy transformations.
b. maintenance of internal conditions.
c. the ability to respond to stimuli.
d. the lack of reproduction.

7. Plants are unique among living things in that
they are
a. multicellular and absorb food.
b. unicellular and ingest food.
c. multicellular and photosynthesize.
d. All of these are correct.

8. Bacteria belong to the kingdom
a. Animalia.
b. Fungi.
c. Monera.
d. Protista.

9. Changes in ______ account for the ability of a
species to evolve.
a. abiotic factors
b. ecosystems
c. genes
d. sunlight

10. Through evolution, populations can
a. adapt to the environment.
b. change their level of organization.
c. fail to reproduce.
d. eliminate cell structure.

11. Select the incorrect association.
a. data—factual information
b. observation—senses
c. hypothesis—final conclusion
d. experiment—control

12. Valid scientific results should be repeatable by
other scientific investigators.
a. true
b. false

13. The statement with the greatest acceptance and
predictive value from scientists is the
a. hypothesis.
b. induction.
c. observation.
d. theory.

14. Which of the following statements is false?
a. More ecosystems undergo modifications as

the human population increases in size.
b. Tropical rain forests act like sponges to absorb

carbon dioxide.
c. The biosphere needs to be preserved so that

humans can benefit.
d. As ecosystems are destroyed, the number of

species living there will increase.
e. Science does not make moral decisions.

6

THOUGHT QUESTIONS

Answer in complete sentences.
15. Testing a hypothesis is the core of the scientific method. Explain.

16 Explain how adaptations come about through the evolutionary process.

Test Results: ______ Number right ÷ 16 = ______ × 100 = ______ %
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ANSWER KEY

7

STUDY EXERCISES

1. a. observation b. observation c. experimental results
d. control group e. hypothesis f. conclusion 2. a. vari-
ables b. data c. theory d. New findings in the future
may negate the hypothesis. e. Several similar conclu-
sions from different fields can cause scientists to develop
a theory. 4. a. evolution b. cell c. gene d. biogene-
sis 5. d 6. e 7. a. reproduce and develop b. respond
to stimuli c. are organized d. adapt to environment
e. take materials and energy from the environment
8. a. internal conditions b. temperature 9. a. mole-
cule, cell, tissue, organ, organ system, organism, popu-
lation, community, ecosystem b. emergent properties
c. cell d. ecosystem 10. a. D b. U c. U d. U e. D
11. a. makes food b. consumes food c. breaks down
organic matter, making inorganic nutrients available to
producers d. use solar energy and inorganic nutrients
e. are eaten and supply energy to consumers 12. a
13. species, genus, family, order, class, phylum, king-
dom 14. a. Animalia b. Fungi c. Plantae d. Protista
e. Monera

CHAPTER TEST

1. b 2. b 3. c 4. d 5. b 6. a 7. c 8. c 9. c
10. a 11. c 12. a 13. d 14. d 15. No matter the
sequence of steps followed, scientists always test a hypoth-
esis. The testing can take the form of making more obser-
vations rather than doing an experiment. 16. Variation
within particular members of a species will allow them
to capture more resources than other members. Those
that survive tend to have more offspring with the same
beneficial variation.
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STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

All matter is composed of some 92 elements. Each ele-
ment is made up of just one type of atom. An atom has
a weight, which is dependent on the number of protons
and neutrons in the nucleus, and its chemical properties
are dependent on the number of electrons in the outer
shell.

Atoms react with one another by forming ionic
bonds or covalent bonds. Ionic bonds are an attraction
between charged ions. Atoms share electrons in cova-
lent bonds, which can be single, double, or triple bonds.

Oxidation is the loss of electrons (hydrogen atoms)
and reduction is the gain of electrons (hydrogen atoms).

Water, acids, and bases are important inorganic
molecules. The polarity of water accounts for it being
the universal solvent; hydrogen bonding accounts for it
boiling at 100˚C and freezing at 0˚C. Because it is slow
to heat up and slow to freeze, it is in liquid form at the
temperature of living things. 

Pure water has a neutral pH; acids increase the hy-
drogen ion concentration [H+] but decrease the pH, and
bases decrease the hydrogen ion concentration [OH−] but
increase the pH of water.

The chemistry of carbon accounts for the chemistry
of organic compounds. Carbohydrates, lipids, proteins,
and nucleic acids are macromolecules with specific func-
tions in cells. Macromolecules are polymers that each
contain (a) specific monomer(s). 

Glucose is the six-carbon sugar most utilized by
cells for “quick” energy. Like the rest of the macromol-
ecules to be studied, a condensation synthesis joins two
or more sugars and a hydrolysis reaction splits the bond.
Plants store glucose as starch, and animals store glucose
as glycogen. Humans cannot digest cellulose, which
forms plant cell walls. 

Lipids are varied in structure and function. Fats and
oils, which function in long-term energy storage, con-
tain glycerol and three fatty acids. Fatty acids can be sat-
urated or unsaturated. Cell membranes contain
phospholipids that have a polarized end. Certain hor-
mones are derived from cholesterol, a complex ring com-
pound.

The primary structure of a protein is its own par-
ticular sequence of the possible twenty types of amino
acids. The secondary structure is often an alpha helix. The
tertiary structure occurs when the molecules bend and
twist into a three-dimensional shape. Proteins can con-
tain several polypeptides, and this accounts for a possi-
ble quaternary structure.

Nucleic acids (DNA and RNA) are polymers of nu-
cleotides, which have three parts: pentose sugar, nitro-
gen base, and phosphate. ATP, the high-energy molecule
of cells, is a nucleotide with three phosphates.

8

PART I CELL BIOLOGY

2
THE MOLECULES OF CELLS

CHAPTER REVIEW

• All matter is composed of elements, each having one type of atom.

1. Name the six elements commonly found in living things. ____________________________________________________

_____________________________________________________________________________________________________________

2.1 ELEMENTS AND ATOMS(P. 20)
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9

2. What subatomic particles are in the nucleus and the shells of an atom?

nucleus a. ______________ shells c. ______________
b. ______________

3. The atomic number of fluorine is 9. How many protons does fluorine have? a. ______________ How many
electrons does fluorine have when neutral? b. ______________. The atomic weight of fluorine is 19. How
many neutrons does fluorine have? c. ______________ Diagram the structure of fluorine. Draw small circles
to indicate the distribution of electrons in concentric levels around the nucleus. In the nucleus, indicate the
number of protons and neutrons.
d.

4. Two isotopes of carbon are 12
6 C and 13

6 C.

Do isotopes of carbon differ according to their atomic number? a. ______ number of electrons? b. ______

number of neutrons? c. ______

2.2 MOLECULES AND COMPOUNDS (P. 23)

• Atoms react with one another, forming ions, molecules, and compounds.

5. Calcium (Ca) has an atomic number of 12; chlorine (Cl) has an atomic number of 17.

The number of electrons in the outer shell of calcium is a.______________.

The number of electrons in the outer shell of chlorine is b.______________.

In a chemical reaction between these two atoms, c.______________ calcium atom(s) will react with

______________ chlorine atom(s).

Which element will gain electrons in this reaction? d.______________

What will its charge be after the reaction? e.______________

Which element will lose electrons in this reaction? f.______________

What will its charge be after the reaction? g.______________

What type of bond forms between these two atoms? h.______________

Write the formula for the compound produced through this chemical reaction. i.______________
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10

6. Water is a polar molecule.
a. Indicate on the following diagram which atoms are electronegative and which are electropositive in relation

to the others. Put a δ+ charge and δ– charges where appropriate.
b. Label a hydrogen bond.

7. Label each of the following statements as describing covalent bonding (C), ionic bonding (I), or hydrogen
bonding (H):

a. Electrons transfer between atoms.
b. Atoms share electrons.
c. This bond is present in sodium chloride.
d. This bond is present in the oxygen molecule.
e. A triple bond of this type is present in nitrogen gas.
f. This bond forms between water molecules.
g. The hydrogen atom in one molecule is attracted to the oxygen atom of another molecule.
h. This bond forms within a water molecule.

8. Consider the following chemical reaction between a potassium (K) atom (atomic number 19) and a fluorine
(F) atom (atomic number 9): K + F → KF.

Which atom is reduced in this reaction? a.______________

Which atom is oxidized in this reaction? b.______________

Write a short definition of oxidation. c.______________

Write a short definition of reduction. d.______________

2.3 WATER AND LIVING THINGS (P. 26)

• The existence of living things dependent on the characteristics of water.

9. In each of the pairs of statements that follow, check the one that correctly describes how hydrogen bonding
affects the properties of water. 
Hydrogen bonding causes water

Pair 1
a. to boil at a lower temperature than expected.
b. to boil at a higher temperature than expected.

Pair 2
c. to be more dense as ice than as liquid water.
d. to be less dense as ice than as liquid water.

Pair 3
e. to absorb heat with a minimal change in temperature.
f. to absorb heat with a maximum change in temperature.

Pair 4
g. to be cohesive—the water molecules cling to each other.
h. molecules to shun one another.
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10. Refer to the chemical properties of water when answering the following questions:

What makes water a good solvent? a. ________________________________________________________________

_________________________________________________________________________________________________

How does water moderate temperatures? b. ___________________________________________________________

_________________________________________________________________________________________________

What allows ice to float on liquid water? c. ___________________________________________________________

_________________________________________________________________________________________________

Acidic and Basic Solutions (p. 28)

• The hydrogen ion concentration in water changes when acids or bases are added to water.

11. Label each of the following statements as describing an acid (A) or a base (B):

a. They take up hydrogen ions in solution.
b. HCl is an example.
c. NaOH is an example.
d. They release hydrogen ions in solution.
e. They lower the pH.
f. They raise the pH.

12. Complete the table for the following hydrogen ion concentrations [H+]:

[H+] pH Acid/Base/Neutral

1 × 10–7

1 × 10–3

1 × 10–8

13. Indicate whether the following statements are true (T) or false (F):
a. If the pH of blood changes from 7.4 to 7.6, it becomes more acidic.
b. When an acid is added to a solution, the pH decreases.
c. A basic pH indicates that OH– ions outnumber H+ ions.
d. An acidic pH indicates that H+ ions outnumber OH– ions.

14. The following questions relate to buffers:

How do living things prevent drastic changes in pH?
a. ________________________________________________________________________________________________

_________________________________________________________________________________________________

Complete the following reaction, showing how the carbonic acid buffer system deals with increasing

hydrogen ions in the blood:

H+ + HCO3
– → b.______________

Complete the following reaction, showing how the carbonic acid buffer system deals with decreasing

hydrogen ions in the blood:

H2CO3 → c.______________

11
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2.4 ORGANIC MOLECULES (P. 31)

• Macromolecules are polymers that arise when their specific monomers (unit molecules) join together.
• The macromolecules found in cells are carbohydrates, lipids, proteins, and nucleic acids.

15. Indicate whether the following statements about a carbon atom are true (T) or false (F):
a. There are two electrons in its outer shell.
b. It can bond to other carbon atoms.
c. It can share two pairs of electrons with another atom.
d. Chains of fifty atoms are unusual in living systems.

16. For each term on the left, write in the corresponding term; the first one is completed for you.

polymer monomer

polysaccharide a.______________

fat b. ______________ and c. ______________

protein d. ______________

nucleic acid e. ______________

17. Label this diagram with the following terms:
condensation
hydrolysis
monomers
polymer
synthesis

During hydrolysis, is water added to or taken away from the reactants? e. ______________

During condensation synthesis, is water added to or taken away from the reactants? f. ______________

2.5 CARBOHYDRATES (P. 32)

• Carbohydrates function as a ready source of energy in most organisms.
• Glucose is a simple sugar; starch, glycogen, and cellulose are polymers of glucose.
• Cellulose lends structural support to plant cell walls.

18. Write the molecular formula beneath glucose by indicating the number of carbons, hydrogens, and oxygens.

CH2OH

H

H

6

5

3 2

4 1
OH H

H

OH

OH

O O

HO

H
b.

d.

a. c.

OH H OH
H OH

H OH

H OH

H2OH2O
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19. Complete the following table:

Carbohydrate Mono/di/polysaccharide? Biological Significance

sucrose a. b.

maltose c. d.

starch e. f.

glycogen g. h.

cellulose i. j.

2.6 LIPIDS (P. 34)

• Lipids are varied molecules.
• Fats and oils, which function in long-term energy storage, are composed of glycerol and three fatty acids.
• Sex hormones are derived from cholesterol, a complex ring compound.

20. Complete the following table:

Lipid Monomers Biological Functions

fats and oils a. b.

phospholipids c. d.

21. Write the word saturated or unsaturated beneath the appropriate structure.

22. In this representation of a fat, draw a circle around the portion that is derived from glycerol. Draw lines under
the portions that are derived from fatty acids.

23. When phospholipids are placed in water, the a. ______________ face outward and the b. ______________ face

each other. This property makes phospholipids suitable molecules to form the c. ______________ of cells.

a. b.

13
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2.7 PROTEINS (P. 37)

• Proteins help form structures (e.g., muscles and membranes) and function as enzymes.
• Proteins are polymers of amino acids.

26. Label this diagram with the following terms acid (carboxyl) group, amino acid, amino group, and peptide
bond (one term is used more than once).

27. Study this representation of a polypeptide.

This is the a. ______________ structure of a protein.

What are R groups? b. ______________________________________________________________________________

_________________________________________________________________________________________________

What shapes do the secondary structure of a protein normally assume? c. ______________

What type of bond between amino acids is necessary to maintain secondary shape? d. ______________

How does the tertiary shape of a globular protein come about? e. ________________________________________

_________________________________________________________________________________________________

What would cause a protein to have a quaternary shape? f. _____________________________________________

_________________________________________________________________________________________________

_________________________________________________________________________________________________

2.8 NUCLEIC ACIDS (P. 40)

• Nucleic acids are polymers of nucleotides.
• Genes are composed of DNA (deoxyribonucleic acid). DNA specifies the correct ordering of amino acids in

proteins, with RNA as an intermediary.

24. Examples of steroids are a. _______________________ and b. ____________________.

25. Each steroid differs from other steroids by the ______________ attached to the ring.

C

H

R H H

C +O

OH H
NH

H

C

H

R

CNH

H

C

R

C
O

OH
N N

H

H

C

R

C
O

OH
O

Condensation

Hydrolysis

a. _____________ b. _____________ d. _____________

c. _______e. _______
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28. On this diagram, label the following components of a nucleotide:
base
phosphate
sugar

29. Study this representation of a nucleic acid.

Which molecules make up the backbone of a nucleic acid? a.______________

Which molecules project to one side of the backbone? b.______________

30. a. Complete the following table to distinguish DNA from RNA:

DNA RNA

Sugar a. b.

Bases c. d.

Strands e. f.

Helix g. h.

What are the functions of DNA and RNA? i. __________________________________________________________

_________________________________________________________________________________________________

O

HO OP

O

OH

a.

b.

c.
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ATP (Adenosine Triphosphate) (p. 41)

31. ATP is a(n) a.______________; its structure consists of three b.______________ groups attached to the five-

carbon c.______________ of the molecule.

32. Complete this reaction: ATP → ADP + P + a.______________. When cells need b.______________, they break down

the molecule c.______________.

ˆ Organic Chemistry Las Vegas Style ˆ
Assume that organic molecules have the following worth:

amino acid 25¢
glucose 20¢
nucleotide 15¢
glycerol 10¢
fatty acid 5¢

1. How much should you bid in total for your first three cards?

c. sugar-thymine
phosphate

How much should you raise in total for your next two cards?

2. The next dealer opens a new deck of cards.

How much should you bet in total for your first three cards?

a. nucleic acid containing 100 units
b. protein containing 150 units
c. polysaccharide containing 50 units

How much should you raise in total for your next two cards?

d. tripeptide
e. disaccharide

H

H

O

e. H C CO (CH2)n CH3
O

H C CO (CH2)n CH3
O

H C CO (CH2)n CH3

H H O

R

d. H N C C

H H O

OHR

N C C

a.

H H O

OHR

b. H N C C
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3. The next dealer has his own cards.

How much should you bet, assuming that your first three cards are valued at their “unit” value?

a. gene
b. quick energy
c. enzyme

How much should you raise in total for your next two cards which are valued at their “unit” value?

d. long-term stored energy
e. plant structure

4. The next dealer opens her deck of cards.

How much should you bet in total, assuming that each of your first three cards is the value of its matched
molecule?

a. peptide bond
b. unsaturated
c. straight chain of ring compounds

How much should you raise for your next two cards?

d. contains nitrogen
e. contains a free carboxyl (acid) grouping

5. This dealer deals again.

How much should you bet, assuming that each of your first three cards is the value of its matched molecule?

a. DNA
b. hydrocarbon chain
c. ribose

How much should you raise in total for your next two cards?

d. glycogen
e. amino group

CHAPTER TEST

17

OBJECTIVE QUESTIONS

____ 3. When an atom either gains or loses an electron,
it becomes
a. electrically neutral.
b. an ion.
c. stable.
d. unreactive.

____ 4. Chlorine has 17 protons. When chlorine becomes
the chloride ion (Cl–), it has
a. gained an electron.
b. lost an electron.
c. gained a proton.
d. lost a neutron.

Do not refer to the text when taking this test.
____ 1. The atomic weight of an atom is determined by

the number of
a. protons.
b. neutrons.
c. electrons.
d. protons and neutrons.

____ 2. Isotopes differ due to the number of
a. protons.
b. neutrons.
c. electrons.
d. protons and neutrons.
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____ 5. When sodium interacts with chlorine, sodium
loses an electron while chlorine gains one. This
interaction forms
a. an ionic bond.
b. a condensation synthesis.
c. a condensation.
d. a covalent bond.

____ 6. Bonds between carbon and hydrogen, or oxygen
and hydrogen are generally
a. hydrogen bonds.
b. ionic bonds.
c. covalent bonds.
d. weak and highly transient.

____ 7. When a strong acid, such as hydrochloric acid,
is added to water,
a. hydrogen ions are taken up.
b. hydroxide ions are released.
c. hydrogen ions are released.
d. the pH stays the same.

____ 8. A pH of 11.5 is considered to be
a. slightly acidic.
b. strongly acidic.
c. strongly basic.
d. about neutral.

____ 9. Which of these is true of organic molecules?
a. usually ionic bonding
b. always contain carbon and hydrogen
c. mainly associated with nonliving matter
d. are found only in organisms with organ sys-

tems
____10.Polymers are

a. chains of building-block molecules.
b. formed by dehydration.
c. broken down by hydrolysis.
d. All of these are correct.

____11.Which pair of molecules is mismatched?
a. amino acid–protein
b. fatty acid–lipid
c. glucose–starch
d. glycerol–nucleic acid

For questions 12–16, match the following answers for
lipids to one of the statements that follows.

a. triglyceride b. unsaturated fatty acid
c. saturated fatty acid d. phospholipid
e. soap

____12.Not truly a lipid, this substance helps to emul-
sify fats.

____13.Has one or more double bonds along the fatty
acid chain.

____14.Made up of a glycerol and three fatty acid mole-
cules.

____15.Has hydrogen at every position along the fatty
acid chain.

____16. A major component of cell membranes.

____17.Which molecule is unsaturated?

____18.The primary structure of a protein refers to its
a. three-dimensional shape.
b. order of amino acids.
c. order of nucleic acids.
d. orientation of the amino acids.

____19.Proteins are polymers of ____________________ ,
which sometimes function to ________________.
a. amino acids, catalyze chemical reactions
b. glucose, build muscle strength
c. nucleotides, synthesize proteins
d. ribosomes, produce quick energy

____20. In any amino acid, —NH2 is the ______________
group, and —COOH is the _____________
group.
a. carboxyl; amino
b. amino; carboxyl
c. peptide; fatty acid
d. hydroxyl; carboxyl

____21.A bond forming between the —NH2 group of
one amino acid and the —COOH group of another
amino acid is called a 
a. double bond.
b. ionic bond.
c. hydrogen bond.
d. peptide bond.

____22.Twisting of a chain of amino acids into an α-
helix is termed the _______________ structure
of a protein.
a. primary
b. secondary
c. tertiary
d. quaternary

For questions 23–26, match the four terms to the statements
that follow.

a. RNA b. DNA c. nucleotide d. ATP

____23.Building block of the nucleic acids.
____24.Functions with DNA in the process of protein 

synthesis.
____25.The genetic material of the cell.
____26.The energy currency of the cell.
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Answer in complete sentences.
27. Soaps and water mix but oil and water do not mix. Explain Why, when soap is added to an oil, the oil will then

mix with water.

28. How does the primary structure of a polypeptide determine its secondary structure?

Test Results: ______ Number right ÷ 28 = ______ × 100 = ______ %

ANSWER KEY

STUDY EXERCISES

1. carbon, hydrogen, nitrogen, oxygen, phosphorus, 
sulfur 2. a. protons b. neutrons c. electrons 3. a. nine
b. nine c. ten
d.

4. a. no b. no c. yes 5. a. two b. seven c. one,
two d. Cl e. −1 f. Ca g. +2 h. ionic i. CaCl2

7. a. T b. F c. T d. F e. T 8. a. orbitals b. spherical
c. spherical d. dumbbell 9. a. two b. seven 10. a. S
b. Ne c. S has six electrons in its outer shell, and if it re-
acts to gain two more it will have a stable outer config-
uration of eight; Ne already has a stable outer shell.
6.

9 P

10 N

19

THOUGHT QUESTIONS

7. a. I b. C c. I d. C e. C f. H g. H h. C 8. a. F
b. K c. loss of electrons d. gain of electrons 9. b, d, e,
g 10. a. The partial charges of the water molecule at-
tract and disperse charged particles in solution. b. It
takes up and releases large amounts of heat without much
change in temperature. c. Water is most dense at 4°C. It
expands as the temperature drops from this point; it is
less dense at 0°C, the temperature of ice. 11. a. B b. A
c. B d. A e. A f. B
12.

pH Acid/Base/Neutral

7 neutral

3 acid

8 base

13. a. F b. T c. T d. T 14. a. The pH is stabilized
through the action of buffers, which are chemical sys-
tems that absorb either H+ or OH– to keep the pH steady.
b. H2CO3 c. HCO3

– + H+ 15. a. F b. T c. T d. F
16. a. glucose b. glycerol c. fatty acid d. amino acid
e. nucleic acid 17. a. hydrolysis b. monomers c. con-
densation synthesis d. polymer e. added f. taken away
18. a. C6H12O6 19.a. di b. table sugar derived from
sugar cane and beets c. di d. breakdown product of starch
e. poly f. short-term energy storage in plants g. poly
h. short-term energy storage in animals i. poly j. plant
cell walls 20. a. glycerol, three fatty acids b. long-
term energy storage c. glycerol, two fatty acids, phosphate
group d. plasma membrane structure 21. a. unsatu-
rated b. saturated
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22.

23. a. polar heads b. nonpolar tails c. plasma mem-
brane 24. a. cholesterol b. aldosterone 25. functional
groups 26. a. amino acid b. amino acid c. acid (car-
boxyl) group d. peptide bond e. amino group 27. a. pri-
mary b. they represent the variable parts of the amino
acids (i.e., H, CH3, C chain, C ring) c. α (alpha) helix and
β (beta) sheet d. hydrogen e. folding and twisting of
polypeptide f. if it contained more than one polypep-
tide 28. a. base b. sugar c. phosphate 29. a. S—P
(sugar-phosphate) b. B (bases) 30. a. deoxyribose
b. ribose c. ATCG d. AUCG e. double stranded f. sin-
gle stranded g. yes h. no i. DNA stores information re-
garding the order of amino acids in a polypeptide (protein);
RNA carries this information as an intermediary for the
process of protein synthesis. 31. a. nucleotide b. phos-
phate c. sugar 32. a. energy b. energy c. ATP

20

ORGANIC CHEMISTRY

LAS VEGAS STYLE

1. a. .40 b. .25 c. .15 = $ .80 d. .50 e. .25 = $ .75
2. a. 100 × .15 = $15.00
b. 150 × .25 = 37.50
c. 50 × .20 = 10.00

$62.50
d. 3 × .25 = $ .75
e. 2 × .20 = .40

$ 1.15
3. a. .15 b. .20 c. .25 = $ .60
d. .15 e. .20 = $ .35
4. a. .25 b. .05 c. .20 = $ .50
d. .25 + .15 = $ .40
e. .25 + .05 = .30

$ .70
5. a. .15 b. .05 c. .15 = $ .35
d. .20 e. .25 = $ .45

CHAPTER TEST

1. d 2. b 3. b 4. a 5. a 6. c 7. c 8. c 9. b
10. d 11. d 12. e 13. b 14. a 15. c 16. d 17. b
18. b 19. a 20. b. 21. d 22. b 23. c 24. a 25. b
26. d 27. Soaps have a polar and nonpolar end. The
nonpolar ends of the soap project into the nonpolar oil
droplet while the polar ends of the soap project outward
into the water, which is polar. 28. The secondary struc-
ture of a polypeptide depends on hydrogen bonding be-
tween the R groups of the amino acids making up the
polypeptide. Each particular polypeptide has its own se-
quence of amino acids and therefore R groups.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


21

Cells are the smallest units displaying the properties of
life. Cells normally are measured in micrometers be-
cause they are so small. Their small size ensures a suf-
ficient amount of plasma membrane to serve the
cytoplasm.

All organisms are composed of cells. The two
major kinds of cells are prokaryotic and eukaryotic.
They differ by the organization of chromosomal 
DNA and the presence of organelles in the cytoplasm.
Prokaryotic cells lack a nucleus and other membranous
organelles.

The nucleus of eukaryotic cells (plant and animal)
is defined by a nuclear envelope which separates the nu-
cleoplasm from the cytoplasm. The chromosomal mate-
rial exists as chromatin until the cell divides. The
nucleolus in the nucleus contains ribosomal RNA and
the proteins of ribosomal subunits.

The eukaryotic cell contains a variety of structures
in the cytoplasm. Ribosomes are the site of protein syn-
thesis. They may exist freely or be attached to the en-
doplasmic reticulum. Several structures are part of the
endomembrane system in the cell. The endoplasmic retic-
ulum provides channels that transport substances through
the cell. Substances are processed and packaged by the
Golgi apparatus. Lysosomes contain enzymes that pro-
mote the breakdown of cell substances.

Some organelles are specialized to handle energy in
the cell. Chloroplasts are the site of photosynthesis, whereas
the mitochondria are regions involved in cellular respira-
tion. These organelles may be remnants of prokaryotes
that inhabited eukaryotic cells over evolutionary time.

The cytoskeleton contains microtubules, interme-
diate filaments, and microfilaments. They maintain cell
shape and assist movement of cell parts.

3
CELL STRUCTURE AND FUNCTION

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• All organisms are composed of cells, which arise from preexisting cells.
• A microscope is usually needed to see a cell because most cells are quite small.

1. Check the two statements that are tenets of the cell theory.
a. All organisms are made up of cells.
b. Cork cells are living.
c. Multicellular organisms are living.
d. Cells come only from preexisting cells.

2. As the volume of a cell a.______________, the proportionate amount of cell surface area b.______________.

3. A large cell requires more a.______________ and produces more b.______________ than a small cell. Materials

are exchanged at the cell’s c.______________. Because the surface area of a large cell

actually d.______________, cell size stays e.______________.

3.2 EUKARYOTIC CELLS (P. 49)

• All cells have a plasma membrane that regulates the entrance and exit of molecules into and out of the cell.
Some cells also have a protective cell wall.

• Eukaryotic cells have a number of membranous organelles that carry out specific functions.

3.1 THE CELLULAR LEVEL OF ORGANIZATION (P. 46)
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j. _______________

k. __________________

c.

a.

d.

i. ______________

e. ______________

f.

g. ____________

b. _______________

h.

22

e.

m.

l.

k.

p.

q.

c.

f.

g.

n.

i.

o.

j.

a.

b.

h.

d.

5. Label this diagram of a plant cell
with the following terms:

actin filament
cell wall
central vacuole
chloroplast
chromatin
cytosol
Golgi apparatus
intracellular space
microtubule
middle lamella
mitochondrion
nuclear envelope
nuclear pore
nucleolus
plasma membrane
ribosome
rough ER
smooth ER

4. Label this diagram of an animal cell
with the following terms:

centriole
Golgi apparatus
lysosome
microtubule
mitochondrion
nucleolus
nucleus
ribosome
rough ER
smooth ER
vacuole
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6. Complete this table by writing yes (the structure is present) or no (it is not present) on the lines provided.

Prokaryotic Eukaryotic (animal)

Plasma Membrane

Cell Wall

Nuclear Envelope

Mitochondria

Endoplasmic Reticulum

Ribosomes

Centrioles

7. Place the following terms in the appropriate column to compare plant and animal cell structures (some terms
are used in both columns): cell wall, centrioles, chloroplasts, large central vacuole, mitochondria, plasma
membrane, and small vacuoles only.

Animal Plant

The Nucleus (p. 52)

• The nucleus controls the metabolic functions and the structural characteristics of the cell.

8. The nucleus is enclosed by the a.______________, which contains b.______________ that open into the

cytoplasm. At the time of cell division, chromatin c.______________ to form chromosomes. Chromatin has a

region called the d______________ , where e.______________ is produced.

The Endomembrane System (p. 53)

• A system of membranous canals and vacuoles work together to produce, modify, transport, store, secrete,
and/or digest macromolecules.

9. Explain how these organelles work together.

ribosomes and endoplasmic reticulum a.______________________________________________________________

_________________________________________________________________________________________________
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endoplasmic reticulum and Golgi apparatus b._________________________________________________________

_________________________________________________________________________________________________

lysosomes and vacuoles c. __________________________________________________________________________

_________________________________________________________________________________________________

chloroplasts and mitochondria d. ____________________________________________________________________

_________________________________________________________________________________________________

Energy-Related Organelles (p. 56)

• Mitochondria and chloroplasts transform one form of energy into another. Mitochondria produce ATP and
chloroplasts produce carbohydrates.

10. Label this diagram with the following terms:
ATP
carbohydrate
CO2 and H2O
chloroplast
mitochondrion

Use this diagram to answer the following: Chloroplasts build up f.______________, and mitochondria break it

down. Chloroplasts use the molecules that mitochondria give off, namely g.______________

and h._______________, as raw material for i._________________, which utilizes the energy of

the j.______________. Mitochondria use k.______________ produced by chloroplasts to build up a supply of
l.______________, the energy currency of cells. m.______________ is the cellular breakdown of carbohydrate

to acquire energy.

11. Label this diagram of a chloroplast with the following terms:
granum
inner membrane
outer membrane
stroma
thylakoid space

b.a.

c. d.e.

d.

solar
energy

b.

c. e.

a.
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12. Using words, what is the overall equation for photosynthesis? __________________________________________

13. Label this diagram of a mitochondrion with the following terms:
cristae
inner membrane
matrix
outer membrane

14. Using words, what is the overall equation for aerobic cellular respiration? ________________________________

The Cytoskeleton (p. 58)

• The cell has a cytoskeleton composed of microtubles and filaments. The cytoskeleton gives the cell shape and
and allows it and its organelles to move.

• Centrioles are related to cilia and flagella, which enable the cell to move.

15. Match these definitions with the following terms: actin filament, intermediate filament, and microtubule.
a. small cylinder made of the protein tubulin
b. long, extremely thin fiber that often interacts with myosin
c. fibrous polypeptide that varies according to the tissue

16. Microtubules, like actin filaments and intermediate filaments, are able to assemble and a.______________.

Microtubules radiate out from the centrosome, the main b.______________ center in a cell. In animal cells, this

center contains two c.______________, which have a 9 + 0 pattern of microtubules. Centrosomes have long

been associated with the formation of the d.______________ during cell division. Centrioles are believed to

give rise to e.______________, which organize cilia and flagella. Cilia and flagella have

a(n) f._______________ pattern of microtubules.

c.

d.

b.a.
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3.3 PROKARYOTIC CELLS (P. 62)

• In contrast to the eukaryotic cell, the prokaryotic cell lacks a well-defined nucleus.

17. Label this diagram of prokaryotic cells with the following terms (some are used more than once):
capsule
cell wall
cytoplasm
nucleoid region
plasma membrane
ribosome
slime layer
thylakoid

Which of these cells is a cyanobacterium? n.______________

For questions 18–23, match each of the following prokaryotic cell parts to its description:
18. capsule a. long, thin appendage from the cell
19. cell wall b. cytoplasmic granule
20. flagella c. structure surrounding the cell wall
21. plasmid d. flattened membranous disks
22. ribosome e. external covering around plasma membrane
23. thylakoid f. small accessory ring of DNA

3.4 EVOLUTION OF THE EUKARYOTIC CELL (P.63)

• The endosymbiotic hypothesis suggests that the organelles of eukaryotic cells were once prokaryotic cells.

24. Match these definitions with the following terms: chloroplast, mitochondria, flagellum, eukaryote.
a. arose from a photosynthetic cyanobacterial endosymbiont
b. host cell taking up prokaryotes by endosymbiosis
c. arose from heterotrophic bacterial endosymbionts
d. derived from a spirochete prokaryote

a.
b.

c.

d.

e.

f.

26

g.

h.

i.

j. k. l.

m.
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CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test. In ques-
tions 1–8, match each cell part with the following 
descriptions:

a. regulates passage of substances into the cell
b. processing and transport channel
c. contains enzymes for digestion
d. site of protein synthesis
e. location of the nucleolus
f. site of aerobic cellular respiration
g. found in plants, not animals
h. maintains cell shape

1. chloroplast
2. cytoskeleton
3. endoplasmic reticulum
4. lysosome
5. mitochondrion
6. nucleus
7. plasma membrane
8. ribosome

9. Which of the following structures is part of the
cell’s endomembrane system?
a. chloroplast
b. endoplasmic reticulum
c. mitochondrion
d. nucleolus

10. How are mitochondria and chloroplasts similar
to bacteria?
a. They are bounded by a single membrane.
b. They have a limited amount of genetic 

material.
c. They lack ribosomes.
d. They are larger than normal cells.

11. Plant cells
a. have a cell wall but not plasma membrane.
b. have chloroplasts but no mitochondria.
c. do not have any centrioles and yet divide.
d. have a large central vacuole but do not have

endoplasmic reticulum.
12. Which of these does NOT contain nucleic acid?

a. chromosomes
b. ribosomes
c. chromatin
d. centrioles
e. genes

13. How are mitochondria like chloroplasts?
a. They have the same structure.
b. They both absorb the energy of the sun.
c. They both are concerned with energy.
d. They are both in animal cells.

14. Which of the following cell structures within the
cytoplasm is connected to the nuclear envelope?
a. nucleolus
b. chromatin
c. endoplasmic reticulum
d. vacuoles
e. lysosomes

15. Which organelle is used to produce steroid hor-
mones and to detoxify drugs?
a. lysosomes
b. Golgi apparatus
c. mitochondria
d. rough endoplasmic reticulum
e. smooth endoplasmic reticulum

16. Select the structure found in eukaryotic cells but
not in prokaryotic cells.
a. plasma membrane
b. cell wall
c. mitochondrion
d. ribosome

17. Select the incorrect association.
a. capsule—covering
b. cell wall—covering
c. flagellum—movement
d. plasmid—movement

18. The cytoplasmic structure in a bacterial cell is the
a. cell wall.
b. nucleoid.
c. plasma membrane.
d. ribosome.

19. Which organelle has a 9 + 0 arrangement of mi-
crotubules and is associated with the formation
of basal bodies?
a. actin filament
b. spindle fiber
c. flagellum
d. centriole

20. The cytoskeleton of the cell is composed of
a. protein.
b. actin filaments.
c. microtubules.
d. All of these are correct.
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Answer in complete sentences.
21. What would be the effect on a cell if it were suddenly to lose its mitochondria?

22. How would the destruction of the Golgi apparatus affect a cell?

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %

ANSWER KEY

THOUGHT QUESTIONS

STUDY EXERCISES

1. a, d 2. a. increases b. decreases 3 a. nutrients
b. wastes c. surface d. decreases proportionately e. small
4. a. centriole b. Golgi apparatus c. microtubule d. mi-
tochondrion e. rough ER f. ribosome g. vacuole h. lyso-
some i. smooth ER j. nucleus k. nucleolus 5. a. actin
filament b. cell wall c. central vacuole d. chloroplast
e. chromatin f. cytosol g. Golgi apparatus h. intracel-
lular space i. microtubule j. mitochondrion k. nuclear
envelope l. nuclear pore m. nucleolus n. plasma mem-
brane o. ribosome p. rough ER q. smooth ER
6.

Prokaryotic Eukaryotic (animal)

yes yes

yes no

no yes

no yes

no yes

yes yes

no yes

7.

Animal Plant

centrioles cell wall

mitochondria mitochondria

small vacuoles only large central vacuole

plasma membrane plasma membrane

chloroplasts

8. a. nuclear envelope b. nuclear pores c. condenses
d. nucleolus e. rRNA 9. a. Proteins are made at the ri-
bosomes located on the endoplasmic reticulum. b. Prod-
ucts made at the endoplasmic reticulum are sent to the Golgi
apparatus for final processing and packaging. c. Vac-
uoles may contain a substance that can be digested after
fusion with lysosomes. 10. a. ATP b. CO2 and H2O
c. chloroplast d. carbohydrate e. mitochondrion f. car-
bohydrate g. carbon dioxide h. water i. photosynthe-
sis j. sun k. carbohydrate l. ATP m. Cellular respiration
11. a. outer membrane b. inner membrane c. stroma
d. granum e. thylakoid space 12. solar energy + carbon
dioxide + water → carbohydrate + oxygen 13. a. cristae
b. matrix c. outer membrane d. inner membrane 14. car-
bohydrate + oxygen → energy + carbon dioxide + water
15. a. microtubule b. actin filament c. intermediate fil-
ament 16. a. disassemble b. microtubule organizing
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body c. centrioles d. spindle e. basal bodies f. 9 + 2
17. a. cytoplasm b. ribosome c. nucleoid region d. cap-
sule e. cell wall f. plasma membrane g. cytoplasm
h. thylahoid i. slime layer j. cell wall k. ribosome
l. plasma membrane m. nucleoid region n. the one on
the right 18. c 19. e 20. a 210. f 22. b 23. d
24. a. chloroplast b. eukaryote c. mitochondria d. fla-
gellum

CHAPTER TEST

1. g 2. h 3. b 4. c 5. f 6. e 7. a 8. d 9. b
10. b 11. c 12. d 13. c 14. c 15. e 16. c
17. d 18. d 19. d 20. d 21. The cell would be un-
able to extract energy from carbohydrates. The ATP har-
vested by this process would be unavailable for cell
functions. Therefore, the cell would die. 22. The smooth
ER packages substances in vesicles. A large portion of
these go to the Golgi apparatus for further processing. These
vesicles would most likely accumulate in the cell to the
point that the cell would be unable to function properly.
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1. Label this diagram of the plasma membrane with the following terms:
carbohydrate chain
cholesterol
cytoskeleton filaments
glycolipid
glycoprotein
phospholipid bilayer
protein molecule

The sandwich model and its associated unit membrane model
preceded the currently accepted fluid-mosaic model of
membrane structure. According to the fluid-mosaic model,
phospholipid molecules provide a fluid, lipid bilayer with
their polar heads at the membrane surfaces. Hydropho-
bic portions of protein molecules are in the lipid bilayer;
their hydrophilic portions are at the surfaces. The proteins
form channels and function as receptors, enzymes, and
carrier molecules.

Molecules move across a membrane in several ways.
By diffusion, molecules move down their concentration
gradient. Osmosis is the diffusion of water through a dif-
ferentially permeable membrane. When cells are in a hy-
potonic solution, they gain water; when they are in a
hypertonic solution, they lose water. In isotonic solu-
tions, cells neither gain nor lose water. Both diffusion and

osmosis are passive processes that do not require energy.
Facilitated transport is also passive and involves carrier
molecules moving substances from higher to lower con-
centrations. Active transport moves substances in the op-
posite direction, with the function of a carrier molecule
and energy. Larger substances pass through cells by en-
docytosis and exocytosis.

An extracellular matrix is a meshwork of insolu-
ble proteins and carbohydrates that is now known to in-
fluence animal cell  differentiation and cellular
metabolism. Plant cells are bounded by a cell wall that
is external to the plasma membrane. This boundary is
freely permeable. Several types of junctions exist between
animal cells: desmosomes, gap junctions, and tight junc-
tions. Between plant cells, plasmodesmata perform this
function.

30

4
MEMBRANE STRUCTURE

AND FUNCTION

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

4.1 PLASMA MEMBRANE STRUCTURE AND FUNCTION (P. 68)

• The plasma membrane regulates the passage of molecules into and out of the cell.
• The membrane contains lipids and proteins. Each protein has a specific function.

a.

g.
f.

e.

d.

c.
b.
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2. The two components of the fluid-mosaic model of membrane structure are a.______________

and b.______________.

3. a.______________ form a bilayer, in which the b.______________ heads are at the surfaces of the membranes,

and the c.______________ tails face each other, making up the interior of the membrane. The

lipid d.______________, which is also in the membrane, e.______________ the membrane’s permeability.

4. Complete the sentences, using the terms hydrophilic and/or hydrophobic: Transmembrane proteins are found

within the plasma membrane. a.______________ regions are embedded within the membrane,

and b.______________ regions project from both surfaces of the bilayer.
5. Both glycolipids and glycoproteins have a(n) a.______________ chain and are active in cell

to b.______________ recognition.

6. Label the diagrams of proteins found in the membrane and state a function on the lines provided:

carrier protein                                                                           

cell recognition protein                                                                    

channel protein                                                                          

enzymatic protein                                                                        

receptor protein                                                                          

a. ______________

________________

b. ______________

________________

c. ______________

________________

d. _______________

_________________

e. _______________

_________________
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4.2 THE PERMEABILITY OF THE PLASMA MEMBRANE (P. 72)

• Some substances, particularly small, noncharged molecules, pass freely across the plasma membrane. Ions
and other types of molecules need assistance to cross the membrane.

7. In the following diagram, assume that glucose and water can cross the membrane and that protein cannot.

Will the amount of water on side A stay the same, or increase or decrease with time? a.______________

Will the amount of protein on side A stay the same, or increase or decrease with time? b.______________

Will glucose cross the membrane toward side A or toward side B? c.______________

What will happen to the level of solution on each side of the membrane? d. _______________________________

_________________________________________________________________________________________________

4.3 DIFFUSION AND OSMOSIS (P. 73)

• Molecules spontaneously diffuse (Move from an area of higher concentration to an area of lower
concentration), and some can diffuse across a plasma membrane.

• Water diffuses across the plasma membrane, and this can affect cell size and shape.

8. Label each of the following as diffusion (D) or osmosis (O):
a. Algae in a pond become dehydrated.
b. A hypertonic solution draws water out of a cell.
c. A red blood cell bursts in a test tube.
d. Dye crystals spread out in a beaker of water.
e. Gases move across the plasma membrane.
f. Perfume is sensed from the other side of a room.

9. Complete this diagram to describe the effect of tonicity on red blood cells.
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11. If a solution is 8% solute, it is a._____________% solvent.

If a solution is 99.5% solvent, it is b.__________% solute.

If solution A is 2% solute and solution B is 3% solute, then solution A is c.______________ to solution B which

is d.______________ to solution A.

Compared to solution A, a solution with 2% solute is e.______________.

4.4 TRANSPORT BY CARRIER PROTEINS (P. 76)

• Carrier proteins assist the transport of some ions and molecules across the plasma membrane.

12. Label each of the following as describing facilitated transport (F) only, active (A) transport only, or both 
(F, A) processes:

a. Uses a carrier molecule.
b. Substances travel down a concentration gradient.
c. Substances travel against a concentration gradient.
d. Sodium-potassium pump.
e. Energy is not required.

4.5 EXOCYTOSIS AND ENDOCYTOSIS (P. 78)

• Vesicle formation takes other substances into the cell, and vesicle fusion with the plasma membrane
discharges substances from the cell.

13. Label each of the following as describing exocytosis (Ex) or endocytosis (En):
a. Vesicles formed by the Golgi apparatus fuse with the plasma membrane.
b. Materials leave the cell.
c. Phagocytosis is an example.
d. Pinocytosis is an example.
e. Occurs after receptors bind to a ligand.

10. Complete this diagram to describe the effect of tonicity on plant cells.
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CHAPTER TEST
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OBJECTIVE QUESTIONS

Do not refer to the text when taking this test. In ques-
tions 1–7, match the following descriptions with each
transport process:

a. small particle or liquid intake into a cell
b. requires vacuole formation
c. carrier molecule, no energy
d. carrier molecule, energy required
e. water enters a hypertonic solution from a

cell
f. secretion from the cell
g. dye molecules spread through water

1. active transport
2. diffusion
3. exocytosis
4. facilitated transport
5. osmosis
6. phagocytosis
7. pinocytosis

8. Proteins form the nonactive matrix of the plasma
membrane.
a. true
b. false

9. Which type of molecule forms a bilayer within
the plasma membrane?
a. carbohydrate
b. protein
c. phospholipid
d. nucleic acid

10. Hydrophilic ends of proteins are oriented toward
membrane surfaces.
a. true
b. false

11. Lipid-soluble molecules pass through the plasma
membrane by
a. active transport.
b. diffusing through it.
c. facilitated transport.
d. use of the sodium-potassium pump.

12. A 2% salt solution is ______________ to a 4%
salt solution.
a. hypertonic
b. hypotonic
c. isometric
d. isotonic

13. Which molecule is directly required for opera-
tion of the sodium-potassium pump?
a. ATP
b. NAD+

c. DNA
d. water

14. In cells, which process moves materials opposite
to the direction of the other three?
a. endocytosis
b. exocytosis
c phagocytosis
d. pinocytosis

15. Which of the following statements is not true
about osmosis?
a. A differentially permeable membrane must

separate two solutions.
b. One side of the membrane must have more

water than the other side of the membrane.
c. The membrane must permit water to pass.
d. Over time, the side that initially had the larger

concentration of solute will become even more
concentrated.

16. A small lipid-soluble molecule passes easily
through the plasma membrane. Which of these
statements is the most likely explanation?
a. A carrier protein must be at work.
b. The plasma membrane is partially composed

of lipid molecules.
c. The cell is expending energy to do this.
d. Phagocytosis has enclosed this molecule in a

vacuole.
17. Which of these does NOT require an expendi-

ture of energy?
a. diffusion
b. osmosis
c. facilitated transport
d. None of these require energy.

18. Which term refers to the bursting of an animal
cell?
a. plasmolysis
b. crenation
c. lysis
d. turgor pressure

19. An animal cell always takes in water when placed
in a(n) ______________ solution.
a. hypertonic
b. osmotic
c. isotonic
d. hypotonic

20. Which of the following is actively transported across
plasma membranes?
a. carbon dioxide
b. oxygen
c. water
d. sodium ions
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Answer in complete sentences.
21. Why is the plasma membrane considered so important to the cell?

22. What osmotic problem would plant cells experience if they lost their cell walls?

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %

ANSWER KEY

35

THOUGHT QUESTIONS

STUDY EXERCISES

1. a. glycoprotein b. carbohydrate chain c. glycolipid
d. protein molecule e. phospholipid bilayer f. cytoske-
ton filaments g. cholesterol 2. a. lipids b. proteins
3. a. Phospholipids b. hydrophilic (polar) c. hydrophobic
d. cholesterol e. reduces 4. a. hydrophobic b. hy-
drophilic 5. a. carbohydrate b. cell 6. a. receptor
protein, shaped in such a way that a specific molecule
can bind to it. b. channel protein, allows molecules to pass
across the plasma membrane. c. cell recognition pro-
tein, functions in cell to cell recognition. d. enzymatic
protein, catalyzes a specific reaction. e. carrier protein,
allows selective passage of molecules across the plasma
membrane. 7. a increase b. stay the same c. toward
side B d. side A e. Side A will rise, and side B will fall.
8. a. O b. O c. O d. D e. D f. D 9. a. cell is same
size and shape b. Hypertonic Solution c. cell is burst-
ing 10. a. Isotonic Solution b. Hypotonic Solution
c. vacuole is much smaller 11. a. 92 b. 0.5 c. hypotonic
d. hypertonic e. isotonic 12. a. F, A b. F c. A d. A e. F
13. a. Ex b. Ex c. En d. En e. En

CHAPTER TEST

1. d 2. g 3. f 4. c 5. e 6. b 7. a 8. b 9. c
10. a 11. b 12. b 13. a 14. b 15. d 16. b
17. d 18. c 19. d 20. d 21. The plasma membrane
is very important because it is the outer living boundary
of the cell; it provides for and regulates the passage of mol-
ecules into and out of the cell. 22. In a hypotonic en-
vironment, plant cells would continue to gain water until
they burst.
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Each species has a characteristic number of chromo-
somes. The total number is the diploid number, and half
this number is the haploid number. Among eukaryotes,
cell division involves nuclear division and division of
the cytoplasm (cytokinesis).

Replication of DNA precedes cell division. The du-
plicated chromosome is composed of two sister chro-
matids held together at a centromere. During mitosis, the
centromeres split and daughter chromosomes go into
each new cell.

The cell cycle has four stages. During the G1 stage
the organelles increase in number; during the S stage,
DNA replication occurs; during the G2 stage, various
proteins are synthesized; and during the M stage, mitosis
occurs. It is now known that regulation of the cell cycle
involves the combination of kinases with cyclins.

Mitosis has the following phases: prophase, when
the chromosomes have no particular arrangement;
metaphase, when the chromosomes are aligned at the
metaphase plate; anaphase, when daughter chromosomes
move toward the poles; and telophase, when new nu-
clear envelopes form around the daughter chromosomes
and cytokinesis begins.

Meiosis is found in any life cycle that involves sex-
ual reproduction. During meiosis, homologues separate,

and this leads to gametes with half the number of chro-
mosomes, ensuring that offspring will have the same
chromosome number as their parents.

Meiosis utilizes two nuclear divisions. During meio-
sis I, homologous chromosomes undergo synapsis. The
nonsister chromatids of the resulting tetrad exchange
chromosome pieces; this is called crossing-over. When
the homologous chromosomes separate during meiosis I,
each daughter cell receives one from each pair of chro-
mosomes. Separation of daughter chromosomes derived
from sister chromatids during meiosis II then leads to a
total of four new cells, each with the haploid number of
chromosomes.

Spermatogenesis in males produces four viable
sperm, while oogenesis in females produces one egg and
two polar bodies. Each gamete is specialized for the job
it does; the sperm is a tiny, flagellated cell that swims to
the cytoplasm-laden egg.

Among sexually reproducing organisms, meiosis
produces variation by independent assortment of ho-
mologous chromosomes and crossing-over. Fertilization
also contributes to variation. Variation is advantageous
to the process of evolution and the possibility of adap-
tation to a changing environment.

36

5
CELL DIVISION

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

5.1 MAINTAINING THE CHROMOSOME NUMBER (P. 84)

• Each species has a characteristic number of chromosomes.
• Mitosis (a type of nuclear division) maintains the chromosome number of cells. Mitosis is necessary to the

growth and repair of body cells.
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1. Complete each of the following statements with the correct number:

In corn, the haploid chromosome number is 10. Its body cells normally have a.______________ chromosomes.

The diploid chromosome number in the domestic cat is 38. Normally, its sex cells have b.______________

chromosomes. The horse has a haploid chromosome number of 32. In this animal, 2n = c.______________.

The sex cells of a dog normally have 39 chromosomes. In this animal, n = d.______________.
2. Label the following diagram:

37

b.

a.

The Cell Cycle (p. 86)

• Cell division in eukaryotes is a part of the cell cycle. First, cells get ready to divide and then they divide.

3. Study the diagram on the following page and notice that the center of the diagram pertains to the events of the
cell cycle. G1, S, and G2 comprise interphase.

Complete the following table:

Stage Main events

G1

S

G2

M
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4. What event is triggered by S-kinase after S-kinase combines with S-cyclin? a. _____________________________

What event is triggered by M-kinase after M-kinase combines with M-cyclin? b. ___________________________

Why are S-kinase and M-kinase said to be cyclin dependent? c. __________________________________________

Oncogenes cause cancer. Would their presence promote or turn off cyclin-dependent kinases? d. _____________

Tumor-suppressor genes prevent cancer. Would their presence promote or turn off cyclin-dependent kinases?
e.____________________________

38

P

mitosis
Time

G1

S

G2

M-cyclin

M-cyclin is 
destroyed.

S-kinase

S-cyclin

S-cyclin is
destroyed.

M-kinase

S-kinase combines
with S-cyclin.

S-kinase phosphorylates
a protein and the product 
symbolized as
triggers DNA
synthesis.

M

M-kinase phosphorylates
a protein and the product
symbolized as
triggers mitosis. 

M-kinase combines
with M-cyclin.       

PP

P

• During mitosis, a complete set of chromosomes is distributed to each of two daughter cells.

5. Label the following diagram:

5.2 MITOSIS IN DETAIL (P. 88)

a.

c.
d.

f.

b.

e.

g.
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6. Complete the following diagrams to show the arrangement and movement of chromosomes during animal cell
mitosis. Briefly describe the events of each phase.

39

Prophase Prometaphase Metaphase

Anaphase Telophase

a. Prophase: ______________________________________________________________________________________

b. Metaphase: _____________________________________________________________________________________

c. Anaphase: _____________________________________________________________________________________

d. Telophase: _____________________________________________________________________________________

7. How does an animal cell undergo cytokinesis? a.______________

Which phases show the process of cytokinesis? b.______________
8. To show the difference between plant and animal mitosis, complete the table by writing 

yes or no.

Mitosis Plant Cell Animal Cell

same phases

spindle fibers

aster

cell plate

furrowing

9. Do plant cells have a centrosome? a.__________________________________________________________________

_________________________________________________________________________________________________

Do plant cells have centrioles? b. ____________________________________________________________________

_________________________________________________________________________________________________

Are centrioles necessary to spindle formation? Explain. c._______________________________________________

_________________________________________________________________________________________________
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5.3 REDUCING THE CHROMOSOME NUMBER (P. 92)

• Meiosis (another type of nuclear division) reduces the chromosome number in life cycles involving sexual
reproduction.

• The process of meiosis ensures genetic recombination in the daughter cells.

10. The nuclear division that reduces the chromosome number from the a.______________ number to the
b.______________ number is called meiosis.

11. In a life cycle, the zygote always has the ______________ number of chromosomes.

12. A pair of chromosomes having the same length and centromere position are called a._______________________. 

The b.______________, a product of fertilization, is always diploid.

13. Indicate whether the following statements regarding the role of meiosis are true (T) or false (F):
a. In animals, meiosis forms gametes that fuse to form a zygote.
b. Meiosis forms haploid cells in the life cycle of animals.
c. Meiosis produces four diploid cells over two divisions.

14. Label this summary diagram of meiosis.

Why is it correct to symbolize meiosis as 2n → n? j. _____________________

40

a.

c.

f.

g.

e.

2n = h.

n = i.

d.

b.

15. What is the diploid number of chromosomes in the diagram in question 14? a. _________________________________________

Which structures separate during meiosis I? b. ________________________________________________________

Which structures separate during meiosis II? c. ________________________________________________________

Does chromosome duplication occur between meiosis I and meiosis II? d. ________________________________

Why or why not? e. ________________________________________________________________________________

16. Match the following terms with the appropriate description: crossing-over, genetic variation, and synapsis.

Homologous chromosomes line up side by side. a.______________

Nonsister chromatids exchange genetic material. b.______________

The arrangement of genetic material is new due to crossing-over.
c.______________

17. Using ink for one duplicated chromosome and pencil for the other, color these
homologous chromosomes before and after crossing-over has occurred.

before after
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5.4 MEIOSIS IN DETAIL (P. 94)

• During meiosis, half the total number of chromosomes is distributed to each of four daughter cells.

18. Label and complete these diagrams to show the arrangement and movement of chromosomes during meiosis I
and meiosis II. (The diagram for meiosis II pertains to only one daughter cell from meiosis I.)
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g.

f.

h.

i.

j.

a.

b.

c.

d.

e.

19. Show how genetic recombination occurs as a result of sexual reproduction by matching the following
statements:

1. Zygote carries a unique combination of chromosomes and genes.
2. Gametes carry different combinations of chromosomes.
3. Daughter chromosomes carry different combinations of genes.

a. Homologous chromosomes separate independently.
b. Crossing-over occurs.
c. Gametes fuse during fertilization.
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5.5 COMPARISON OF MEIOSIS WITH MITOSIS (P. 96)

• Meiosis differs from mitosis both in occurtence and in process.

20. Complete the table by writing yes or no to distinguish meiosis from mitosis.

Meiosis Mitosis

Complete after one division

Requires two successive divisions

During anaphase, daughter chromosomes separate

During anaphase I, homologous dhromosomes separate

Results in daughter cells with the diploid number of chromosomes

Results in daughter cells with the haploid number of chromosomes

In animals, is unique to the somatic (body) cells

In animals, is unique to formation of gametes

5.6 THE HUMAN LIFE CYCLE (P. 98)

• The human life cycle includes both mitosis and meiosis.
• In humans, and many other animals, meiosis is a part of the production of sperm in males and eggs in females.
• When the sperm fertilizes the egg, the full number of chromosomes is restored in offspring.

21. Indicate whether the following statements are true (T) or false (F):
a. Meiosis in human males is a part of spermatogenesis.
b. Mitosis in human females is a part of oogenesis.
c. Oogenesis occurs in the testis.
d. A zygote undergoes mitosis during the development of the embryo.
e. Oogenesis produces four functional egg cells from one cell.

22. State whether the following processes occur in males (M), females (F), or both (B):
a. gamete formation
b. spermatogenesis
c. oogenesis
d. polar body formation
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Solitaire

1. Make playing cards with the following words or phrases on them:

1. nucleolus
2. chromosomes (chromatids held by centromere)
3. centrosome with centrioles
4. nucleus (nuclear envelope)
5. spindle fibers
6. cell plate
7. aster
8. furrowing

a. From these, select those that have to do with the formation and structure of the spindle.
b. From the cards remaining, select those that name structures that disappear during mitosis.
c. Select the cards that have to do with cytokinesis.

2. Make cards with the following phrases on them:
1. daughter chromosomes separate
2. distinct chromosomes within daughter nuclei
3. chromosomes arranged at the metaphase plate
4. chromosomes are distinct; spindle appears; nucleolus disappears and nuclear envelope fragments
5. homologous pairs separate

a. Arrange the cards to describe the events of mitosis or meiosis II.
b. Arrange the cards to describe the events of meiosis I.

3. Make three cards that are marked as follows:
16
8 (diploid number)
4 (haploid number)

a. Pick the card that tells how many chromosomes are in the parent nucleus before division.
b. Pick the card that tells how many chromosomes each daughter nucleus will have after mitosis.
c. Pick the card that tells how many chromosomes are in the parent nucleus during prophase of mitosis or

prophase I of meiosis.
d. Pick the card that tells how many chromatids are in the parent nucleus during prophase of mitosis or

prophase I of meiosis. (For purposes of the game, assume the chromosomes are duplicated.)
e. Pick the card that tells how many chromosomes are at both poles during anaphase of mitosis.
f. Pick the card that tells how many chromosomes are at both poles during anaphase I of meiosis.
g. Pick the card that tells how many chromosomes are in each daughter nucleus after meiosis I.
h. Pick the card that tells how many chromosomes are in each daughter nucleus after meiosis II.

CHAPTER TEST

43

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test. In ques-
tions 1–4, match the cell phase to its description.

a. chromosomes first become visible
b. chromatids separate at centromere
c. chromosomes are aligned at the metaphase

plate
d. last phase of nuclear division

1. anaphase
2. metaphase
3. prophase
4. telophase

5. The diploid chromosome number in an organ-
ism is 42. The number of chromosomes in its sex
cells is normally
a. 21.
b. 42.
c. 63.
d. 84.

6. Which statement about mitosis is NOT correct?
a. does not affect the nuclear envelope
b. forms four daughter cells
c. makes diploid nuclei
d. prophase is the first active phase
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7. How does mitosis in plant cells differ from that
in animal cells?
a. Animal cells do not form a spindle.
b. Animal cells lack cytokinesis.
c. Plant cells lack a cell plate.
d. Plant cells lack centrioles.

8. Select the incorrect association.
a. G1—cell grows in size
b. G2—protein synthesis occurs
c. mitosis—nuclear division
d. S—DNA fails to duplicate

9. The phase of cell division in which the nuclear
envelope and nucleolus are disappearing as the
spindle fibers are appearing is called
a. anaphase.
b. prophase.
c. telophase.
d. metaphase.

10. In animal cells, cytokinesis takes place by
a. membrane fusion.
b. a furrowing process.
c. formation of a cell plate.
d. cytoplasmic contraction.

11. Cyclin
a. is a molecule that regulates the cell cycle.
b. combines with a kinase.
c. occurs in two different forms.
d. All of these are correct.

12. If a cell is to divide, DNA replication must occur
during
a. prophase.
b. metaphase.
c. anaphase.
d. telophase.
e. interphase.

13. If a cell had 18 chromosomes, how many chromo-
somes would each daughter cell have after mitosis?
a. 9
b. 36
c. 18
d. cannot be determined

14. Normal growth and repair of the human body requires
a. mitosis.
b. binary fission.
c. both a and b.
d. neither a nor b.

15. The cell cycle
a. incudes mitosis as an event.
b. includes only the stages G1, S, and G2.
c. is under cellular but not under genetic control.
d. involves proteins but not chromosomes.

16. When do chromosomes move to opposite poles?
a. prophase
b. metaphase
c. anaphase
d. telophase

In questions 17–28, label each statement with one of the
following choices:

a. meiosis I
b. meiosis II

17. synapsis of homologous chromosomes occurs
18. separation of homologous chromosomes occurs
19. in one oocyte and one polar body in human fe-

males
20. in four sperm cells in human males
21. daughter cells have double-stranded 

chromosomes
22. daughter nuclei produced have single-stranded

chromosomes
23. crossing-over occurs

24. Which of the following is NOT a valid contrast
between mitosis and meiosis:

Mitosis Meiosis

a. requires one set of requires two sets of
phases phases

b. occurs when somatic occurs during
(body) cells divide gamete production

c. results in four results in two
daughter nuclei daughter nuclei 

d. results in daughter results in daughter
nuclei with diploid nuclei with haploid
number of number of
chromosomes chromosomes

25. Polar bodies are formed during
a. meiosis.
b. mitosis.
c. oogenesis.
d. spermatogenesis.
e. Both a and c are correct.

26. During anaphase of meiosis II,
a. homologous chromosomes separate.
b. sister chromatid separate.
c. daughter centrioles separate.
d. duplicated chromosomes separate.

27. During interkinesis
a. chromosome duplication occurs.
b. chromosomes consist of two chromatids.
c. meiosis I is complete.
d. Both b and c are correct.

28. By the end of meiosis I,
a. crossing-over has occurred.
b. daughter chromosomes have separated.
c. synapsis of homologous chromosomes has 

occurred.
d. each daughter nucleus is genetically identi-

cal to the original cell.
e. Both a and c are correct.
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6. a. Chromosomes are now distinct; nucleolus is disap-
pearing; centrosomes begin moving apart and nuclear
envelope is fragmenting. b. Chromosomes are at the
metaphase plate. c. Daughter chromosomes are at the
poles of the spindle. d. Daughter cells are forming as
nuclear envelopes and nucleoli appear. 7. a. cleavage
furrowing b. anaphase and telophase
8.

Plant Cell Animal Cell

yes yes

yes yes

no yes

yes no

no yes

Answer in complete sentences.
29. Compare how mitosis in animal cells and plant cells differs.

30. How does sexual reproduction increase genetic variations?

Test Results: ______ Number right ÷ 30 = ______ × 100 = ______ %

ANSWER KEY

45

THOUGHT QUESTIONS

STUDY EXERCISES

1. a. 20 b. 19 c. 64 d. 39 2. a. centromere b. sister
chromatids 3. G1, Organelles begin to double in num-
ber; S, Replication of DNA; G2, Synthesis of proteins;
M, events of mitosis 4. a. DNA synthesis (replica-
tion) b. mitosis c. They are activated after they com-
bine with a cyclin molecule. d. promote e. turn off
5. a. chromatid b. centrosome c. centriole d. aster e. cen-
tromere f. nuclear membrane fragment g. kinetochore

9. a. Yes and they form a spindle. b. no c. It seems not,
because plant cells have no centrioles, yet they have a
spindle. 10. a. diploid (2n) b. haploid (n) 11. diploid
(2n) (or full) 12. a. homologous chromosomes (or ho-
mologues) b. zygote 13. a. T b. T c. F 14. a. nu-
cleolus b. centromere c. DNA replication d. sister
chromatids e. synapsis f. Meiosis I g. Meiosis II h. 4
i. 2 j. A diploid cell becomes haploid. The parent cell
is diploid and undergoes meiosis, which results in four
daughter cells, each of which is haploid. 15. a. 4 b. ho-
mologous chromosomes c. daughter chromosomes
d. no e. The chromosomes are already duplicated.
16. a. synapsis b. crossing-over c. genetic variation
17. See Fig. 5.10, page 93, in text 18. a. prophase
I b. metaphase I c. anaphase I d. telophase I e. in-
terkinesis f. prophase II g. metaphase II h. anaphase II
i. telophase II j. daughter cells. See Figs. 5.12 and 5.13 in
text 19. a. 2 b. 3 c. 1

Prophase Prometaphase Metaphase Anaphase Telophase
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20.

Meiosis Mitosis

no yes

yes no

no yes

yes no

no yes

yes no

no yes

yes no

21. a. T b. F c. F d. T e. F 22. a. B b. M c. F d. F

SOLITAIRE

1. a. 3, 5, 7 b. 1, 4 c. 6, 8 2. a. 4, 3, 1, 2 b. 4, 3, 5, 2
3. a. 8 b. 8 c. 8 d. 16 e. 16 f. 8 g. 4 h. 4

CHAPTER TEST

1. b 2. c 3. a 4. d 5. a 6. b 7. d 8. d 9. b 10. b
11. d 12. e 13. c 14. a 15. a 16. c 17. a 18. a
19. b 20. b 21. a 22. b 23. a 24. c 25. c 26. b
27. d 28. c 29. Mitosis in an animal cell utilizes cen-
triole and asters, and the plasma membrane invaginates
to form a cleavage furrow. In plant cells, mitosis does
not utilize centriole or asters, and the cell plate forms to
separate the two daughter cells. 30. Sexual reproduc-
tion results in genetic recombinations among offspring
due to (1) crossing-over of nonsister chromatids, (2) in-
dependent separation of homologous chromosomes, and
(3) fertilization.
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Living things can’t exhibit any of the characteristics of
life without a supply of energy. There are two energy
laws that are basic to understanding energy-use patterns
in organisms at the cellular level. The first law says that
energy cannot be created or destroyed, but can only be
transferred or transformed. The second law states that a
usable form of energy cannot be converted completely into
another usable form. As a result of these laws, we know
that the entropy of the universe is increasing and that
only a constant input of energy maintains the organiza-
tion of living things.

Metabolism is all the reactions that occur in a cell.
Only those reactions that result in a negative free energy
difference—that is, the products have less usable energy
than the reactants—occur spontaneously. Such reactions,
called exergonic reactions, release energy. Endergonic
reactions, which require an input of energy, occur because
it is possible to couple an exergonic process with an en-
dergonic process. For example, glucose breakdown is an
exergonic metabolic pathway that drives the buildup of
many ATP molecules. These ATP molecules then sup-
ply energy for cellular work. Thus, ATP goes through a
cycle in which it is constantly being built up from, and
then broken down to ADP + P .

A metabolic pathway is a series of reactions that
proceed in an orderly, step-by-step manner. Each reac-
tion has a specific enzyme that speeds the reaction by
forming a complex with its substrates. Any environ-
mental factor that affects the shape of a protein also af-
fects the ability of an enzyme to do its job. (Many enzymes
have cofactors or coenzymes that help them carry out a
reaction.) Photosynthesis is a metabolic pathway in chloro-
plasts that transforms solar energy to the chemical energy
within carbohydrates, and aerobic respiration, which is
completed in mitochondria, is a metabolic pathway that
transforms the energy of carbohydrates into that of ATP
molecules. Eventually the energy within ATP molecules
becomes heat. Therefore, the world of living things is
dependent on a constant input of solar energy.

Both photosynthesis and aerobic respiration make
use of an electron transport system, in which electrons are
transferred from one carrier to the next with the release
of energy that is ultimately used to produce ATP mole-
cules. The chemiosmotic hypothesis explains how the
electron transport system produces ATP. The carriers of
this system deposit hydrogen ions (H+) on one side of a
membrane. When the ions flow down an electrochemi-
cal gradient through an ATPase complex, ATP is formed
from ADP and P.

6
METABOLISM: ENERGY

AND ENZYMES

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• Energy cannot be created nor destroyed; energy can be changed from one form to another but there is always a
loss of usable energy.

1. Indicate whether the following statements, related to the energy laws, are true (T) or false (F), and if the
statements are false, change them to true statements:

_____ a. The chemical energy of ATP cannot be transformed into any other type of energy such as kinetic

energy. Rewrite:                                                                          

                                                                                         

_____ b. A cell produces ATP and therefore cells do not obey the first law of thermodynamics. Rewrite:     

                                                                                         

6.1 ENERGY (P. 104)
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_____ c. Because energy transformations always result in a loss of usable energy, the entropy of the universe

is increasing. Rewrite:                                                                     

                                                                                         

_____ d. Because our society uses coal as an energy source, it is helping to decrease the entropy of the

universe. Rewrite:                                                                  

                                                                                 

• In cells the breakdown of ATP, which releases energy, can be coupled to reactions that require an input of
energy.

• ATP goes through a cycle: energy from glucose breakdown drives ATP buildup and then ATP breakdown
provides energy for cellular work.

2. Label each of the following as either an endergonic (EN) or an exergonic (EX) reaction:
a. energy is released as the reaction occurs.
b. energy is required to make the reaction go.
c. reaction used by the body for muscle contraction and nerve conduction.
d. ATP → ADP + P .
e. ADP + P → ATP.

3. Label this diagram with the following terms:
ATP
ADP
–P
+P

6.2 METABOLIC REACTIONS AND ENERGY

TRANSFORMATIONS (P. 106)

a.

c.

d.

b.

4. Label each of the following as pertaining to the left (L) or right (R) side of the diagram. Explain your choice.

a. aerobic respiration. Explain:                                                                

                                                                                         

b. muscle contraction. Explain:                                                                

                                                                                         

c. active transport. Explain:                                                                   

                                                                                         

5. ATP is the common a.______________of cells; when cells require energy, they “spend” ATP. ATP breakdown

provides energy for b.______________ work, such as synthesizing macromolecules; c.______________ work,

such as pumping substances across plasma membranes; and d.______________ work, such as the beating of

flagella. Because ATP breakdown is e.______________ to endergonic reactions, energy transformation occurs

with minimal loss to the cell.
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6.3 METABOLIC PATHWAYS AND ENZYMES (P. 108)

• Cells have metabolic pathways in which every reaction has a specific enzyme.
• Enzymes speed reactions because they have an active site where a specific reaction occurs.
• Environmental factors like temperature and pH affect the activity of enzymes.
• Inhibition of enzymes is a common way for cells to control enzyme activity.
• Cofactors sometimes assist enzymes when chemical reactions occur in cells.

6. Consider the following diagram of a metabolic pathway:

E1 E2 E3 E4 E5 E6

A → B → C → D → E → F → G

A–F are a.______________ and B–G are b.______________. E1–E6 are c.______________. A is a
d.______________ for the first enzyme and B is the product.

7. Enzymes a.______________ the energy of activation. What is the “energy of activation?” b.______________

8. Label this diagram using the following terms:
active site
enzyme (used more than once)
enzyme-substrate complex
products
substrate

b. _________

c. __________ e. ___________d. _________________

a.

f. __________

9. Use letters only (rather than a diagram) to show the reaction in question 8. a.                             

Is the reaction shown in question 8 a synthetic reaction or a degradative reaction? b._______________________

How do you know? c. ____________________________________________________________________________

The enzyme-substrate complex and the reaction occur at the d.______________ site of the enzyme. What is the

significance of using the label “enzyme” twice in the diagram? It shows that e. _________________________

_______________________________________________________________________________________________

Why are enzymes named for their substrates (e.g., maltase speeds the breakdown of maltose)? f. ____________

_______________________________________________________________________________________________

10. Complete each statement with the term increases or decreases.

Raising the temperature generally a.______________ the rate of an enzymatic reaction.

Boiling an enzyme drastically b.______________ the rate of the reaction.

Changing the pH toward the optimum pH for an enzyme c.______________ the rate of the reaction.

Introducing a competitive inhibitor d.______________ the availability of an enzyme for its normal substrate.

Due to feedback inhibition, the affinity of the active site for the substrate e.______________.

11. Enzymes have helpers called a.______________, which b.                                              
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CHAPTER TEST

2. Any energy transformation involves the loss of
some energy as
a. electricity.
b. heat.
c. light.
d. motion.

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. The useful energy conversion in photosynthesis

is
a. chemical to solar.
b. heat to mechanical.
c. mechanical to heat.
d. solar to chemical.

12. Oxidation is defined as the a.__________ (gain/loss) of electrons and reduction is defined as the b.__________
(gain/loss) of electrons. In living things, hydrogen ions often accompany electrons. Therefore, in living
things, oxidation is the c._______ of d.__________ atoms and reduction is the e.__________ of f.__________
atoms.

13. An overall equation for photosynthesis, a metabolic pathway in plant cells, is

6CO2 + 6H2O + Energy → C6H12O6 + 6O2
Carbon Water Glucose Oxygen
dioxide

14. An overall equation of aerobic cellular respiration is

C6H12O6 + 6O2 → 6CO2 + 6H2O + Energy
Glucose Oxygen Carbon Water

dioxide

In this equation a.______________ is oxidized and b.______________ is released to the air. c.______________ is

reduced to d.______________, a low-energy molecule. The oxidation of glucose makes energy available for

the production of e.______________ molecules.

15. There are two coenzymes of oxidation-reduction in cells. a.______________ is the coenzyme active during
photosynthesis, and b.______________ is the coenzyme active during aerobic cellular respiration.

16. Show that there is a cycling of matter by completing this diagram using these terms: H2O and CO2 (used
twice), O2 and C6H12O6

17. Show that there is a flow of energy through living things by completing this diagram using these terms: heat,
ATP, solar energy, glucose.

a. c.b.chloroplasts produce 
(in plants)

mitochondria produce
(in all organisms)

d.

a. c.b.chloroplasts mitochondria

cycling

6.4 METABOLIC PATHWAYS AND OXIDATION-REDUCTION

(P. 112)

• Photosynthesis and cellular respiration are oxidation-reduction pathways that allow a flow of energy through
all living things.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


3. In the enzymatically controlled chemical reac-
tion A → B + C, A is the
a. cofactor.
b. enzyme.
c. product.
d. substrate.

4. An enzyme, functioning best at a pH of 3, is in
a neutral solution at a temperature of 40°C. Its
activity will increase by
a. decreasing the amount of substrate.
b. denaturing the enzyme.
c. increasing the temperature 10 more degrees.
d. making the pH more acidic.

5. In the reaction A + B → C, the reaction rate may
slow down through feedback inhibition by
a. increasing the concentration of A.
b. increasing the concentration of B.
c. increasing the concentration of C.
d. decreasing the concentration of B.

6. The energy laws
a. account for why energy does not cycle.
b. say that some loss of energy always accom-

panies transformation.
c. say that energy can be made available to liv-

ing things.
d. All of these are correct.

7. In a metabolic pathway, A → B → C → D → E
a. A, B, C, and D are substrates.
b. B, C, D, and E are products.
c. each reaction requires its own enzyme.
d. All of these are correct.

8. The enzyme-substrate complex
a. indicates that an enzyme has denatured.
b. accounts for why enzymes lower the energy

of activation.
c. is nonspecific.
d. All of these are correct.

9. The tendency for an ordered system to become
spontaneously disordered is called
a. thermodynamics.
b. entropy.
c. activation.
d. energy conversion.

10. A coupled reaction occurs when energy released
from a(n) ______________ reaction is used to
drive a(n) ______________ reaction.
a. endergonic; exergonic
b. breakdown; exergonic
c. exergonic; endergonic
d. chemical; mechanical

11. NAD+ and FAD are
a. dehydrogenases.
b. proteins.
c. coenzymes.
d. Both a and c are correct.

12. Reduction has occurred
a. when electrons are lost.
b. When C6H12O6 becomes CO2.

c. When O2 becomes H2O.
d. when heat is given off.
e. when ADP becomes ATP.

13. Chloroplasts
a. take in CO2.
b. give off H2O.
c. pass on solar energy.
d. occur in all living things.
e. Both a and c are correct.

14. ATP is used for
a. chemical work.
b. transport work.
c. mechanical work.
d. All of these are correct.

15. NAD and NADP
a. are found only in plants.
b. do not participate in metabolic reactions.
c. are coenzymes of oxidation-reduction.
d. carry hydrogen atoms.
e. Both c and d are correct.

16. Which statement is NOT correct about enzymes?
a. They usually end in the suffix “-ase.”
b. They catalyze only one reaction.
c. They increase the energy of activation.
d. They bind temporarily with the substrate.

17. Which of these is NOT expected to increase the
rate of an enzymatic reaction?
a. add more enzyme
b. remove inhibitions
c. boil rapidly
d. adjust the pH to optimum level

18. Which of these accurately represents a flow of
energy from the sun?
a. Plants take in solar energy and use it to oxi-

dize glucose, which is used by mitochondria
to produce ATP.

b. Mitochondria break down glucose to ATP,
which is returned to plants to produce glu-
cose.

c. Plants take in solar energy and use it to trans-
port water up stems so that water is available
to all animals.

d. Plants take in solar energy and use it to re-
duce carbon dioxide so that glucose is made
available to animals.

e. Both plants and animals make and use ATP.
19. Since energy does not cycle, animal cells

a. require a continuing source of glucose.
b. are dependent on plant cells.
c. must produce ATP nonstop.
d. All of these are correct.

20. Synthetic reactions
a. require the participation of ATP.
b. do not require enzymes.
c. are represented by S + E → ES → P.
d. are coupled directly to glucose breakdown.
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THOUGHT QUESTIONS

Answer in complete sentences.
21. Why couldn’t life exist without a continual supply of solar energy?

22. Why are enzymes absolutely necessary to the continued existence of a cell?

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %

ANSWER KEY

STUDY EXERCISES

1. a. F The chemical energy of ATP can be transformed
into other types of energy such as kinetic energy (mus-
cle contraction). b. F Cells transform the energy of glu-
cose breakdown into ATP molecules and they do obey the
first law of thermodynamics. c. T d. F Because our so-
ciety uses coal as an energy source, it is increasing the
entropy of the universe. 2. a. EX b. EN c. EX d. EX
e. EN 3. a. +P b. ATP c. –P d. ADP 4. a. L, because
during aerobic respiration the chemical energy within a
glucose molecule is converted to the chemical energy
within ATP. b. R, because when muscles contract, the
chemical energy within ATP is converted to the kinetic
energy of muscle contraction. c. R, because when ac-
tive transport occurs, the energy released by ATP break-
down is used to pump a molecule across the plasma
membrane. 5. a. energy currency b. chemical c. trans-
port d. mechanical e. coupled 6. a. reactants b. prod-
ucts c. enzymes d. substrate 7. a. lower b. energy that
must be added to cause molecules to react with one an-
other. 8. a. active site b. substrate c. enzyme d. en-
zyme-substrate complex e. enzyme f. products
9. a. E + S → ES → E + P b. degradative c. The reac-
tant is broken down. d. active e. the enzyme is not broken
down and can be used over and over again. f. Enzymes

are specific to their substrates. 10. a. increases b. de-
creases c. increases d. decreases e. decreases 11. a. co-
enzymes b. help enzymes function. 12. a. loss b. gain
c. loss d. hydrogen e. gain f. hydrogen 13. a. water
b. oxygen c. carbon dioxide d. glucose e. sun 14. a. glu-
cose b. carbon dioxide c. oxygen d. water e. ATP
15. a. NADP b. NAD 16. a. H2O and CO2 b. O2 and
C6H12O6 c. H2O and CO2 17. a. solar energy b. glu-
cose c. ATP d. heat

CHAPTER TEST

1. d 2. b 3. d 4. d 5. c 6. d 7. d 8. b 9. b
10. c 11. d 12. c 13. a 14. d 15. e 16. c
17. c 18. c 19. d 20. a 21. When chloroplasts carry
on photosynthesis, solar energy is converted to the energy
of carbohydrates; and when mitochondria complete aer-
obic respiration, the energy stored in carbohydrates is
converted to energy temporarily held by ATP. The energy
released by ATP breakdown is used by the cell to do var-
ious types of work, and eventually it becomes nonusable
heat. 22. Enzymes are absolutely essential for the ex-
istence of a cell because they lower the energy of acti-
vation of a reaction, thereby requiring less heat to bring
about the reaction. At high temperatures, proteins would
denature.
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Cellular respiration includes aerobic respiration and fer-
mentation. Aerobic respiration, the oxidation of glu-
cose to carbon dioxide and water, is an exergonic reaction
that drives ATP synthesis, an endergonic reaction. Oxi-
dation involves the removal of hydrogen atoms (H+ + e–)
from substrate molecules, usually by the coenzyme NAD+,
but in one case by FAD. Four events are required: gly-
colysis, the transition reaction, the Krebs cycle, and the
electron transport system.

During glycolysis, glucose is converted to pyru-
vate in the cytosol. Glycolysis produces two ATP by
substrate-level phosphorylation. When oxygen is avail-
able, pyruvate from glycolysis enters mitochondria. In
mitochondria, the transition reaction and the Krebs
cycle are located in the matrix, and the electron transport
system is located on the cristae. Both the transition re-
action and the Krebs cycle release carbon dioxide as a re-
sult of the oxidation of carbohydrate breakdown products.

The electrons carried by NADH and FADH2 enter
the electron transport system. The electrons pass down
a chain of carriers until they are finally received by oxy-
gen, which combines with H+, forming water. As electrons
pass down the electron transport system, energy is re-

leased and stored for ATP production. The term oxida-
tive phosphorylation is sometimes used for 34 ATPs
produced as a result of the electron transport system.
The protein complexes of the electron transport system
pump H+ received from NADH and FADH2 into the in-
termembrane space, setting up an electrochemical gradient.
When H+ flows down this gradient through the ATP syn-
thase complex, energy is released and used to form ATP.
This process of producing ATP is called chemiosmosis.

Other carbohydrates, as well as protein and fat, can
also generate ATP by entering various steps in the degrada-
tive paths of glycolysis and the Krebs cycle. These path-
ways also provide metabolites needed for the synthesis
of various important cellular substances.

Fermentation, which occurs when oxygen is not avail-
able for aerobic respiration, involves glycolysis followed
by the reduction of pyruvate by NADH. The end product
can be lactate or alcohol and carbon dioxide. Fermenta-
tion produces a net yield of 2 ATP molecules per glu-
cose molecule. Fermentation provides a quick, immediate
source of ATP, but lactate buildup is toxic to the cell and
creates an oxygen debt by the organism.
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7
CELLULAR RESPIRATION

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

7.1 AEROBIC CELLULAR RESPIRATION (P. 118)

• During aerobic cellular respiration, the breakdown of glucose drives the synthesis of ATP.

1. Consider the following equation.

C6H12O6 + 6 O2 → 6 H2O + 6 CO2 + energy

The molecule glucose is (oxidized or reduced) a.______________ while oxygen is (oxidized or reduced)
b.______________. This is an (endergonic or exergonic) c.______________ reaction and therefore is used by

cells to build up ATP.
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b.

d.

a. c.

2. Complete the adajacent diagram and answer these
questions:

The (left or right) e.______________ side of the

diagram represents oxidation and the (left or

right) f.______________ side of the diagram

represents reduction of NAD. Why is NAD+

called a coenzyme of oxidation-reduction? 
g. ________________________________________

Phases of Aerobic Cellular Respiration (p. 119)

• Aerobic cellular respiration requires a number of reactions within three metabolic pathways.

3. Indicate whether the following statements pertain to glycolysis (GL), transition reaction (TR), Krebs cycle
(KC), or the electron transport system (ETS). Some items require more than one answer.

a. Series of carriers that pass electrons from one to the other.
b. Cyclical series of oxidation reactions that release CO2.
c. Pyruvate is oxidized to an acetyl group.
d. Breakdown of glucose to two molecules of pyruvate.
e. Energy is released and stored for ATP production.
f. Occurs inside mitochondria.
g. Occurs outside the mitochondria in the cytosol.
h. Results in only 2 ATP.

7.2 OUTSIDE THE MITOCHONDRIA: GLYCOLYSIS (P. 120)

• Glycolysis is a metabolic pathway that partially breaks down glucose outside the mitochondria.

4. Where does glycolysis occur? a.______________

Does it require oxygen? b.______________

Glycolysis begins with c.______________.

Glycolysis ends with d.______________.

How many ATP are produced per glucose molecule as a direct result of glycolysis? e.______________

What type of phosphorylation occurs during glycolysis? f.______________

What coenzyme carries out the oxidation of substrates during glycolysis? g.______________

Considering your answers to these questions, what is the output of glycolysis? h.______________,

______________, and ______________

When glycolysis is a part of fermentation, what is the end product in humans? i.___________________.

• The transition reaction and the Krebs cycle, which occur inside the mitochondria, continue the breakdown of
glucose until carbon dioxide and water result.

7.3 INSIDE THE MITOCHONDRIA (P. 122)
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5. Label this diagram of a mitochondrion using the following terms:
cristae
cytosol
inner membrane
intermembrane space
matrix
outer membrane
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c.

d. e.

b.a.

f.

6. Using your labels from question 5, where does each of the following processes occur?

glycolysis a.______________

Krebs cycle b.______________

electron transport system c.______________

7. The Krebs cycle begins and ends with what molecule? a.______________

A two-carbon molecule acetyl group enters the Krebs cycle. What carbon molecules leave the Krebs

cycle? b.______________

How many ATP are produced per glucose molecule as a direct result of the Krebs cycle? c.______________

What coenzymes carry out the oxidation of substrates in the Krebs cycle? d.______________

Considering your answers to these questions, what are the outputs of the Krebs cycle? e.______________,

______________, ______________, and ______________

Electron Transport System (p. 124)

• The electron transport system, which receives electrons from NAD+ and FAD, produces most of the ATP
during aerobic cellular respiration.

8. What coenzymes bring hydrogen atoms (H+ + e–) to the electron transport system? a.______________

What happens to the electrons? b.______________

What happens to the hydrogen ions? c.______________

What molecule is the final acceptor of electrons from the electron transport system? d.______________

Each pair of electrons carried by NADA from the Krebs cycle that passes down the electron transport system

accounts for the buildup of how many ATP? e.______________

What type of phosphorylation is associated with the electron transport system? f.______________

9. During chemiosmotic ATP synthesis in mitochondria, H+ build up in the a.______________ space.

When these H+ flow b.______________ their concentration gradient into the matrix, c.______________ is

produced from ADP +  P .

10. Match the complexes with the following functions:
1 passes on electrons and pumps H+ into inter-

membrane space
2 carries out ATP synthesis
3 receives electrons and passes them on to oxygen
4 oxidizes NADH and pumps H+ into intermem-

brane space

_____ a. NADH dehydrogenase complex
_____ b. cytochrome b-c complex
_____ c. cytochrome oxidase complex
_____ d. ATP synthase complex
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Energy Yield from Glucose Metabolism (p. 126)

11. In the following diagram, fill in the blanks with the correct numbers and with the terms NADH, FADH2, and
ATP:
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7.4 METABOLIC POOL AND BIOSYNTHESIS (P. 127)

• A number of metabolites in addition to glucose can be broken down to drive ATP synthesis.

12. The carbon skeleton of amino acids can be respired if the amino acid first undergoes a.______________.

When fats are respired, glycerol is converted to b.______________, fatty acids are converted to the two-carbon

molecule c.______________, and the acetyl group enters the Krebs cycle. Excess acetyl groups from glucose

metabolism can be used to build up fat. Explain why the consumption of carbohydrate makes us fat. d. ____

_______________________________________________________________________________________________

7.5 FERMENTATION (P. 129)

• Fermentation is a metabolic pathway that partially breaks down glucose under anaerobic conditions.

13. What happens to pyruvate during fermentation? in humans a.__________________ in yeast b.                

Why is fermentation wasteful? c.                                                                    

What is its advantage? d.                                                                    

What is oxygen debt in humans? e.                                                                   
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14. Label the following processes I, II, and/or III, based on this pyruvate diagram:
a. occurs under anaerobic conditions
b. fermentation
c. glycolysis
d. transition reaction

15. Consider III in the diagram for question 14.

Which has more hydrogen atoms, pyruvate or lactate? a.______________

In yeast, the product of this reaction is b.______________.

What happens to NAD+ produced by the reaction? c.______________

16. Consider II in the diagram for question 14.

What happens to NADH? a._______________

What happens to the acetyl group? b.______________

Cellular Respiration Roulette

On the table before you are three locations to place a bet. These locations are labeled:

G K E

Glycolysis Krebs cycle Electron Transport System

You can place a chip on more than one of these locations. For every chip properly placed, you would hypothetically
win $5.00. Place your bets! Where should you place (a) chip(s) for each of the following:

1. occurs in cytoplasm
2. occurs in mitochondrion
3. glucose
4. oxygen
5. carbon dioxide
6. NADH produced
7. NADH received
8. water produced
9. 2 ATP

10. 32 ATP
11. product from transition reaction enters here
12. How much money did you win?
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CHAPTER TEST
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OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. Fermentation is

a. glycolysis and the Krebs cycle.
b. glycolysis and the reduction of pyruvate.
c. glycolysis only.
d. the reduction of pyruvate only.

2. Each of the following is a product of aerobic res-
piration EXCEPT
a. ATP.
b. carbon dioxide.
c. oxygen.
d. water.

3. Per glucose molecule, the net gain of ATP mol-
ecules from glycolysis is
a. two.
b. four.
c. six.
d. eight.

4. Fermentation supplies
a. glycolysis with free NAD+.
b. hydrogen to the transition reaction.
c. oxygen as an electron acceptor.
d. the Krebs cycle with oxygen.

5. The process that occurs first is
a. chemiosmosis.
b. glycolysis.
c. the electron transport system.
d. the Krebs cycle.

6. Which is NOT an event of the transition 
reaction?
a. breaks down pyruvate
b. converts a citrate molecule
c. oxidizes pyruvate
d. transfers an acetyl group

7. Select the incorrect association.
a. electron transport system—cristae
b. fermentation—plasma membrane
c. glycolysis—cytosol
d. Krebs cycle—matrix

8. Select the process with the greatest yield per glu-
cose molecule.
a. glycolysis
b. Krebs cycle
c. substrate-level phosphorylation
d. transition reaction

9. The energy yield by ATP molecules per glucose
molecule is closest to
a. 25%.
b. 40%.
c. 50%.
d. 60%.

10. Inside a cell, glycerol is broken down into
a. amino acids.
b. acetyl-CoA.
c. fatty acids.
d. PGAL.

11. Which of the following reactions is NOT a part
of aerobic respiration?
a. glycolysis
b. Krebs cycle
c. electron transport system
d. transition reaction
e. fermentation

12. The coenzyme used in the transition reaction of
aerobic respiration is
a. ATP.
b. NAD+.
c. NADH.
d. coenzyme A.
e. RuBP.

13. The carbon dioxide given off by aerobic respi-
ration is produced by
a. glycolysis.
b. the transition reaction.
c. the Krebs cycle.
d. the electron transport system.
e. Both b and c are correct.

14. The final acceptor for electrons in aerobic res-
piration is
a. ATP.
b. NAD+.
c. FAD.
d. oxygen.
e. carbon dioxide.

15. Which of the following reactions occurs on the
inner membrane of mitochondria?
a. the Krebs cycle
b. the transition reaction
c. the electron transport system
d. glycolysis
e. the Calvin cycle

16. The coenzymes NAD+ and FAD carry hydrogen
atoms (H+ + e–) to the
a. glycolysis reactions.
b. transition reaction.
c. Krebs cycle.
d. Calvin cycle.
e. electron transport system.
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17. Which of the following statements is NOT true
about fermentation?
a. It is an anaerobic process.
b. The end products are toxic to cells.
c. It results in two ATPs per glucose molecule.
d. In the absence of O2, muscle cells form CO2

and alcohol.
e. It can be used to make bread rise.

18. Which of the following statements is NOT true
regarding fats?
a. Fatty acids are converted to acetyl-CoA.
b. Eighteen-carbon fatty acids are converted to

nine acetyl-CoA molecules.
c. Glycerol is converted to PGAL.

d. Fats are the least efficient form of stored 
energy.

e. Carbohydrates can be converted to fats.
19. The process directly responsible for most of the

ATP formed during aerobic respiration is
a. the Krebs cycle.
b. the transition reaction.
c. the electron transport system.
d. chemiosmosis.

20. A pathway that begins with glucose and ends
with pyruvate is
a. glycolysis.
b. the Krebs cycle.
c. the electron transport system.
d. the transition reaction.

THOUGHT QUESTIONS

Answer in complete sentences.
21. Explain how the human body obtains the reactants for aerobic respiration and what happens to the products.

22. Why would you expect the Krebs cycle to be located in the matrix of the mitochondrion and the electron trans-
port system to be located on the cristae?

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %

ANSWER KEY

STUDY EXERCISES

1. a. oxidized b. reduced c. exergonic 2. a. 2H
b. NADH + H+ c. 2H d. NAD+ e. right f. left
g. It becomes reduced when it accepts electrons from a
substrate and becomes oxidized when it passes electrons
on to another carrier. 3. a. ETS b. KC c. TR d. GL
e. ETS f. TR, KC, ETS g. GL h. GL, KC (two turns per
glucose molecule) 4. a. cytosol b. no c. glucose
d. pyruvate e. two ATP f. substrate level g. NAD+

h. NADH, ATP, pyruvate i. lactate 5. a. cristae b. ma-
trix c. outer membrane d. intermembrane space e. inner
membrane f. cytosol 6. a. cytosol b. matrix c. cristae
7. a. citrate b. CO2 c. two ATP d. NAD+ and FAD
e. NADH, FADH2, ATP, and CO2 8. a. NADH and
FADH2 b. pass down the system c. pumped into inter-
membrane space d. O2 e. three ATP f. oxidative
9. a. intermembrane b. down c. ATP 10. a. 4 b. 1
c. 3 d. 2 11. see Figure 7.8, page 126, in text
12. a. deamination b. PGAL c. acetyl-CoA d. The acetyl
groups, which result from carbohydrate breakdown, can
be used to make fat. 13. a. reduced to lactate b. re-
duced to alcohol and CO2 c. produces only two ATP
d. does not require oxygen e. O2 needed to metabolize
lactate 14. a. I, III b. III c. I d. II 15. a. lactate
b. alcohol and CO2 c. returns to glycolysis 16. a. goes
to the electron transport system b. enters the Krebs cycle

CELLULAR RESPIRATION

ROULETTE

1. G 2. K, E 3. G 4. E 5. K 6. G, K 7. E 8. E
9. G, K 10. E 11. K 12. Calculate your winnings.

CHAPTER TEST

1. b 2. c 3. a 4. a 5. b 6. b 7. b 8. b 9. b
10. d 11. e 12. d 13. c 14. d 15. c 16. e
17. d 18. d 19. d 20. a 21. Glucose enters the body
at the digestive tract and oxygen enters at the lungs. Glu-
cose and oxygen are delivered to cells by the circulatory
system. Water from aerobic respiration enters the blood
and is utilized by the body or excreted; we breathe out the
carbon dioxide. 22. The Krebs cycle is a series of en-
zymatic reactions, and one reaction is tied to the next be-
cause the product of one reaction is the substrate for the
next. The electron transport system is the passage of elec-
trons from one carrier to the next. These carriers are sta-
tioned in their correct order on the cristae, otherwise the
passage of electrons would not release energy in the most
efficient manner.
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Photosynthesis provides food for living organisms and
replenishes oxygen in the atmosphere. Photosynthesis
utilizes the portion of the electromagnetic spectrum
known as visible light. Chlorophyll—both chlorophyll
a and chlorophyll b—absorbs violet, blue, and red light
better than light of other colors. These pigments are
present in the thylakoid membrane within the grana or
chloroplasts. They participate in the so-called light-
dependent reactions.

The light-dependent reactions involve a cyclic elec-
tron pathway and a noncyclic electron pathway. Only
photosystem I is required for the cyclic electron path-
way, in which electrons energized by the sun leave the
reaction-center chlorophyll a and then pass down an elec-
tron transport system with the concomitant buildup of
ATP before returning to chlorophyll a. In the noncyclic
electron pathway, energized electrons leave chlorophyll
a of photosystem II, pass down an electron transport
system, and enter photosystem I, where they are ener-
gized once more before being accepted by NADPH. The
overall result from the noncyclic pathway is the produc-
tion of NADPH and ATP. Oxygen is also liberated when
water is split and electrons enter chlorophyll a (photosystem
II) to replace those lost. The NADPH and ATP from the
light-dependent reactions of photosynthesis are used to
build a carbohydrate in the light-independent reactions,
which occur in the stroma of chloroplasts.

ATP production during the light-dependent reac-
tions requires chemiosmosis. Hydrogen ions are con-
centrated in the thylakoid space; when water splits, it
releases hydrogen ions, and carriers within the cytochrome
complex of the electron transport system pump the hy-
drogen ions to the thylakoid space. The hydrogen ions flow
down their concentration gradient through a channel in
a protein having an ATP synthase, which forms ATP
from ADP and P .

The light-independent reactions occur during the
Calvin cycle: carbon dioxide is fixed by RuBP, it is re-
duced to PGAL (this requires the ATP and NADPH from
the light-dependent reactions), and RuBP is regenerated.
One PGAL out of every six joins with another PGAL to
form glucose-6-phosphate.

C3 photosynthesis (the first molecule after fixation
is a C3 molecule) occurs when a plant uses the Calvin
cycle directly. Plants have also evolved two other types
of photosynthesis: C4 photosynthesis and CAM photo-
synthesis. C4 plants fix carbon dioxide in mesophyll cells
(which results in a C4 molecule) and then transport it to
bundle sheath cells, where it enters the Calvin cycle.
CAM plants fix carbon dioxide at night and then release
it during the day to the Calvin cycle. C4 and CAM pho-
tosynthesis are adaptations to hot, dry environments,
since these processes allow the stomates to close to con-
serve water.
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PART II PLANT BIOLOGY

8
PHOTOSYNTHESIS

CHAPTER REVIEW

STUDY QUESTIONS

Study the text section by section as you answer the questions that follow.

8.1 RADIANT ENERGY (P. 136)

• Plants make use of solar energy in the visible light range when they carry on photosynthesis.

1. Indicate whether the following statements about the importance of photosynthesis are true (T) or false (F):
a. It makes food for animals.
b. It promotes the breakdown of biodegradable wastes.
c. It returns carbon dioxide to the atmosphere.
d. It returns oxygen to the atmosphere.
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2. Indicate whether the following statements about solar energy are true (T) or false (F):
a. Chlorophylls a and b absorb violet, blue, and red light best.
b. Photons of visible light energize electrons without harming cells.
c. Photosynthesis uses infrared light efficiently in the daytime.
d. Photosynthesis uses ultraviolet light efficiently at night.
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8.2 STRUCTURE AND FUNCTION OF CHLOROPLASTS (P. 138)

• Photosynthesis takes place in chloroplasts, organelles that contain membranous thylakoids surrounded by a
fluid-filled stroma.

• Photosynthesis has two sets of reactions: solar energy is captured by the pigments in thylakoids, and carbon
dioxide is reduced by enzymes in the stroma.

3. Photosynthesis refers to the ability of plants, algae, and a few kinds of bacteria to make their

own a.______________ in the presence of b.______________. In plants, photosynthesis is carried on

in c.______________.
4. The green pigment a.______________ is found within the membrane of the b.______________, and it is here

that c.______________ energy is captured.

5. A chloroplast contains flattened, membranous sacs called a.______________ that are stacked like poker chips

into b.______________. The fluid-filled space surrounding the grana is called the c.______________.

6. Label this diagram of a chloroplast using the following terms:
granum
stroma
thylakoid

7. From the diagram in question 6, the light-

dependent reactions would be associated with

the a.______________, and the light-independent

reactions would be associated with

the b.______________.

8. The light-dependent reactions drive the light-

independent reactions. The light-independent

reactions use the NADPH and a.______________

from the light-dependent reactions to

reduce b.______________ to a c.______________.

9. Label each of the following as either light-dependent (LD) or light-independent (LI) reactions:
a. energy-capturing reactions
b. synthesis reactions
c. carbon dioxide becomes carbohydrate
d. water gives off oxygen
e. NADPH and ATP are made
f. NADPH and ATP are used

8.3 SOLAR ENERGY CAPTURE (P. 140)

• Solar energy energizes electrons and permits a buildup of ATP.

10. The thylakoid membrane has two light-gathering units called a.______________ and b.______________. Within

each unit are green pigments called c.______________ and yellow-orange pigments called d.______________.
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11. Label this diagram of the cyclic electron pathway
with the following terms:

ADP
ATP
electron acceptor
light-dependent reactions
photosystem I
pigment complex

12. Label this diagram of the noncyclic electron
pathway with the following terms (some are used
more than once):

electron acceptor (used twice)
electron transport system
light-dependent reactions
light-independent reactions
photosystem I
photosystem II
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2 PGA

1.

2.

3.

4.

PGAL

PGAL

other organic
molecules

glucose phosphate

RuBP

C6

8.4 CARBOHYDRATE SYNTHESIS (P. 143)

• Carbon dioxide reduction requires energized electrons and ATP.

16. Match the numbers in the diagram to the
following descriptions of events in the Calvin
cycle (some numbers are used more than once):
_____ a. ATP only required
_____ b. CO2 reduction reaction
_____ c. NADPH and ATP required
_____ d. CO2 taken up, CO2 fixation
_____ e. glucose formed after six turns of cycle
_____ f. five PGAL required to form three 

molecules of product

13. What is the role of each of these in the noncyclic electron pathway?

reaction-center chlorophyll a a. _____________________________________________________________________

                                                                                                 

electron acceptors b. _______________________________________________________________________________

                                                                                                 

NADP+ c. ________________________________________________________________________________________

                                                                                                 

electron transport system d. _________________________________________________________________________

                                                                                                 

water e. __________________________________________________________________________________________

                                                                                                 

                                                                                                 

                                                                                        

ATP Production (p. 142)

• Chemiosmosis depends on an electrochemical gradient that the electron transport system establishes.

14. The concentration of H+ in the a.______________ space is b.______________, compared to the lower H+

concentration in the c.______________. The flow of H+ down its concentration gradient provides the energy

for an enzyme called d.______________ to produce e.______________ from ADP + P .

The Thylakoid Membrane (p. 142)

15. Match the complexes in the thylakoid membrane with the following functions:
1 produces ATP from ADP + P
2 transports electrons and stores H+ in the thylakoid space
3 captures solar energy; water is split, releasing electrons and oxygen
4 captures solar energy; NADP+ is reduced to NADPH

a. photosystem II
b. cytochrome complex
c. photosystem I
d. ATP synthase complex

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


17. Rearrange the letters to indicate the order that the

molecules appear during or as a result of the

Calvin cycle. _______________________________
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a. CO2

b. glucose phosphate
c. PGA
d. PGAL
e. starch

8.5 OTHER ASPECTS OF PHOTOSYNTHESIS (P. 145)

• Photosynthesis provides most of the food for the biosphere.
• Plants use either C3, C4, or CAM photosynthesis, named for the manner in which CO2 is fixed.

18. Label the following as describing C3, C4, and/or CAM plants:
a. predominate in spring and cooler summer weather
b. PEPCase
c. succulent plants, cacti; live in hot, arid regions
d. wheat, rice, oats
e. predominate in hot, dry summer weather
f. product of CO2 fixation is PGA
g. CO2 fixation occurs at night and C4 molecules are stored until daylight
h. photorespiration occurs
i. stomates are closed during the day to conserve water
j. end product of CO2 fixation is oxaloacetate
k. sugarcane, corn, Bermuda grass
l. chloroplasts only in mesophyll cells

m. chloroplasts in bundle sheath cells and mesophyll

8.6 PHOTOSYNTHESIS VERSUS AEROBIC CELLULAR

RESPIRATION (P. 147)

• In photosynthesis, carbon dioxide is reduced to glucose and water is oxidized, releasing oxygen gas. In
aerobic cellular respiration, carbohydrate is oxidized to carbon dioxide, and oxygen is reduced to water.

Are these statements True (T) or False (F)? If false, rewrite the statement as a true one.

19. Carbon dioxide is oxidized during photosynthesis and oxygen is oxidized during aerobic cellular respiration.

Answer: __________ Restatement: ____________________________________________________________

________________________________________________________________________________________

20. The coenzyme active during photosynthesis is NADP+, and the coenzyme active during cellular respiration is

NAD+.

Answer: __________ Restatement: ____________________________________________________________

________________________________________________________________________________________

21. PGAL becomes PGA during photosynthesis and PGA becomes PGAL during aerobic cellular respiration.

Answer: __________ Restatement: ____________________________________________________________

________________________________________________________________________________________

22. Oxygen is given off by photosynthesis and carbon dioxide is given off by aerobic cellular respiration.

Answer: __________ Restatement: ____________________________________________________________

________________________________________________________________________________________
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Photosynthesis: A Play in Two Acts

65

Photosynthesis, which is now playing in chloroplasts,
has two acts. The first act is the light-dependent reac-
tions, and the second act is the light-independent reac-
tions. The theater has a revolving stage of two parts,
shown in the diagram.

1. Place these “props” on the correct “stage”: grana
(thylakoids) and stoma.

2. Place these “props” on the correct “stage”:
Calvin cycle, energy-capturing reactions, and
synthesis reactions.

3. Place these “props” on the correct “stage”:
chlorophyll and RuBP.

4. Certain actors/actresses walk on during either the
first act or the second act (not both acts), and
certain others walk off during either the first act
or the second act. Entrances and exits are
represented by the arrows. Show where the
following “actresses/actors” either walk on or
walk off: CO2, H2O, light, O2, and PGAL.

5. Certain actors/actresses are in the first act, but
then they change their costumes and move to the
second act. Naturally, they have to get ready
again for the first act. Movement of these
actors/actresses is indicated by arrows between
the acts. Show where the following
“actresses/actors” belong: ADP, ATP, NADP+,
and NADPH.

CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test. In ques-
tions 1–6, match the terms with the following 
definitions:

a. organic product of photosynthesis
b. released by photosynthesis
c. reactant of photosynthesis
d. site of light-dependent reactions
e. site of light-independent reactions
f. molecule-absorbing solar energy

1. chlorophyll
2. oxygen
3. stroma
4. sugar
5. thylakoid membrane
6. water

7. Each of the following is a product of photosyn-
thesis EXCEPT
a. carbon dioxide.
b. organic food.
c. oxygen.
d. carbohydrate.

8. Photosynthesis occurs best at wavelengths that
are
a. blue.
b. gamma.
c. infrared.
d. ultraviolet.

9. Each is a product of light-dependent reactions 
EXCEPT
a. ATP.
b. NADPH.
c. oxygen.
d. sugar.

10. The cyclic pathways of photosynthesis produce
a. ATP only.
b. NADPH only.
c. ATP and NADPH.
d. organic sugars only.

11. Carbon dioxide fixation occurs when CO2 com-
bines with
a. ATP.
b. NADPH.
c. PGAL.
d. RuBP.
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12. Which of the following pathways uses the en-
zyme PEPCase?
a. C2

b. C3

c. CAM
d. CAP

13. The enzyme that produces ATP from ADP + P
in the thylakoid is
a. RuBP carboxylase.
b. rubisco.
c. ATPase.
d. ATP synthase.
e. coenzyme A.

14. Which statement is NOT true regarding 
chemiosmosis?
a. H+ concentration is higher in the stroma than

in the thylakoid space.
b. The electron transport system pumps H+ from

the stroma into the thylakoid space.
c. The ATP synthase complex is present in the

thylakoid membrane.
d. All of these are true.

15. Which of the following is NOT a stage in the
Calvin cycle?
a. carbon dioxide fixation
b. carbon dioxide oxidation
c. carbon dioxide reduction
d. ribulose bisphosphate regeneration

16. Which of these descriptions is NOT true of 
photosynthesis?
a. not affected by temperature
b. not affected by solar energy
c. requires a supply of oxygen
d. involves a reduction reaction
e. more likely to occur during the day

17. Which of these descriptions is NOT true of
chlorophyll?
a. absorbs solar energy
b. located in the grana
c. located in thylakoid membranes
d. passes electrons directly to NADP+

e. passes electrons to an acceptor molecule
18. The two major sets of reactions involved in pho-

tosynthesis are
a. the cyclic and noncyclic electron pathways.
b. glycolysis and the Krebs cycle.
c. the Calvin and Krebs cycles.
d. the Calvin cycle and the electron transport

system.
e. the light-dependent and light-independent 

reactions.
19. Which of the following statements is NOT true

of the Calvin cycle?
a. RuBP is regenerated with the use of ATP.
b. Glucose phosphate is synthesized from PGAL.
c. NADPH is used to reduce PGAL to PGA.
d. Five molecules of PGAL are used to reform

three molecules of RuBP.
20. Photosystem II gets replacement electrons from

a. the sun.
b. water molecules.
c. ATP.
d. photosystem I.
e. NADPH.

66

THOUGHT QUESTIONS

Answer in complete sentences.
21. How is life dependent on photosynthesis?

22. Why is photosynthesis dependent on the high degree of compartmentalization in chloroplasts?

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %
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1. a. T b. F c. F d. T 2. a. T b. T c. F d. F
3. a. food b. sunlight c. chloroplasts 4. a. chloro-
phyll b. thylakoids c. solar 5. a. thylakoids b. grana
c. stroma 6. a. thylakoid b. stroma c. granum
7. a. thylakoid and granum b. stroma 8. a. ATP b. car-
bon dioxide c. carbohydrate 9. a. LD b. LI c. LI
d. LD e. LD f. LI 10. a. photosystem I b. photosys-
tem II c. chlorophyll d. carotenoids 11. a. light-de-
pendent reactions b. photosystem I c. ADP d. ATP
e. electron acceptor f. pigment complex 12. a. light-
dependent reactions b. photosystem II c. electron ac-
ceptor d. electron transport system e. photosystem I
f. electron acceptor g. light-independent reactions.
13. a. releases electrons that become excited from solar
energy b. accepts energized electrons from the reaction-
center chlorophyll a and sends them to the electron trans-
port system c. accepts electrons and hydrogen and becomes
NADPH d. stores energy as the electrons fall to a lower
energy level e. splits, releasing oxygen and hydrogen
ions 14. a. thylakoid b. higher c. stroma d. ATP syn-
thase e. ATP 15. a. 3 b. 2 c. 4 d. 1 16. a. 2, 3 b. 2
c. 2 d. 1 e. 4 f. 3 17. a, c, d, b, e 18. a. C3 b. C4,
CAM c. CAM d. C3 e. C4 f. C3 g. CAM h. C3

i. CAM j. C4 k. C4 l. C3 m. C4 19. F Carbon dioxide
is reduced during photosynthesis and oxygen is reduce
during aerobic cellular respiration. 20. T 21. F. PGA
becomes PGAL during photosynthesis and PGAL be-
comes PGA during aerobic cellular respiration. 22. T

STUDY EXERCISES PHOTOSYNTHESIS:A PLAY

IN TWO ACTS

light
grana (thylakoids)
energy-capturing reactions
chlorophyll

stroma
Calvin cycle
synthesis reactions
RuBP

NADP+

ADP
NADPH

ATP

H2O O2

CO2 PGAL

ANSWER KEY

CHAPTER TEST

1. f 2. b 3. e 4. a 5. d 6. c 7. a 8. a 9. d
10. a 11. d 12. c 13. d 14. a 15. b 16. c
17. d 18. e 19. c 20. b 21. Through photosynthe-
sis, plants (and algae) produce food for themselves and
all other living things. These organisms are the produc-
ers at the start of food chains of all types. Animals feed
directly on photosynthesizers or on other animals that
have fed on photosynthesizers. 22. Chemiosmosis can-
not occur without a membrane that maintains a differ-
ence in hydrogen ion concentration. In plant cells, hydrogen
ions build up within the thylakoid space and then they flow
down their concentration gradient through an ATP syn-
thase complex located in the thylakoid membrane.
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A flowering plant has three vegetative organs: roots,
stems, and leaves. A root anchors a plant, absorbs water
and minerals, and stores the products of photosynthesis.
Stems support leaves, conduct materials to and from
roots and leaves, and help store plant products. Leaves
carry on photosynthesis.

Three types of tissue are found in each organ: der-
mal, ground, and vascular. Epidermis is the dermal tis-
sue in most parts of the plant. Parenchyma, collenchyma,
and sclerenchyma are the types of ground tissue. Xylem,
which transports water and minerals, and phloem, which
transports organic solutes, are the two types of vascular
tissue.

Root tissues can be studied in longitudinal and cross
section. There are several types of roots: taproot, fi-
brous, and adventitious. The layers and organization of
vascular tissue differ in the roots of the monocot, the
herbaceous dicot, and the woody dicot. The stems of
woody, temperate plants experience pronounced sec-
ondary growth, developing annual rings of xylem.

The cross section of a leaf shows mesophyll be-
tween upper and lower layers of epidermis. The vena-
tion differs between monocots and dicots. Leaves can be
simple or compound. Specializations of the leaf include
epidermis, stomates, and mesophyll cells.
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9
PLANT ORGANIZATION AND GROWTH

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

9.1 THE FLOWERING PLANT (P. 152)

• In a plant, the roots anchor, the stems support, and the leaves photosynthesize.
• Flowering plants are classified into two groups, the monocots and the dicots.

1. Flowering plants are adapted to living on land. The root system a.____________________ the plant in the soil

and takes up b.____________________ and c.____________________, especially by means

of d.____________________. Stems lift the leaves and e.____________________ water and minerals to the

leaves. The leaves carry on f.____________________ after receiving water from the roots

and g.____________________ from the air.

2. Complete the following table to indicate the differences between monocot and dicot plants:

Plant Part Monocot Dicot

leaf veins

vascular bundles in stem

cotyledons in seed

parts in a flower

vascular tissue in root
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9.2 PLANT TISSUES AND CELLS (P. 154)

• In a plant, dermal tissue protects, ground tissue fills spaces, and vascular tissue transports water and nutrients.

3. Match the cell types with the following tissue types:
1 epidermal tissue
2 ground tissue
3 vascular tissue

a. sclerenchyma cells
b. tracheids
c. root hair cells
d. parenchyma cells
e. sieve-tube cells
f. vessel elements

4. Indicate whether each of the following statements is true (T) or false (F):

Epidermal Tissue:

a. Epidermis covers the entire body of nonwoody plants.
b. Epidermis covers the entire body of young woody plants.
c. Epidermis replaces cork in the stems of older plants.
d. Guard cells regulate the entrance of water into the roots.

Ground Tissue:

e. Collenchyma cells are a major site of photosynthesis.
f. Collenchyma has thinner primary walls than parenchyma.
g. Parenchyma is the least specialized cell type.
h. Sclerenchyma secondary walls are impregnated with lignin.
i. Sclereids give pears their gritty texture.

Vascular Tissue:

j. Phloem transports organic nutrients from leaves to roots.
k. Sieve-tube cells are found in xylem.
l. Tracheids are a type of cell in phloem.

m. Xylem transports water from roots to leaves.

9.3 ORGANIZATION OF ROOTS (P. 156)

• A dicot root tip has a zone where new cells are produced, another where they elongate, and another where they
mature.

• Dicot roots (both woody and nonwoody) and monocot (only nonwoody) differ in the organization of their
vascular tissue.
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5. Label this diagram of a dicot root tip with the following terms:
cortex
endodermis
epidermis
pericycle
phloem
root cap
root hair
vascular cylinder
xylem
zone of cell division
zone of elongation
zone of maturation

70

6. Explain what is happening in each of these zones of a root tip.

cell division a. ______________________________________________________________________________________________

elongation b. _______________________________________________________________________________________________

maturation c. _______________________________________________________________________________________________
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7. Complete the following table to describe and give a function for the specific tissues within a root:

Tissue Description Function

epidermis

cortex

endodermis

vascular tissue

71

9.4 ORGANIZATION OF STEMS (P. 158)

• All stems grow in length and experience primary growth.
• Dicot and monocot herbaceous stems differ in the organization of their vascular tissue.
• Woody stems also grow in girth and experience secondary growth.

8. Study the diagram and write the term herbaceous or woody on the lines provided.

Stems

Monocot Dicot

9. Label these diagrams of stems with the following terms (some are used more than once):
bark
cortex
epidermis
phloem
pith
vascular bundle
wood
xylem

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

�
�
�

h.

e.

d.

g.

f.

a. c.

a.

b.

c.

d.
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10. How would you describe the arrangement of vascular bundles in a herbaceous monocot stem?
a.____________________

In a herbaceous dicot stem? b.____________________

Annual rings appear in which type of stem? c.____________________

What causes annual rings? d.________________________________________________________________________

9.5 ORGANIZATION OF LEAVES (P. 163)

• The main portion of a leaf is composed of cells that perform gas exchange and carry on photosynthesis.

11. a–g. Label this diagram of a leaf with the following terms (some are used more than once):
epidermis
guard cell
leaf vein
mesophyll
palisade mesophyll
spongy mesophyll
stomate

f.

g.

An extension of vascular bundles of stem is the h.____________________. The i.____________________

protects the leaf from drying out. The j.____________________ allow gas exchange. Longitudinal cells that

photosynthesize are the k.____________________. Loosely arranged cells that photosynthesize and exchange

gases are the l.____________________.

9.6 MODIFIED ROOTS, STEMS AND LEAVES (P. 164)

• Among the modifications of roots, stems, and leaves are those that help plants store food, asexually
reproduce, and capture food.

12. Label each type of root shown and describe its special function.

a. b.

Type of root                      _________________________                  _________________________

Function                            _________________________                  _________________________

_________________________                  _________________________
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13.Match the descriptions to the following types of stems:
1 corm
2 rhizome
3 stolon
4 tuber

a. bulbous underground stem
b. enlarged area of an underground stem that serves as storage area
c. underground stem that survives the winter
d. runner; new plants start from nodes

14.Place a check in front of the correct descriptions of leaves.
a. spines of a cactus
b. tendrils of a cucumber
c. trap of a Venus’s-flytrap
d. stolon of a strawberry plant

CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. Each is an adult tissue in plants EXCEPT

a. epidermal.
b. ground.
c. meristem.
d. vascular.

2. Select the incorrect association.
a. collenchyma—flexible support
b. parenchyma—unspecialized
c. sclerenchyma—tough and hard
d. sieve tube—mechanical strength

3. Select the correct association.
a. phloem—minerals
b. phloem—photosynthesis
c. xylem—sugar
d. xylem—water

4. The zone farthest from the root cap is the zone
of
a. cell division.
b. elongation.
c. maturation.
d. primary growth.

5. The cortex of the root mainly functions for
a. entrance of substances into the root.
b. photosynthesis.
c. protection.
d. starch storage.

6. The root type in the carrot is the
a. adventitious root.
b. fibrous root.
c. taproot.
d. prop root.

7. In the vascular bundles of a herbaceous stem,
a. phloem develops to the inside.
b. xylem develops to the outside.
c. Both a and b are correct.
d. Neither a nor b is correct.

8. A stolon is a(n)
a. aboveground stem.
b. cork covering on a stem.
c. specialized type of leaf.
d. underground stem.

9. The palisade mesophyll
a. stores food in the form of starch for the rest

of the plant.
b. absorbs water and minerals.
c. contains elongated cells where photosynthe-

sis takes place.
d. opens to allow gases to move in and out.

10. The wood portion of a woody stem is composed
of 
a. pith.
b. cambium.
c. bark.
d. secondary xylem.
e. secondary phloem.

11. Trace the path of water from the roots to the
leaves.
a. root hairs→cortex→vascular cylinder→

vascular bundles→leaf veins
b. root hairs→pith→xylem→phloem→

wood→leaf veins
c. cortex→endodermis→xylem→tracheids→

parenchyma→leaf veins
d. root hairs→sclerenchyma→vascular

cylinder→cortex→leaf veins
12. Stomates are

a. a type of transport tissue.
b. openings in leaf epidermis.
c. found in woody trees only.
d. a universal type of cell.
e. All of these are correct.
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13. Which of these comparisons of monocots and
dicots is NOT correct?
Monocots Dicots
a. net veined—parallel veined
b. one cotyledon—two cotyledons
c. scattered vascular bundles—circular pattern
d. flower parts in threes—flower parts in

fours/fives
14. The cells in the root cap are produced from the

zone of
a. cell division.
b. elongation.
c. maturation.
d. pericycle.
e. vascular bundle.

15. A cross section through the zone of maturation
of a dicot root would show
a. cells of the root cap.
b. the apical meristem.
c. transport tissues.
d. greatly elongated, undifferentiated cells.
e. All of these are correct.

16. Annual rings in woody stems are caused by an
increase in rings of the
a. primary phloem.
b. secondary phloem.
c. primary xylem.
d. secondary xylem.

17. The point of a stem at which leaves or buds are
attached is termed the
a. node.
b. internode.
c. lenticel.
d. endodermis.
e. plasmodesmata.

18. Which of these is mismatched?
a. monocot stem—vascular bundles scattered
b. dicot herbaceous stem—vascular bundles in

a ring
c. dicot woody stem—no vascular tissue
d. All of these are properly matched.

19. Water taken up by root hairs has to enter the vas-
cular cylinder because
a. osmosis draws it in.
b. guard cells regulate the opening of stomates.
c. the Casparian strip prevents anything else.
d. Both a and c are correct.

20. A leaf is like a root because they both
a. photosynthesize.
b. store the products of photosynthesis in bad

times.
c. have vascular tissue.
d. have a double layer of epidermis.
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THOUGHT QUESTIONS

Answer in complete sentences.
21. Do plants have a true organ structure, just as animals do? What characteristics of their anatomy support your 

answer?

22. Why is the evolution of xylem such an important adaptation for the success of plants on land?

Test Results: _______ Number right ÷ 22 = _______ × 100 = _______%
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ANSWER KEY

75

STUDY EXERCISES

1. a. anchors b. water c. minerals d. root hairs e. trans-
port f. photosynthesis g. carbon dioxide
2.

Monocot Dicot

parallel pattern net pattern

scattered in a ring

one two

in threes in fours and fives

in a ring in a vascular cylinder

3. a. 2 b. 3 c. 1 d. 2 e. 3 f. 3 4. a. T b. T c. F
d. F e. F f. F g. T h. T i. T j. T k. F l. F m. T 5. See
Figure 9.7, page 156, in text. 6. a. New cells are ap-
pearing. b. Cells are getting longer. c. Cells are mature
and specialized.
7.

Description Function

outer single layer root hairs, especially, 
of cells absorb water and minerals

thin-walled food storage
parenchyma cells

single layer of regulates entrance of 
rectangular cells minerals into vascular

cylinder

xylem and phloem transport water, minerals,
and organic nutrients

CHAPTER TEST

1. c 2. d 3. d 4. c 5. d 6. c 7. d 8. a 9. c
10. d 11. a 12. b 13. a 14. a 15. c 16. d
17. a 18. c 19. c 20. c 21. Several specialized tis-
sues (epidermal, ground, vascular) are integrated struc-
turally in the leaf, stem, and root. All are organs, consisting
of two or more tissues working together. 22. Xylem al-
lows plants to transport water against gravity, from roots
to leaves. Without water transport, plants have to be low
lying.

8. herbaceous, herbaceous, woody 9. a. epidermis
b. cortex c. vascular bundle d. pith e. phloem f. bark
g. xylem h. vascular cambium 10. a. scattered b. ring
c. woody stem d. summer xylem vessels are small, and
spring vessels are large 11. a. epidermis b. palisade
mesophyll c. leaf vein d. spongy mesophyll e. epider-
mis f. stomate g. guard cell h. leaf veins i. cuticle
j. stomates k. palisade mesophyll l. spongy meso-
phyll 12. a. fibrous root; holds soil b. taproot; stores
13. a. 1 b. 4 c. 2 d. 3 14. a, b, c, d
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Water transport in plants occurs within xylem. The co-
hesion-tension model of xylem transport states that tran-
spiration (evaporation of water at stomates) creates
tension, which pulls water upward in xylem. This method
works only because water molecules are cohesive. 

Stomates open when guard cells take up potas-
sium (K+) ions, and water follows by osmosis. Stomates
open because the entrance of water causes the guard cells
to buckle out.

Transport of organic nutrients in plants occurs within
phloem. The pressure-flow theory of phloem transport
states that sugar is actively transported into phloem at a
source, and water follows by osmosis. The resulting in-
crease in pressure creates a flow, which moves water and
sucrose to a sink. 

Plant hormones control plant responses to envi-
ronmental stimuli. Tropisms are growth responses to-
ward or away from unidirectional stimuli. When a plant
is exposed to light, auxin moves laterally from the bright
to the shady side of a stem. Thereafter, the cells on the
shady side elongate, and the stem moves toward the light.

Plant hormones most likely control photoperiodism.
Short-day plants flower when the days are shorter (nights
are longer) than a critical length, and long-day plants

flower when the days are longer (nights are shorter) than
a critical length. Some plants are day-length neutral. Phy-
tochrome, a plant pigment that responds to daylight, is
believed to be a part of a biological clock system that in
some unknown way brings about flowering. 

Flowering plants have an alternation of generations
life cycle, which includes separate microgametophytes
and megagametophytes. The pollen grain, the microga-
metophyte, is produced within the stamens of a flower.
The megagametophyte is produced within the ovule of a
flower. Following pollination and fertilization, the ovule
matures to become the seed and the ovary becomes the
fruit. The enclosed seeds contain the embryo (hypocotyl,
epicotyl, plumule, radicle) and stored food (endosperm
and/or cotyledons). When a seed germinates, the root
appears below and the shoot appears above. 

Many flowering plants reproduce asexually, as when
the nodes of stems (either aboveground or underground)
give rise to entire plants, or when an isolated root pro-
duces new shoots. Micropropagation, the production of
clonal plants utilizing tissue culture, is now a commer-
cial venture. The particle-gun technique allows foreign
genes to be introduced into plant cells, which then develop
into adult plants with particular traits. 

76

10
PLANT PHYSIOLOGY

AND REPRODUCTION

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

10.1 WATER AND MINERAL TRANSPORT (P. 170)

• Evaporation pulls water and minerals from the roots to the leaves in xylem.
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1. With the help of the accompanying illustration, match these terms with a, c, e, g, and i below and answer the
questions.

cohesion and adhesion of water molecules
negative pressure
positive pressure
root hairs

a._________ are the conducting cells in xylem. Why is there an open pipeline from the roots to the leaves? b._____ 

_________________________________________________________________________________________________
c._________ absorb water from soil. When water enters the root and makes its way to xylem, what type of

pressure results? d. _________________________________________________________________________________
e._________ is evaporation of water. Why does water evaporate? f.________________________________________

_________________________________________________________________________________________________
g._________ is created by the evaporation of water. What type of pressure results from the evaporation of water?
h. ________________________________________________________________________________________________
i._________ causes a water column to hold together. Why must the water column be continuous? j._____________

_________________________________________________________________________________________________

The sun causes water to evaporate—
the energy for xylem transport comes from the sun.

xylem in leaf vein

water molecules
outside air

stomate

mesophyll cells

Transpiration (evaporation) of water from leaves creates 
tension that pulls the water column in xylem from the roots.

xylem
cohesion by
hydrogen bonding
between water 
molecules

cell wall

adhesion due to
polarity of water 
molecules

Water column is held together by cohesion;
adhesion keeps water column in place.

root hair

soil particles

xylem

Water from soil enters xylem in root;
tension in water column extends from leaves to root.

water molecule

tension
tracheids and vessel elements
transpiration
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10.2 ORGANIC NUTRIENT TRANSPORT (P. 174)

• Osmotic pressure causes organic nutrients to flow in phloem, usually from the leaves to the roots.

2. Using the input from question 1, explain the cohesion-tension model of xylem transport. _________________
________________________________________________________________________________________

Opening and Closing of Stomates (p. 172)

• Stomates must be open for evaporation to occur.

3. Stomates open during photosynthesis when a.____________________ ions are actively transported
b.____________________ (into/out of) the guard cells. Water now enters the guard cells by
c.____________________, causing the cells to buckle out due to their d.____________________ (thick/thin) inner

walls.

4. Rearrange the letters of steps a–e to demonstrate how stomates proceed from closed to open positions.       

____________________
a. CO2 decreases in leaf.
b. K+ enters guard cells.
c. Stomates are closed.
d. Stomates are open.
e. Water enters guard cells.

5. What two important events are occurring when stomates are open?

a.                                                                                       

b.                                                                                       
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a._________ are the conducting cells of phloem. Why can substances move from cell to cell in phloem? 
b. ________________________________________________________________________________________________
c._________ means sugar is made in leaves.
d._________ causes sugar to enter phloem.
e._________ occurs after sugar enters phloem.
f._________ exists in phloem after sugar and water enter.

g._________ causes sugar to exit phloem. Why is the exit of sugar from phloem a necessary part of phloem

transport? h. _______________________________________________________________________________________
i._________ means sugar is removed in roots.

7. Using the input from question 6, explain the cohesion-tension model of phloem transport.
_______________________________________________________________________________________________

xylem
vessel

water
molecule

sieve-tube
element

companion
cell 

sucrose
molecule

sieve
plate

phloem

Sucrose is actively
transported into phloem,
and water follows
by osmosis.

Sucrose is actively
transported out of
sieve-tube cells,
and water follows
by osmosis.

This creates a positve
pressure that causes
sap to flow within phloem.

source
(mature
leaf
cells)

sink
(root
and
other
growth
areas)

6. With the help of the accompanying illustration, match these terms with a, c, d, e, f, g, and i below and answer
the questions.

active transport (used twice)
osmosis
positive pressure

sieve-tube cells
sink
source
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10.3 PLANTS RESPONSES TO ENVIRONMENTAL STIMULI (P.176)

• Plants respond to outside stimuli by changing their growth patterns.
• Plant hormones regulate plant growth patterns.

8. State wether the following is phototropism, gravitropism, or thigmotropism:
a. movement in response to touch
b. movement in response to light stimulus
c. movement in response to gravity

d. Explain what is ment by “movement” of a plant. d. _____________________________________________ 

_______________________________________________________________________________________

9. State whether the following is an example of positive tropism or negative tropism.
a. Stems curve upward, opposite the direction of gravity.
b. Stems curve toward light.

10. Complete the first column of this table by filling in the names of plant hormones.

Table 10.2 Plant hormones

Type Primary Example Notable Function

Growth Promoters

______________ a. Indoleacetic acid (IAA) Promotes cell elongation in stems; phototropism,
gravitropism, apical dominance; formation of roots,
development of fruit

______________ b. Gibberellic acid (GA) Promote stem elongation; release some buds and
seeds from dormancy

______________ c. Zeatin Promote cell division and embryo development;
prevent leaf senescence and promote bud activation

Growth Inhibitors

______________ d. Abscisic acid (ABA) Resistance to stress conditions; causes stomatal
closure; maintains dormancy

______________ e. Ethylene Promotes fruit ripening; promotes abscission and fruit
drop; inhibits growth

Phototropism and Auxin (p. 177)

11. Indicate whether the statements that follow, concerning oat seedling experiments, are true (T) or false (F).
Rewrite all false statements to true statements.ß

a. Oat seedlings with tips removed still bend toward the light. Rewrite:                          

_____ b. When an agar block (containing auxin) is placed on one side of a tipless coleoptile, the shoot curves

toward that side. Rewrite:                                                                  

_____ c. Auxin normally moves to the shady side, and thereafter, the stem bends toward the light. Rewrite:   
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12. Explain this diagram.

                                                                                                 

                                                                                                 

                                                                                                 

Photoperiodism (p. 178)

• Some plant responses are controlled by the length of daylight (photoperiod).

13.Study the diagram and then answer the questions that follow.

A long-day (short-night) plant flowers when the night is a.____________________ than a critical length. A

short-day (long-night) plant will not flower when the night is b.____________________ than a critical

length.

A long-day (short-night) plant will not flower when the night is c.____________________ than a critical length.

A short-day (long-night) plant will flower when the night is d.____________________ than a critical length.

A long-day (short-night) plant will flower if a flash of light interrupts a night that is e.____________________

than a critical length. A short-day (long-night) plant will not flower if a flash of light interrupts a night that

is f.____________________ than a critical length.

The conclusion is that it is the length of the g.____________________, and not the h.____________________,

that controls flowering.

ATP

ATP

ATPATP

ATP

receptor

cell wall

auxin

H+

H+

H+

H+

H+
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14. a. Label the three arrows in the diagram with the following terms: metabolic conversion, absorbs red light,
and absorbs far-red light.

b. Place the following terms above and below the arrows as appropriate: daytime, and shade and evening.
c. Place the following terms to one side of Pr or Pfr as appropriate: flowering is stimulated and stem

elongation is inhibited.
d. The conclusion is that Pfr                                                                        

                                                                                              .

10.4 SEXUAL REPRODUCTION IN FLOWERING PLANTS (P.180)

• In the plant life cycle, the pollen grain carries sperm from flower to flower.

15. Label this diagram of a flower with the following terms:
anther
filament
ovary
ovule
petal
pistil
pollen grain
pollen tube
sepal
stamen
stigma
style

16. Name the following parts of a flower:

green leaves that form a whorl a._____________________

colored leaves of a flower b._____________________

a vaselike structure c._____________________that consists of:

a sticky enlarged knob d._____________________

a slender stalk e._____________________

an enlarged base containing ovules f._____________________

stamen components include:

a saclike container that produces pollen grains g._____________________

a slender stalk h._____________________
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17. a. Label this diagram of the life cycle of a flowering plant with the following terms:
anther
megagametophyte
megaspore
microgametophyte
microspore
ovary
sporophyte
zygote

18. Fill in the blanks.

In this life cycle, the dominant sporophyte produces two types of spores, called the a. _________ and
b. _________.

The microspore develops into the mature c. _________, a pollen grain that contains a d. _________.

The megaspore develops into the e. _________, an embryo sac that contains an f. _________.

When the sperm fertilizes the egg, a g. _________ results. The zygote becomes an embryo enclosed within a

seed.

Fruits and Seeds (p. 183)

• Seeds within fruits are the products of sexual reproduction in flowering plants.
• Seeds must be dispersed and must germinate to complete the plant life cycle.

19.What is the pericarp? a._____________________

Explain the term simple fruit. b._____________________

Explain the term dry fruit. c._____________________

Explain the term compound fruit. d._____________________

A peach is a simple fruit with a(n) e._____________________ pericarp, while a nut is a simple fruit with a(n)
f._____________________, hard pericarp.

g.

micro-
gametophyte
(pollen grain)

egg

sperm

fertilization meiosis

h.
c.

e.

d.

diploid (2n)

haploid (n)

ovule
petal

b.

a.

sepal
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Do not refer to the text when taking this test.
1. What role does transpiration play in water trans-

port?
a. no role
b. pushes the water
c. pulls the water

2. For transpiration to occur in the leaves,
a. water must exhibit cohesiveness.
b. the stomates must be open.
c. water must evaporate.
d. All of these are correct.
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3. Turgor pressure is important to
a. stomate opening and closing.
b. plant cell rigidity.
c. water flow in xylem.
d. Both a and b are correct.
e. All of these are correct.

4. The Casparian strip causes
a. water to enter the vascular cylinder.
b. sucrose to enter phloem.
c. water to stay within xylem during transport.
d. All of these are correct.

OBJECTIVE QUESTIONS

20. List four ways that seeds and fruits are dispersed.

a.                                                                                                

b.                                                                                                

c.                                                                                                

d.                                                                                                
21. Label each statement as describing the structure and germination of either the bean seed (B) or the corn

kernel (C).
a. It is actually a fruit.
b. The plumule is enclosed in a sheath called the coleoptile.
c. Most of the food storage tissue is endosperm.
d. Shoot is hook shaped.

10.5 ASEXUAL REPRODUCTION IN FLOWERING PLANTS

(P. 186)

• Plants reproduce asexually. This ability can be commercially utilized to mass produce identical plants,
sometimes after genetic engineering.

22. Place a check in front of the example(s) of vegetative propagation.
a. strawberry plants grown from the nodes of stolons
b. potato plants grown from the eyes of a potato
c. ornamental plants grown from stem cuttings

23. Place a check in front of the characteristics of vegetative propagation.
a. sexual reproduction
b. asexual reproduction
c. new plant genetically identical to original plant
d. new plant genetically dissimilar to original plant

24. Micropropagation is a commercial way to produce thousands of a.____________________

(identical/dissimilar) seedlings utilizing b.____________________ culture. Somatic embryos can be grown

from flower c.____________________, which is free of viruses. Anther culture, which allows the production of

plants that express d.____________________ alleles, uses the tube cell of e.____________________ grains. The

process of culturing individual cells—derived from root, stem, or leaf—to produce desirable chemicals is

called f.____________________. A protoplast is a(n) g.____________________ that can go on to develop into an

entire plant.

CHAPTER TEST
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5. During water transport, negative pressure is due
to the
a. cohesion of water molecules.
b. active transport of sucrose into root cells.
c. evaporation of water from the leaves.
d. All of these are correct.

6. When stomates are open,
a. carbon dioxide enters leaves.
b. potassium and water have entered guard cells.
c. negative pressure pulls water upward.
d. All of these are correct.

7. During phloem transport, the sink has
a. the higher solute concentration, accounting

for why water flows to it.
b. the lower solute concentration, due to the ac-

tive transport of sucrose out of it.
c. the higher solute concentration because that

is where sucrose is needed.
d. Both a and c are correct.

8. Select the incorrect association.
a. positive gravitropism—response to gravity
b. phototropism—response to light stimulus
c. negative gravitropism—response to gravity
d. thigmotropism—response to chemical stimulus

9. Interrupting the dark period with a flash of white
light prevents flowering in a 
a. long-day plant.
b. short-day plant.

10. Select the incorrect statement about auxins.
a. They cause breakdown of polysaccharides in

the cell wall.
b. Their concentration in leaves and fruits pre-

vents leaves and fruits from falling to the
ground.

c. They are produced in the shoot apex of the
plant.

d. They are transported to the side of the plant
receiving light.

11. Oat seedlings will NOT bend
a. when exposed to artificial plant hormones.
b. when coleoptile tips are cut off.
c. when Pr has become Pfr.
d. All of these are correct.

12. The reception of auxin leads to
a. the removal of H+ from the cell.
b. ATP → ADP + P.
c. the weakening of plant cell walls.
d. All of these are correct.

13. In a short-day plant, flowering is believed to 
depend on
a. proper lighting.
b. the presence of phytochrome.
c. the proper hormonal balance.
d. All of these are correct.

14. The ovule is to the pistil as the
a. anther is to the stamen.
b. anther is to the filament.
c. filament is to the anther.
d. All of these are correct.

15. The structure immediately preceding the megaga-
metophyte is the
a. microgametophyte.
b. ovule.
c. megaspore.
d. pistil.

16. The pollen grain contains
a. the sperm.
b. the egg.
c. the embryo.
d. It depends on the photoperiod.

17. Insects
a. routinely disperse seeds in angiosperms.
b. are flower pollinators.
c. are the only flower pollinators.
d. All of these are correct.

18. Vegetative propagation
a. is asexual propagation.
b. can occur from stems.
c. requires the use of leaves.
d. Both a and b are correct.
e. All of these are correct.

19. In the life cycle of flowering plants, the embryo
sac
a. is the equivalent of the pollen grain.
b. has ten cells.
c. contains an embryo.
d. All of these are correct.

20. A(n) ______ produces four pollen grains.
a. microspore
b. microsporocyte
c. anther
d. microsporangium

21. Fertilization in flowering plants
a. results in a 2n zygote and 3n endosperm.
b. results in a 3n embryo and 2n endosperm.
c. involves the polar nuclei but not the egg 

nucleus.
d. occurs rarely.

22. Fruits are classified according to whether they are
a. big or small.
b. dry or fleshy.
c. simple or compound.
d. Both b and c are correct.
e. All of these are correct.

23. A seed typically
a. contains an embryo and stored food.
b. germinates before it starts to grow.
c. has cotyledons.
d. All of these are correct.
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CHAPTER TEST

1. c 2. d 3. d 4. a 5. c 6. d 7. b 8. d 9. b
10. d 11. b 12. d 13. d 14. a 15. c 16. a
17. b 18. d 19. a 20. a 21. a 22. d 23. d
24. Each stomate has two guard cells with a pore between
them. Their inner walls are thicker than the outer walls.
When water enters the guard cells, their lengthwise ex-
pansion causes them to buckle out and the stomate opens.
During photosynthesis, an ATP-driven proton pump ac-
tively transport H+ out of the cell. New potassium ions
enter the guard cells, which take up water by osmosis, caus-
ing the stomate to open. 25. Asexual reproduction of-
fers a quick, effective means of reproducing plants;
however, it lacks the mechanism for genetic variability
available through sexual reproduction. Through the lat-
ter, more adaptive forms of the organism may be pro-
duced.

THOUGHT QUESTIONS

Answer in complete sentences.
24. Discuss how plants regulate the opening and closing of stomates.

25. What are one advantage and one disadvantage of asexual plant reproduction, compared to sexual plant 
reproduction?

Test Results: ______ Number right ÷ 25 = ______ × 100 = ______ %

ANSWER KEY

STUDY EXERCISES

1. a. tracheids and vessel elements b. Vessel elements
are piled on top of one another. c. root hairs d. positive
pressure e. transpiration f. Solar energy causes water
to evaporate. g. tension h. negative pressure i. cohe-
sion and adhesion j. Tension can only work if the water
column is continuous. 2. The sun causes water to evap-
orate, and this creates a tension that pulls the water col-
umn, continuous due to the cohesion of water molecules
that adhere to the sides of xylem. 3. a. potassium
b. into c. osmosis d. thick 4. c, a, b, e, d 5. a. Water
is lost by transpiration. b. Carbon dioxide is being ab-
sorbed. 6. a. sieve-tube cells b. Sieve-tube cells are con-
nected by strands of cytoplasm. c. source d. active
transport e. osmosis f. positive pressure g. active trans-
port h. causes sugar to move from area of higher to lower
concentration i. sink 7. a. When sugar is actively trans-
ported into phloem, water follows by osmosis, creating
a positive pressure. When sucrose is actively transported
out of sieve-tube cells, a gradient is established that
causes sugar to flow from source to sink. 8. a. thig-
motropism b. phototropism c. gravitropism d. Plants
grow in a certain direction. 9. a. negative tropism b. pos-
itive tropism 10. a. auxin b. gibberellins c. cytokinins
d. abscisic acid e. ethylene 11. a. F; . . . do not bend
toward . . . b. F; . . . curves away from that side c. T
12. Auxin is attaching to receptors. Pump is breaking down
ATP and pumping H+ out of the cell. H+ causes the cell wall
to break down, water and then solutes enter, and the cell
increases in size. 13. a. shorter b. shorter c. longer
d. longer e. longer f. longer g. night h. day 14. a, b, c

d. is the metabolically active form. 15. a. anther b. fil-
ament c. stamen d. pollen grain e. stigma f. style
g. ovary h. pistil i.petals j. sepal k. ovule l. pollen tube
16. a. sepals b.petals c. pistil d. stigma e. style f. ovary
g. anther h. filament 17. a. anther b. ovary c. sporo-
phyte d. microspore e. megaspore f. megagametophyte
g. microgametophyte h. zygote 18. a. microspore
b. megaspore c. microgametophyte d. sperm e. megaga-
metophyte f. egg g. zygote 19. a. thickened ovary
wall b. developed from an individual ovary c. pericarp
is dry d. developed from a group of individual ovaries
e. fleshy f. dry 20. a. hooks and spines b. defecation
by birds and mammals c. squirrel activity d. wind and
ocean currents 21. a. B b. C c. C d. B 22. a, b, c
23. b, c 24. a. identical b. tissue c. meristem d. re-
cessive e. pollen f. cell suspension culture g. naked cell

flowering is stimulated 
and stem elongation 
is inhibited

daytime 
absorbs red light

Pr P fr

absorbs far-red light
and shade and evening
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Human tissues are categorized into four groups. Ep-
ithelial tissue covers the body and lines its cavities. The
different types of epithelial tissue (squamous, cuboidal,
and columnar) can be stratified and have cilia or mi-
crovilli. Also, columnar cells can be pseudostratified.
Epithelial cells sometimes form glands that secrete ei-
ther into ducts or into blood. 

Connective tissues in which cells are separated by
a matrix often bind body parts together. Loose connec-
tive tissue has both white and yellow fibers and may also
have fat (adipose) cells. Fibrous connective tissue, such
as tendons and ligaments, contains closely packed white
fibers. Both cartilage and bone have cells within lacu-
nae, but the matrix for cartilage is more flexible than
that for bone, which contains calcium salts. In bone, the
lacunae lie in concentric circles within an osteon, or
Haversian system, about a central canal. Blood is a con-
nective tissue in which the matrix is a liquid called
plasma.

Muscular tissue is of three types. Both skeletal
and cardiac muscle are striated; both cardiac and smooth
muscle are involuntary. Skeletal muscle is found in mus-
cles attached to bones, and smooth is found in internal
organs. Cardiac muscle makes up the heart.

Nervous tissue has one main type of cell, the neu-
ron. Each neuron has dendrites, a cell body, and an  axon.
The brain and spinal cord contain complete neurons,
while the nerves contain only fibers. Neurons and their
fibers are specialized to conduct nerve impulses.

Tissues are joined together to form organs, each
one having a specific function. Skin is a two-layered
organ that waterproofs and protects the body. The epi-
dermis contains a germinal layer that produces new ep-
ithelial cells that become keratinized as they move toward
the surface. The dermis, a largely fibrous connective
tissue, contains epidermally derived glands and hair
follicles, nerve endings and blood vessels. Receptors for
touch, pressure, temperature, and pain are present. Sweat
glands and blood vessels help control body temperature.
A subcutaneous layer, which is made up of loose con-
nective tissue containing adipose cells, lies beneath the
skin.

Organs are grouped into organ systems. In the dor-
sal cavity, the brain is in the cranial cavity, and the spinal
cord is in the vertebral canal. Other internal organs are
located in the ventral cavity, where the thoracic cavity
is separated from the abdominal cavity by the diaphragm.

Homeostasis is the relative constancy of the in-
ternal environment. All organ systems contribute to the
constancy of tissue fluid and blood. Special contribu-
tions are made by the liver, which keeps blood glucose
constant, and the kidneys, which regulate the pH. The ner-
vous and hormonal systems regulate the other systems.
Both of these are controlled by a feedback mechanism,
which results in fluctuation above and below the desired
levels illustrated by body temperature.

87

PART III MAINTENANCE OF THE HUMAN BODY

11
HUMAN ORGANIZATION

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• Animal tissues can be categorized into four major types: epithelial, connective, muscular, and nervous tissues.
• Epithelial tissues line body cavities and cover surfaces.
• Connective tissues protect, support, and bind other tissues.
• Muscular tissues make body parts move.
• Nervous tissues coordinate the activities of the other tissues and body parts.

11.1 TYPES OF TISSUES (P. 194)
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1. Draw a diagram of squamous epithelium.
a.

Name one place in the human body where squamous epithelium can be found. b.                               

What is the function of this tissue? c.                                                                                   

                                                                                                

When this tissue is found in layers, it is called d.__________________ squamous epithelium.

2. Epithelium is classified by the a.________________ of its cells. b.________________ epithelium has cube-shaped cells,

while c.________________ epithelium has elongated, cylindrical cells.

3. The windpipe is lined by pseudostratified ciliated columnar epithelium. Describe this tissue. 

                                                                                                

                                                                                                

                                                                                                

4. a._______________ junctions allow for materials and information to be exchanged between cells. b._______________

junctions are a means of reinforcement in which cytoskeleton filaments are woven together. c._________________

junctions are similar to spot welds as they bind cells firmly together.

5. Loose fibrous connective tissue has cells called a._______________, plus fibers made from b._______________ and
c.________________. It binds the skin to underlying organs.

6. Tendons and ligaments are made up of a.________________ tissue. Tendons join b._______________ to bone and

ligaments join c._______________ to bone.

7. a.________________ cartilage can be found at the ends of bones and makes up the fetal skeleton. In it, cells lie within
b.________________, surrounded by a gel-like c._______________.

8. The type of cartilage found in the ear, called a._______________ cartilage, has many b._______________ fibers to add

flexibility. c.________________, found in the intervertebral disks, aids in cushioning against jolts.
9. Draw a sketch of bone tissue. Label the lacunae, the matrix, and the osteons (Haversian systems).
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10. Blood is considered a connective tissue because its cells are separated by a fluid matrix called a.________________.
b._________________ blood cells carry oxygen throughout the body in association with molecules of hemoglobin.
c.________________ blood cells are responsible for immunity, and cell fragments called d.________________ aid in

blood clotting.
11. Complete this table.
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12. The brain and spinal cord are made up of cells called a._________________________. Outside the central

nervous system, connective tissue binds the long fibers of these cells to form b._________________________.

The function of a neuron is to c._________________________.

The other type of cells in nervous tissue are d._________________________ cells.

This type of cell provides e._________________________ to neurons and keeps tissue free of debris.

Neuroglial cells outnumber neurons f._________________________ to one and take up more than
g._________________________ the volume of the brain.

11.2 BODY CAVITIES AND BODY MEMBRANES (P. 201)

• The internal organs occur within cavities lined by membranes that also cover the organs themselves.

13. Place a T in front of all organs that are in the thoracic cavity, an A in front of all organs that are in the
abdominal cavity, and a P for those that are in the pelvic cavity.

a. ___________ small intestine e. ___________ lungs

b. ___________ ovaries f. ___________ stomach

c. ___________ bladder g. ___________ liver

d. ___________ heart h. ___________ kidneys

14. A large, ventral cavity called a(n) a._________________ can be seen during embryological development. It later

develops into the b._______________ cavity of the chest and the c._________________ cavity of the lower abdomen.

15. The a._________________ are connective tissue membranes protecting the brain and spinal cord. b._______________

lines the gut and secretes mucus. c._______________ membrane lines joint cavities and secretes lubricating
d.__________________.

16. Pleural membranes and peritoneum are examples of a._______________ membranes. These secrete b._______________

to keep the membranes moist and prevent sticking.

11.3 ORGAN SYSTEMS (P. 202)

• Organs are grouped into organ systems, each of which has specialized functions.

17. The a._______________ system is responsible for reducing food to molecules that can be used by the cells of the body.

The b.________________ system allows us to move from one place to another and generates heat. The
c.________________ system consists of the brain, spinal cord, nerves, and receptors. The d.________________ system

sends out hormones to regulate bodily functions.

Fiber Appearance Location Control

Skeletal a.

Smooth b.

Cardiac c.
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18. Match the organ systems with the correct descriptions
a. Breakdown and absorption of food materials
b. Gaseous exchange between external environment and blood
c. Regulation of all body activities; learning and memory
d. Body movement; production of body heat
e. External support and protection of body
f. Secretion of hormones for chemical regulation
g. Production of sperm; transfer of sperm to female reproductive system
h. ransport of nutrients to body cells; removal of wastes from cells
i. Immunity; absorption of fats; drainage of tissue fluid
j. Maintenance of volume and chemical composition of blood
k. Internal support and protection; body movement; production of blood cells

_____ Integumentary System

_____ Respiratory System

_____ Lymphatic System

_____ Digestive System

_____ Skeletal System

_____ Nervous System

_____ Urinary System

_____ Reproductive System

_____ Endocrine System

_____ Muscular System

_____ Cardiovascular System

11.4 SKIN AS AN ORGAN SYSTEM (P. 204)

• The skin contains various tissues and has accessory organs. It is sometimes called the integumentary system.

19. A(n) a.________________ is made up of two or more tissues, functioning together. The skin is an example. It has an

outer layer called the b.________________. The cells of this layer become waterproof once they are filled with the

protein c.________________.

20. An accessory organ of the skin, a.________________, forms hair shafts. b.________________ muscles cause goose

bumps to appear. c._________________ glands provide sebum to moisturize hairs.
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21. Label the following illustration of the skin, using the alphabetized list of terms.
adipose tissue
arrector pili muscle
blood vessels
connective tissue
dermis
epidermis
hair root

91

hair shaft
nerve
oil gland
receptors
subcutaneous layer
sweat gland

22. What events raise body temperature? a._________________________________________________________

________________________________________________________________________________________

What events lower body temperature? b. ________________________________________________________

________________________________________________________________________________________

11.5 HOMEOSTASIS (P. 208)

• Humans have a marked ability to maintain a relatively stable internal environment. All organ systems
contribute to homeostasis.

23. What is homeostasis? a.                                                                            

What is the internal environment? b.                                                                 

Give an example of homeostasis. c.                                                                  
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24. How does each of the following systems contribute to homeostasis?

digestive system a.                                                                                

respiratory system b.                                                                               

urinary system (i.e., the kidneys) c.                                                                  

25. The two systems of the body that control homeostasis are a. ________________________

and b.________________________.

26. Use the following terms to complete the diagram of a negative feedback cycle: effector, regulatory center,

response, and sensory receptor.                                                                      

Do not refer to the text when taking this test.
_____1.Cells of a similar structure working together con-

stitute a(n)
a. tissue.
b. organ.
c. organism.
d. organ system.

_____2.Epithelial tissues do which of the following?
a. secrete
b. line body cavities
c. protect
d. all of these

_____3.Which of these pairs is mismatched?
a. fat–subcutaneous layer
b. receptors–dermis
c. keratinization–epidermis
d. nerves and blood vessels–epidermis

_____4. If epithelial tissue is made up of many layers of
cells, what would be true?
a. It is called simple.
b. It is called stratified.
c. It is called striated.
d. It is pseudostriated.

_____5.Which type of epithelial tissue is composed of flat-
tened cells?
a. glandular
b. squamous
c. columnar
d. cuboidal

_____6.What type of tissue binds skin to underlying organs?
a. fibrous connective tissue
b. nervous tissue
c. muscular tissue
d. loose connective tissue

OBJECTIVE QUESTIONS

27. Give example of negative feedback control in the body.

________________________________________________________________________________________________

CHAPTER TEST

d. ______

stimulus

a. _____

cancels

c. _____

b. _______
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_____7.Which type of cell junction is characterized by
interwoven cytoskeleton filaments?
a. tight junction
b. gap junction
c. adhesion junction
d. intercalated disks

_____8.Which of the following tissues has cells residing
in lacunae?
a. adipose tissue
b. fibrous connective tissue
c. hyaline cartilage
d. loose connective tissue

_____9.Osteocytes are residents of ___________ tissue.
a. cartilage
b. bone
c. muscle
d. pseudostratified columnar epithelium

For questions 10–13, match the following blood com-
ponents to the statements below.

a. plasma b. red blood cells
c. white blood cells d. platelets

____10.contribute to blood clotting process
____11.carry oxygen to cells
____12. fluid matrix component of the connective tissue

called blood
____13.are responsible for immunity

For statements 14–17, match the following components
of skin to the statements below.
a. epidermis b. arrector pili c. melanocytes

d. oil glands

____14.when these become blocked, a blackhead forms
____15.give rise to skin pigment
____16.muscle attached to a hair follicle
____17.keratinized layer of skin
____18.Cells in the nervous tissue which support and

protect neurons are called
a. neurons.
b. fibers.
c. axons.
d. neuroglial cells.

____19.Cardiac muscle fibers are characterized by which
traits?
a. striated; intercalated disks
b. smooth; single nucleus
c. striated; multiple nuclei; intercalated disks
d. smooth; tapered; multinucleate multiple nu-

clei
____20.Which of these is located in the thoracic cavity?

a. small intestine
b. urinary bladder
c. lungs
d. kidneys

____21.The thoracic cavity is lined with
a. mucous membrane.
b. serous membrane.
c. cutaneous membrane.
d. synovial membrane.

____22.Which type of membrane lines joint cavities?
a. mucous membrane
b. serous membrane
c. cutaneous membrane
d. synovial membrane

____23.Which of these is an example of homeostasis?
a. Muscle tissue is specialized to contract.
b. The skin sunburns.
c. Normal body temperature almost always stays

at 37 °C.
d. All of these

____24. In a negative feedback control system,
a. homeostasis is impossible.
b. there is a constancy of the internal environ-

ment.
c. there is a wide fluctuation occurring continu-

ously.
d. none of the above is true.

____25.When body temperature rises, sweat glands become
a. active, and blood vessels constrict.
b. inactive, and blood vessels dilate.
c. active, and blood vessels dilate.
d. inactive, and blood vessels constrict.

THOUGHT QUESTIONS

Answer in complete sentences.
26. How do the nervous system and endocrine system interact to maintain the homeostasis of the body?

27. How do the blood vessels, the digestive tract, the lungs, and the kidneys work together to maintain homeostasis?

Test Results: _______ number correct ÷ 27 = _________ × 100 = _______%
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94

STUDY EXERCISES

1. a. See Figure 11.1 in the text. b. air sacs of the lungs
c. absorption d. stratified 2. a. shape b. cuboidal
c. columnar 3. This type of tissue appears to be lay-
ered but is not, and cells have small, hairlike projections
called cilia. 4. a. gap b. adhesion c. tight 5. a. fi-
broblast b. collagen c. elastic 6. a. dense fibrous con-
nective b. muscle c. bone 7. a. hyaline b. lacunae
c. matrix 8. a. elastic b. elastic c. fibrocartilage 9. See
Figure 11.3d in the text. 10. a. plasma b. red c. white
d. platelets 11. a. striated; skeleton; voluntary b. spindle-
shaped; internal organs; involuntary c. striated; heart;
involuntary 12. a. neurons b. nerves c. conduct nerve
impulses d. neuroglial cells e. protection f. nine g. one-
half 13. a. A b. P c. P d. T e. T f. A g. A h. A
14. a. coelom b. thoracic c. abdominal 15. a. meninges
b. mucous membrane c. synovial d. synovial fluid
16. a. serous b. watery serous fluid 17. a. digestive
b. muscular c. nervous d. endocrine 18. e, b, i, a, k, c,
j, g, f, d, h 19 a. organ b. epidermis c. keratin 20. a. hair
follicle b. arrector pili c. oil 21. a. epidermis b. der-
mis c. subcutaneous layer d. hair shaft e. arrector pili
muscle f. receptors g. oil gland h. hair root i. adipose
tissue j. connective tissue k. blood vessels l. sweat
gland m. nerve 22. a. Blood vessels constrict, sweat glands
are inactive, hair stands on end, and shivering may occur.
b. Blood vessels dilate, sweat glands are active, and hair
lies next to skin. 23. a. relative constancy of the inter-
nal environment b. tissue fluid c. body temperature re-
mains around 37˚C 24. a. provides nutrient molecules

b.removes carbon dioxide and adds oxygen to the blood
c. eliminates wastes and salts 25. a. nervous b. en-
docrine 26. a. sensory receptor b. regulatory center
c. effector d. response 27. Sensory receptors in aortic
and carotid sinuses communicate with a regulatory cen-
ter in the brain when there is a rise in blood pressure.
This center sends inhibitory nerve impulses to the arter-
ies and they relax. When the blood pressure falls, the
sensory receptors no longer communicate with regulatory
center.

CHAPTER TEST

1. a 2. d 3. d 4. b 5. b 6. d 7. c 8. c 9. b
10. d 11. b 12. a 13. c 14. d 15. c 16. b
17. a 18. d 19. a 20. c 21. b 22. d 23. c
24. b 25. c 26. The nervous system is the ultimate
source of control over homeostasis—it registers changes
and decides what action to take. Nervous impulses can
be sent to trigger an appropriate response to maintain
homeostasis. The endocrine system releases hormones
into the bloodstream when needed to maintain home-
ostasis. Hormones last longer, but nervous impulses can
travel faster. The nervous system controls the endocrine
system. 27. The digestive tract adds nutrients and the
lungs add oxygen to the blood. The blood vessels bring
nutrients and oxygen to tissue fluid and take away waste
molecules, including carbon dioxide. The kidneys ex-
crete metabolic wastes, and the lungs excrete carbon
dioxide.
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The salivary glands send saliva into the mouth where
the teeth chew the food, and the tongue forms a bolus for
swallowing.

The air passage and food passage cross in the phar-
ynx. When one swallows, the air passage is usually
blocked off and food must enter the esophagus where
peristalsis begins.

The stomach expands and stores food. While food
is in the stomach, it churns, mixing food with the acid gas-
tric juices.

The walls of the small intestine have fingerlike
projections called villi where nutrient molecules are ab-
sorbed into the circulatory and lymphatic systems.

The large intestine consists of the cecum; colons
(ascending, transverse, descending, and sigmoid); and
the rectum, which ends at the anus.

The large intestine does not produce digestive en-
zymes; it does absorb water, salts, and some vitamins.

The three accessory organs of digestion—the pan-
creas, liver, and gallbladder—send secretions to the
duodenum via ducts. The pancreas produces pancreatic
juice, which contains digestive enzymes for carbohy-
drate, protein, and fat.

The liver produces bile, which is stored in the gall-
bladder. The liver receives blood from the small intestine

by way of the hepatic portal vein. It has numerous important
functions, and any malfunction of the liver is a matter of
considerable concern. 

Digestive enzymes are present in digestive juices,
and they break down food into the nutrient molecules: glu-
cose, amino acids, fatty acids, and glycerol (see Table 12.2
in the text). Glucose and amino acids are absorbed into
the blood capillaries of the villi. Fatty acids and glyc-
erol rejoin to produce fat, which enters the lacteals.

Digestive enzymes have the usual enzymatic prop-
erties. They are specific to their substrate and speed up
specific reactions at body temperature and optimum pH.

The nutrients released by the digestive process
should provide us with an adequate amount of energy, es-
sential amino acids and fatty acids, and all necessary
vitamins and minerals.

The bulk of the diet should be carbohydrates (like
bread, pasta, and rice) and fruits and vegetables. These
are low in saturated fatty acids and cholesterol mole-
cules, whose intake is linked to cardiovascular disease.
The vitamins A, E, and C are antioxidants that protect cell
contents from damage due to free radicals.
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12
DIGESTIVE SYSTEM AND NUTRITION

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

12.1 THE DIGESTIVE SYSTEM (P. 214)

• The human digestive system is an extended tube with specialized parts between two openings, the mouth and
the anus.

• Food is ingested and then digested to small molecules that are absorbed. Indigestible remains are eliminated.
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Questions 1–7 pertain to the following diagram.
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1. Food is received by the a.________________, which possesses b.________________ to grind and break up particles.
c.______________ glands secrete d._______________ that moistens food and binds it together for swallowing. The

taste of food is detected by e.________________ located on the f.________________.

2. At the back of the mouth, the muscular a._________________ is involved in swallowing food. The epiglottis folds over

the glottis during the swallowing b.________________.

3. The esophagus propels food toward the a.________________, using muscular contractions called
b.________________. At the upper end of the esophagus, a muscular ring called a(n) c.________________ regulates

the entrance of food to the esophagus.

4. The stomach is lined with a.________________ that secretes protective b._______________. Otherwise, the lining

would be injured by the strong c._______________acid secreted by d._______________ glands. Gastric juice also

contains e._____________ that breaks down proteins.

5. The layer of the digestive tract that houses blood vessels is the a.________________. The b._______________ layer

contains two layers of smooth muscle. The outside layer, c.________________, protects the digestive tube.

6. The first section of the small intestine is the a._______________. It receives secretions from the b._______________

and c._______________ and also receives food known as d._______________ from the stomach.

7. The mucosa of the small intestine is folded into a._______________, which, in turn, have projections from individual

cells called b.________________.

Proteins in the microvilli transport nutrients such as c._______________ directly into the bloodstream, and fats must be

reconstructed so they can travel into vessels of the lymphatic system called d.________________.

salivary gland

esophagus

food

liver

gallbladder

pancreas

small
intestine
(intestinal
glands)

large intestine

feces

anus

Digestion

Absorption

Defecation

lymphatic
vessel
(to vein)

blood
vessel
(to liver)

stomach
(gastric glands)

H  O2

lipids
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8. State the purpose of microvilli.                                                                       

                                                                                                

9. A number of hormones control the secretions of digestive juices. a._____________ is secreted in response to protein in

foods and enhances gastric gland output, while b.______________ inhibits gastric secretion. c._______________ is

secreted in response to acidic chyme. When fats are present in chyme, d._______________ triggers the release of bile

from the gallbladder.

10. The large intestine functions to store and compact a._______________. Unusual outgrowths of the lining of the colon,

called b._______________, can be either benign or cancerous. Colon cancer incidence increases for people who do not

have enough c._______________ in their diets.

12.2 THREE ACCESSORY ORGANS (P. 222)

• The pancreas, the liver, and the gallbladder are accessory organs of digestion because their activities assist the
digestive process.

11. Pancreatic juice contains a mix of a._______________ solution to neutralize stomach acid, and digestive
b._________________ to further break down food.

12. The liver produces a greenish substance called a._________________, which is stored and concentrated by the
b._________________. The liver has been called the c._________________ to the blood because it detoxifies

substances entering the blood from the d._________________. Other functions of the liver include (list three)
e.__________________________________________
f.__________________________________________
g.__________________________________________

13. a.__________________ is an inflammatory disease of the liver caused by a viral infection, while b._________________

is damage caused by chronic alcohol abuse.

12.3 DIGESTIVE ENZYMES (P. 224)

• The products of digestion are small molecules, such as amino acids and glucose, that can cross plasma
membranes.

• The digestive enzymes are specific and have an optimum temperature and pH at which they function.

14. a.________________ is a fat-digesting enzyme produced by the accessory organ, the b._____________. Starch

digestion begins in the c.____________ with salivary d._______________ and continues in the e.________________

with pancreatic f._________________.

15. Protein digestion begins in the a.________________ where the enzyme b._______________ is produced, and continues

in the small intestine with the aid of the enzyme c._______________ from the pancreas.

12.4 NUTRITION (P. 226)

• Proper nutrition supplies the body with energy and nutrients, including the essential amino acids and fatty
acids, and all vitamins and minerals.
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17. Of the macronutrients, a.________________ are the primary source of energy in the diet, while b._________________

supply building materials. c._________________ are stored to supply energy at a later time.

18. In the small intestine, a.________________ and b.________________ pass into the wall of the small intestine and from

there, into c.________________. Fats travel a different route, into d._________________, after being reconstructed in

intestinal cells.

19. It is recommended that carbohydrates comprise a.______________% of calories in the diet, with the bulk of those

being b.______________ carbohydrates. Fats should be less than c._________________% of total calories for the day,

especially keeping d.________________ fats to a minimum.

20. Many vitamins function as a.________________ in various metabolic pathways. Vitamin b._______________ is

important as a visual pigment, and vitamin c.__________________ is turned into a compound that enhances calcium

absorption. Vitamins d.__________________ are antioxidants.

21. Too much of the mineral a.__________________ can lead to hypertension. The mineral b._________________ is a

major component of bones and teeth.

Eating Disorders (p. 234)

22. Assign an O for obesity, B for bulimia nervosa, or A for anorexia nervosa to these descriptions.
_____ a. Body weight is O.K., but weight is regulated by purging after binge eating.
_____ b. Body weight is too low, and person may binge eat and purge.
_____ c. Body weight is 20% or more above appropriate weight for height.
_____ d. Exercise is most often minimal.
_____ e. Often accompanied by excessive exercise.

Food Guide Pyramid: A guide to daily food choices

16. Fill in the blanks of the following food guide pyramid. Include the following groups, listed in alphabetical order, and
indicate the recommended number of daily servings from each group:

bread, rice, pasta group
dairy group
fruit group
meat, poultry, fish, and beans group
vegetable group
sweets, fats, and oils group
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CHAPTER TEST

OBJECTIVE QUESTIONS

For questions 1–6, match the following digestive system
structures to each of the statements below.

a. pharynx b. soft palate c. esophagus
d. stomach e. small intestine f. large intestine

_____1.blocks food from entering nasal passages
_____2.conducts food from throat to stomach
_____3.common passageway for food and air
_____4. longest portion of the digestive tract
_____5.contains cecum, colon, rectum, and anus
_____6.has pyloric sphincter on one end
_____7.The layer of the digestive tube that keeps it from

sticking to surrounding internal organs is the
a. serous layer.
b. submucosa.
c. mucosa.
d. muscularis.

For questions 8–12, match these organs to each of the
functions listed.

a. large intestine b. stomach c. liver
d. pancreas e. gallbladder

_____8.secretes digestive enzymes and bicarbonate
_____9. releases bile into the duodenum
____10.absorbs water and alcohol, initiates protein

breakdown
____11.detoxifies blood
____12.absorbs water and houses bacteria
____13.Cholecystokinin is a(n) ________________ se-

creted in response to ______________ in food.
a. enzyme, protein
b. hormone, fats
c. lipid, carbohydrates
d. hormone, carbohydrates

____14.Which enzyme digests starch?
a. lipase
b. carboxypeptidase
c. trypsin
d. amylase

____15.HCl
a. is an enzyme.
b. creates the acid environment necessary for

pepsin to work.
c. is found in the intestines.
d. all of these

____16.Two enzymes involved in the digestion of pro-
tein are
a. salivary amylase and lipase.
b. trypsin and hydrochloric acid.
c. pancreatic amylase and trypsin.
d. pepsin and trypsin.

____17.What is absorbed into the lacteals?
a. proteins
b. fats
c. carbohydrates
d. water and amino acids

____18.Villi
a. are found in the small intestine.
b. increase the absorptive surface area.
c. contain capillaries.
d. All of these are correct.

____19.The enzymes for digestion are referred to as hy-
drolytic because they require
a. hydrogen.
b. HCl.
c. energy.
d. water.

____20.What type of food has the highest fat content?
a. meat
b. bread
c. potatoes
d. fruits

____21.What is the best way to ensure that you are obtaining
plenty of vitamins and minerals in your diet?
a. Take mega-multiple vitamin supplements.
b. Be sure you eat five fruit and vegetable serv-

ings daily.
c. Eat lots of red meat.
d. Eat white bread.

____22.Which macronutrient supplies quick energy and
should comprise the bulk of the diet?
a. milk and cheese
b. lipids
c. carbohydrates
d. proteins

____23.An eating disorder characterized by binging on
food, then inducing vomiting or other purging is
a. bulimia.
b. anorexia nervosa.
c. obesity.
d. cirrhosis.

____24.Which type of fat is best to consume in quantity?
a. saturated fats
b. monounsaturated fats
c. polyunsaturated fats
d. None of these should be consumed in quantity.

____25.Which of the following are considered antioxi-
dants?
a. calcium and sodium
b. B vitamins and selenium
c. vitamin E and iron
d. vitamins C, E, and A

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


100

STUDY QUESTIONS

1. a. mouth b. teeth c. salivary d. saliva e. taste buds
f. tongue 2. a. pharynx b. reflex 3. a. stomach b. peri-
stalsis c. sphincter (constrictor) 4. a. mucosa b. mucus
c. hydrochloric d. gastric e. pepsin 5. a. submucosa
b. muscularis c. serosa 6. a. duodenum b. pancreas
c. gallbladder d. chyme 7. a. villi b. microvilli c. glu-
cose and amino acids d. lacteals 8. To increase the sur-
face area available for absorption in the small intestine.
9. a. gastrin b. gastric inhibitory peptide c. secretin
d. cholecystokinin 10. a. feces b. polyps c. fiber
11. a. bicarbonate b. enzymes 12. a. bile b. gallblad-
der c. gatekeeper d. small intestine e. storing iron and
fat-soluble vitamins f. storing glycogen g. making blood
plasma proteins 13. a. hepatitis b. cirrhosis 14. a. li-
pase b. pancreas c. mouth d. amylase e. small intes-
tine f. amylase 15. a. stomach b. pepsin c. trypsin
16. Refer to Figure 12.13 in the text. 17. a. carbohydrates
b. proteins c. lipids 18. a. carbohydrates b. proteins
c. blood d. lacteals 19. a. 58 b. complex c. 30 d. satu-
rated 20. a. coenzymes b. A c. D d. C, E, and A
21. a. sodium b. calcium 22. a. B b. A c. O d. O e. A

CHAPTER TEST

1. b 2. c 3. a 4. e 5. f 6. d 7. a 8. d 9. e
10. b 11. c 12. a 13. b 14. d 15. b 16. d
17. b 18. d 19. d 20. a 21. b 22. c 23. a
24. d 25. d 26. Like all other organisms, humans func-
tion at the level of the cell. Digestion occurs so that nu-
trients in foods can be processed to the point that they are
available to individual cells. 27. Digestion does not
need to occur continuously. Certain digestive responses
are needed when food intake warrants it (e.g., pepsin se-
cretion in the stomach with the arrival of protein there,
signaled by gastrin secretion).

THOUGHT QUESTIONS

Answer in complete sentences.
26. Why is digestion a necessary process for humans?

27. Why is it advantageous for the human body to have a variety of hormones to control digestion?

Test Results: _______ number correct ÷ 27 = _________ × 100 = _______%

ANSWER KEY

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


Blood vessels include arteries (and arterioles) that take
blood away from the heart; capillaries, where exchange
of substances with the tissues occurs; and veins (and
venules) that take blood to the heart.

The movement of blood in the cardiovascular sys-
tem is dependent on the beat of the heart. During the
cardiac cycle, the SA node (pacemaker) initiates the
beat and causes the atria to contract.

The AV node conveys the stimulus and initiates
contraction of the ventricles. The heart sounds, lub-dup,
are due to the closing of the atrioventricular valves,
followed by the closing of the semilunar valves.

Blood pressure accounts for the flow of blood in
the arteries, but because blood pressure drops off after the
capillaries, it cannot cause blood flow in the veins. Skele-
tal muscle contraction pushes blood past a venous valve,
which then shuts, preventing backward flow. The ve-
locity of blood flow is slowest in the capillaries, where
exchange of nutrients and wastes takes place.

The cardiovascular system is divided into the pul-
monary circuit and the systemic circuit. In the pul-
monary circuit, two pulmonary arteries take blood from
the right ventricle to the lungs, and four pulmonary veins
return it to the left atrium. To trace the path of blood in
the systemic circuit, start with the aorta from the left
ventricle. Follow its path until it branches to an artery going
to a specific organ. It can be assumed that the artery di-
vides into arterioles and capillaries and that the capil-

laries lead to venules. The vein that takes blood to the vena
cava most likely has the same name as the artery that de-
livered blood to the organ. In the adult systemic circuit,
unlike the pulmonary circuit, the arteries carry oxy-
genated blood and the veins carry deoxygenated blood.

Blood has two main parts: plasma and cells. Plasma
contains mostly water (90–92%) and proteins (7–8%),
but it also contains nutrients and wastes.

The red blood cells contain hemoglobin and func-
tion in oxygen transport. Defense against disease de-
pends on the various types of white blood cells. Granular
neutrophils and monocytes are phagocytic. Agranular
lymphocytes are involved in the development of immu-
nity to disease.

The platelets and two plasma proteins, prothrombin
and fibrinogen, function in blood clotting, an enzymatic
process that results in fibrin threads. 

When blood reaches a capillary, water moves out
at the arterial end, due to blood pressure. At the venule
end, water moves in, due to osmotic pressure. In between,
nutrients diffuse out and wastes diffuse in.

Hypertension and atherosclerosis are two car-
diovascular disorders that lead to heart attack and to
stroke. Medical and surgical procedures are available to
control cardiovascular disease, but the best policy is pre-
vention by following a heart-healthy diet, getting regu-
lar exercise, maintaining a proper weight, and not smoking
cigarettes.
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13
CARDIOVASCULAR SYSTEM

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

13.1 THE BLOOD VESSELS (P. 240)

• A series of vessels delivers blood from the heart to the capillaries, where exchange of substances takes place,
and then another series of vessels delivers blood from the capillaries back to the heart.
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1. Label the blood vessels in this diagram, using the alphabetized list of terms.
arterioles
artery
capillaries
heart
vein
venules
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2. Match the vessel in the key to the statements that follow.
Key artery vein capillary

a. _______________________ Has the thickest walls.

b. _______________________ Has valves.

c. _______________________ Takes blood away from the heart.

d. _______________________ Takes blood to the heart.

e. _______________________ Exchanges carbon dioxide and oxygen with tissues.

f. _______________________ Nervous stimulation causes these to constrict during hemorrhaging; these also act as a

blood reservoir.

3. Explain how it is possible to bypass capillary beds by shunting blood directly from arteriole to venule.

                                                                                                

                                                                                                

13.2 THE HEART (P. 242)

• The human heart is a double pump; the right side pumps blood to the lungs, and the left side pumps blood the
the rest of the body.

4. Trace the path of blood through the heart from the vena cava to the lungs. a.                                            

                                                                                                

from the lungs to the aorta. b.                                                                        
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5. Label the parts of the heart using the alphabetized list of terms.
aorta
aortic semilunar valve
atrioventricular (mitral) valve
atrioventricular (tricuspid) valve
AV node
chordae tendineae
inferior vena cava
left atrium
left ventricle
pulmonary artery
right atrium
right ventricle
SA node
septum
superior vena cava
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6. How does the thickness of the walls of the ventricles relate to their functions?                                  

                                                                                                

7. Referring to Figure 13.6 in the text, fill in the following table with the words systole (contraction) and diastole
(relaxation) to show what happens during the 0.85 seconds of one heartbeat.

8. Heart sounds. When the atria contract, this forces blood through the a._______________ valves into the chambers

called the b._______________. The closing of these valves is the lub sound. Next, the ventricles contract and force the

blood into the arteries. Now the c._______________ valves close, making the dub sound.
9. Match the following phrases to this key.

Key SA node AV node

a. ___________________ pacemaker

b. ___________________ contraction of ventricles

c. ___________________ base of right atrium near the septum

d. ___________________ Purkinje fibers
10. Electrocardiogram. Of what significance is each of the following?

P wave a._____________________________________

QRS wave b.____________________________________

T wave c.______________________________________

a.

b.

c.

d.
e.

f.

g.

h.

i.

j.

k

l.

m.
n.

o.

time Atria Ventricles

0.15 sec a. d.

0.30 sec b. e.

0.40 sec c. f.

 R

 P
 T

 S
 Q

.04 seconds

0.1
mV
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11. Match the following actions to the divisions of the nervous system.
Key parasympathetic system sympathetic system

a. _______________________ normal body functions

b. _______________________ active under times of stress

c. _______________________ releases norepinephrine to speed up heart

d. _______________________ slows heart rate

12. Does the hormone thyroxine from the thyroid speed or slow the heart rate? a.________________ Does the adrenal

gland hormone, epinephrine, speed or slow the heart rate? b.___________________

Questions 13–16 are based on this diagram.

13. What force accounts for blood flow in arteries?                                                          

                                                                                                

14. Why does this force fluctuate?                                                                        

                                                                                                

15. What causes the pressure and velocity to drop off?                                                        

                                                                                                

16. What force accounts for blood flow in the veins?                                                         

                                                                                                

17. What keeps blood from flowing backwards in veins?                                                      

                                                                                                

pressure

velocity

blood flow

total
cross-sectional
area of
vessels

arteries capillaries veins
arterioles venules
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13.3 VASCULAR PATHWAYS (P. 246)

• The pulmonary arteries transport blood low in oxygen to the lungs, and the pulmonary veins return blood high
in oxygen to the heart.

• The systemic circuit transports blood from the left ventricle of the heart to the body and then returns it to the
right atrium of the heart.

18. Trace the path of blood to the lungs: from the legs:
right ventricle legs
a._________________________________ c.____________________________________

lungs
b._________________________________ d.____________________________________

left atrium right atrium

19. Trace the path of blood from the aorta to the liver: from the liver:
aorta liver
a.__________________________ c._______________________________________

digestive tract vena cava
b.__________________________ 

liver

13.4 BLOOD (P. 249)

• Blood is composed of cells and a fluid containing proteins and various other molecules and ions.
• Blood clotting is a series of reactions that produces a clot—fibrin threads in which red blood cells are trapped.

20. Plasma is mostly a.________________ and b.________________.
21. Place the correct plasma protein in the blank: fibrinogen, albumin, globulin, or all plasma proteins.

a.___________________ transports cholesterol.
b.___________________ helps blood clot.
c.___________________ transports bilirubin.
d.___________________ helps maintain the pH and osmotic pressure of the blood.

22. The red blood cells, scientifically called a._______________, are made in the b._______________. Upon maturation,

they are biconcave disks that lack a(n) c._______________ and contain d.__________________. After about 120 days,

red blood cells are destroyed in the e._______________ and _________________. The condition of
f._______________ is characterized by an insufficient number of red blood cells or not enough hemoglobin.

23. Circle the items that describe hemoglobin correctly:
a. heme contains iron
b. globin contains iron
c. becomes oxyhemoglobin in the tissues
d. becomes deoxyhemoglobin in the tissues
e. makes red blood cells red
f. makes eosinophils red

24. White blood cells, scientifically called a._________________, are made in the b._________________.

25. Name three differences between red blood cells and white blood cells. White blood cells are
a.______________________ in size than red blood cells; they do have a b.________________; and they do not contain
c.________________.
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26. Place the name of the correct white blood cell (neutrophil, eosinophil, basophil, lymphocyte, or monocyte) next to the
proper description.
a.___________________ An agranular cell with a large, round nucleus that occurs in two versions. The B lymphocytes

produce antibodies and the T lymphocytes destroy cells that contain viruses.
b.___________________ An abundant granular cell with a multilobed nucleus that phagocytizes pathogens.
c.___________________ A large agranular cell that takes up residence in the tissues and differentiates into a voracious

macrophage.
d.___________________ A cell with blue-staining granules that takes up residence in the tissues; these become mast

cells and release histamine.
e.___________________ A cell with a bilobed nucleus and red-staining granules that becomes abundant during

allergies and parasitic infections.

27. A type of cancer called a.__________________ occurs when abnormally large numbers of immature
b.________________ fill red bone marrow. The patient becomes both anemic and incapable of fighting disease organisms.

28. The following shows the reactions that occur as blood clots:
platelets ————————> prothrombin activator
prothrombin ———————> thrombin
fibrinogen ————————> fibrin threads

Does the left-hand side or the right-hand side list substances that are always present in the blood? a._________________

Which substances function as enzymes? b._________________ Which substance is the actual clot? c._________________

29. Several nutrients are necessary for clotting to occur. Vitamin a.______________ is needed for the production of

prothrombin. The element b.______________ is needed for the conversion of prothrombin to thrombin.

Capillary Exchange (p.255)

• Exchange of substances between blood and tissue fluid across capillary walls supplies cells with nutrients and
removes wastes.

30. Label this diagram using these terms: arterial end of the capillary; blood pressure (two times); net pressure
in; osmotic pressure (two times); water, oxygen, and nutrients; venous end of the capillary; water and wastes;
tissue fluid.

106

Venous
end of the
capillary    

a.

protein

c.

m
m

H
g

30
 m

m
H
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21
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m
H

g

15
 m

m
H

g

21
 m

m
H

g

h.9

6

0

10

20

30

j.

red blood cell salt

d.b.

e.
f.

i.
g.

31. Explain the diagram.________________________________________________________________________

32. Why is there excess tissue fluid and what happens to it?____________________________________________

________________________________________________________________________________________
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13.5 CARDIOVASCULAR DISORDERS (P. 256)

• Although the cardiovascular system is very efficient, it is still  subject to degenerative disorders.

33. Match the items in the key to the statements that follow.
Key artificial pacemaker needed dietary restriction of salt and/or cholesterol donor heart transplant

coronary bypass

Clearing clogged arteries was unsuccessful. a.                                                           

Blood pressure is 200/140. b.                                                                        

Heartbeat is irregular. c.                                                                            

Congestive heart failure is present. d.                                                                  
34. Match the items in the key to the phrases that follow.

Key thrombus and embolus atherosclerosis and hypertension varicose veins hemorrhoids

stroke and heart attack a.                                                                            

varicose veins in rectum b.                                                                          

weakened valves c.                                                                                

blood vessels narrowed by plague d.                                                                   

CHAPTER TEST
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OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
____ 1.Which type of blood vessel allows the exchange

of material between the blood and the tissues?
a. arteries
b. arterioles
c. capillaries
d. veins
e. venules

____ 2.Arteries
a. carry blood away from the heart.
b. carry blood toward the heart.
c. have valves.
d. Both a and b are correct.

____ 3.Which of these vessels have the thinnest walls?
a. arteries
b. veins
c. Both are the same.

____ 4.The venae cavae
a. carry blood to the right atrium.
b. carry blood away from the right atrium.
c. join with the aorta.
d. have a high blood pressure.

____ 5.The coronary arteries carry blood
a. from the aorta to the heart tissues.
b. from the heart to the brain.
c. directly to the heart from the pulmonary cir-

cuit.
d. from the lungs directly to the left atrium.

____ 6.Which of these chambers has the thickest walls?
a. right atrium
b. right ventricle
c. left atrium
d. left ventricle

____7. The SA node
a. works only when it receives a nerve impulse.
b. is located in the left atrium.
c. initiates the heartbeat.
d. All of these are correct.

____ 8.What is the function of the heart valves?
a. to push blood
b. to prevent backflow
c. to stimulate the heart
d. to give support to the heart

____9. The first wave (the P wave) of an ECG is due to
a. atrial contraction.
b. ventricular contraction.
c. ventricular relaxation.
d. atrial relaxation.

____10.The heart sounds are due to
a. blood flowing.
b. the closing of the valves.
c. the heart muscle contracting.
d. blood pressure in the aorta.

____11.Blood flows in veins because of
a. contraction of valves.
b. arterial blood pressure.
c. capillary blood pressure.
d. skeletal muscle contraction.
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____12.Systole refers to the contraction of the
a. major arteries.
b. SA node.
c. atria and ventricles.
d. major veins.

____13.Blood pressure falls off drastically in the capil-
laries because the capillaries
a. contain valves.
b. become veins.
c. have a large cross-sectional area.
d. All of these are correct.

____14.The major portion of the cardiovascular system
is called the
a. systemic circuit.
b. pulmonary circuit.
c. hepatic portal circuit.
d. coronary circuit.

____15.Blood flowing to the lungs leaves the heart via
the _______________ and returns to the heart
via the _______________.
a. aorta; superior vena cava
b. superior vena cava; aorta
c. pulmonary arteries; pulmonary veins
d. aorta; pulmonary veins

16. A heart attack is due to a blocked
a. pulmonary artery.
b. coronary artery.
c. aorta.
d. vena cava.

17. Hemoglobin
a. transports O2.
b. transports CO2.
c. picks up hydrogen ions.
d. all of these

18. Carbon monoxide is poisonous due to the fact
that it
a. combines more readily with hemoglobin than

oxygen does.
b. destroys red blood cells.
c. destroys the body’s tissues.
d. destroys oxygen.

19. Which of the following characterizes anemia?
a. low red blood cell count, low hemoglobin, or both
b. viral infection
c. congenital disease
d. All of these are correct.

20. Aged red blood cells are destroyed in the
a. red bone marrow.
b. lungs.
c. lymph nodes.
d. spleen and liver.

21. Which of the following white blood cells has
granules and is phagocytic?
a. lymphocyte
b. basophil
c. monocyte
d. neutrophil

22. Which of these is not a valid contrast between red
blood cells and white blood cells?

red white
a. erythrocyte–leukocyte
b. phagocytic–motile
c. lacks nucleus–has nucleus
d. numerous–less numerous

23. Choose the best description of neutrophils.
a. multilobed nuclei, phagocytic, do not take up

stain
b. U-shaped nucleus, dark blue after staining,

turn into mast cells
c. bilobed nucleus, red after staining, present

with allergies
d. kidney-shaped nucleus, phagocytic, turn into

macrophages
24. Choose the best description of basophils.

a. lobed nuclei, phagocytic, do not take up stain
b. U-shaped nucleus, dark blue after staining,

related to mast cells
c. bilobed nucleus, red after staining, present

with allergies
d. kidney-shaped nucleus, phagocytic, turn into

macrophages
25. Plasma transports

a. nutrients.
b. CO2.
c. hormones.
d. All of these are correct.

26. Which plasma protein becomes the threads of a clot?
a. prothrombin
b. thrombin
c. prothrombin activator
d. fibrinogen

27. Which of these is not a normal function of plasma
proteins?
a. maintaining osmotic pressure
b. a widely used source of nutrition for the body
c. fighting infection
d. contributing to blood clotting

28. Plasma is
a. the same as tissue fluid.
b. the liquid remaining after blood clots.
c. the liquid portion of the blood.
d. All of these are correct.
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29. At a capillary
a. oxygen is exchanged for carbon dioxide.
b. glucose is exchanged for amino acids.
c. water is exchanged for proteins.
d. waste material carried in blood is deposited into

tissues.

30. Water reenters capillaries at their venous ends 
because of
a. active transport from interstitial fluid.
b. osmotic pressure of blood drawing fluid from 

tissues.

THOUGHT QUESTIONS

Answer in complete sentences.
31. How do you think lower osmotic pressure would affect capillary exchange?

32. What do you think would happen to the heartbeat if the SA node did not stimulate the AV node?

Test Results: _______ number correct ÷ 32 = _________ × 100 = _______%
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STUDY EXERCISES

1. a. heart b. artery c. arterioles d. capillaries e. venules
f. vein 2. a. artery b. vein c. artery d. vein e. capil-
lary f. vein 3. The shunting of blood around capillary
beds is possible because each bed has a thoroughfare
channel that allows blood to flow directly from arteriole
to venule. Sphincter muscles prevent blood from flowing
into the capillaries. 4. a. vena cava, right atrium, atri-
oventricular valve, right ventricle, pulmonary semilunar
valve, pulmonary artery, lungs b. lungs, pulmonary veins,
left atrium, atrioventricular valve, left ventricle, aortic
semilunar valve, aorta 5. a. aorta b. superior vena cava
c. SA node d. AV node e. right atrium f. atrioventric-
ular (tricuspid) valve g. chordae tendineae h. right ven-
tricle i. inferior vena cava j. pulmonary artery k. aortic
semilunar valve l. left atrium m. atrioventricular (mi-
tral) valve n. septum o. left ventricle 6. The left ven-
tricle is thicker-walled than the right ventricle because the
left one must pump blood the greater distance to the en-
tire body. The right ventricle only pumps the shorter dis-
tance to the lungs. 7. a. systole b. diastole c. diastole
d. diastole e. systole f. diastole 8. a. atrioventricular
b. ventricles c. semilunar 9. a. SA node b. AV node c.
AV node d. AV node 10. a. associated with atrial sys-
tole b. associated with ventricular systole c. associated
with ventricular recovery 11. a. parasympathetic sys-
tem b. sympathetic system c. sympathetic system
d. parasympathetic system 12. a. speeds b. speeds
13. blood pressure 14. systole and diastole of the left ven-
tricle of the heart 15. distance from heart and increase
in cross-sectional area of blood vessels 16. skeletal
muscle contraction 17. valves 18. a. pulmonary ar-
teries b. pulmonary veins c. iliac vein d. inferior vena
cava 19. a. mesenteric arteries b. hepatic portal vein 
c. hepatic vein 20. a. water b. plasma proteins
21. a. globulin b. fibrinogen c. albumin d. all plasma 

proteins 22. a. erythrocytes b. red bone marrow c. nu-
cleus d. hemoglobin e. liver and spleen f. anemia 23. a,
d, e, 24. a. leukocytes b. red bone marrow 25. a. larger
b. nucleus c. hemoglobin 26. a. lymphocyte b. neu-
trophil c. monocyte d. basophil e. eosinophil
27 a. leukemia b. white blood cells (leukocytes) 28. a. left-
hand side b. prothrombin activator and thrombin c. fib-
rin threads 29. a. K b. calcium 30. a. arterial end of
capillary b. blood pressure c. net pressure out d. os-
motic pressure e. water, oxygen, and nutrients f. water
and wastes g. blood pressure h. net pressure in i. osmotic
pressure j. tissue fluid. 31. At the arterial end of a cap-
illary, blood pressure is higher than osmotic pressure.
Therefore water, nutrients, and oxygen leave a capillary.
At the venous end of a capillary, osmotic pressure is
higher than blood pressure; therefore water and wastes enter
a capillary. In this way tissue fluid is refreshed. 32. This
system never retrieves all the water that leaves capillar-
ies, and excess tissue fluid is picked up by lymphatic ves-
sels and returned to the bloodstream. 33. a. coronary
bypass b. dietary restriction of salt and/or cholesterol
c. artificial pacemaker needed d. donor heart transplant
34. a. thrombus and embolus b. hemorrhoids c. varicose
veins d. atherosclerosis and hypertension

CHAPTER TEST

1. c 2. a 3. b 4. a 5. a 6. d 7. c 8. b 9. a
10. b 11. d 12. c 13. c 14. a 15. c 16. b
17. d 18. a 19. a 20. d 21. d 22. b 23. a
24. b 25. d 26. d 27. b 28. c 29. a 30. b
31. Tissue fluid would not be returned as efficiently to the
venous end of the capillary. It would remain in the tissue
spaces, and edema would result. 32. The ventricles
would not be signaled to contract. Therefore, ventricular
systole would not take place, and oxygenated blood would
not effectively flow to the body’s tissues.

ANSWER KEY
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The lymphatic system consists of lymphatic vessels and
lymphoid organs. The lymphatic vessels absorb fat mol-
ecules at intestinal villi and excess tissue fluid at the car-
diovascular capillaries. Eventually, two main ducts empty
into the subclavian veins.

Lymphocytes are produced and accumulate in the
lymphoid organs (lymph nodes, spleen, thymus gland,
and red bone marrow).

Immunity involves nonspecific and specific de-
fenses. Nonspecific defenses include barriers to entry,
the inflammatory reaction, and protective proteins. 

Specific defenses require lymphocytes, which are
produced in the bone marrow. B lymphocytes mature in
the bone marrow and undergo clonal selection in the
lymph nodes and the spleen. T lymphocytes mature in
the thymus.

B cells are responsible for antibody-mediated im-
munity. An antibody is a Y-shaped molecule that has two
binding sites. Each antibody is specific for a particular
antigen. Activated B cells become antibody secreting
plasma cells and memory B cells. Memory B cells respond
if the same antigen enters the body at a later date. 

There are four types of T cells. Cytotoxic T cells
kill cells on contact; helper T cells stimulate other immune

cells and produce lymphokines; suppressor T cells sup-
press the immune response; and memory T cells remain
in the body to provide long lasting immunity.

Immunity can be induced in various ways. Vac-
cines are available to promote long lived active immu-
nity, and antibodies sometimes are available to provide
an individual with short lived passive immunity. 

Cytokines, notably interferon and interleukins, are
used in an attempt to promote the body’s ability to recover
from cancer and to treat AIDS.

Blood transfusions require compatible blood types.
Of consideration are the antigens (A and B) on the red blood
cells and the antibodies (anti-A and anti-B) in the plasma.
The Rh antigen is also important particularly because an
Rh-negative mother may produce anti-Rh antibodies that
will attack the red blood cells of an Rh-positive fetus.

Allergies result when an overactive immune system
forms antibodies to substances not normally recognized
as foreign. Cytotoxic T cells attack transplanted organs
as nonself; therefore, immunosuppressive drugs must be
administered. Autoimmune illnesses occur when antibodies
and T cells attack the body’s own tissues.
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14
LYMPHATIC SYSTEM AND IMMUNITY

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

14.1 LYMPHATIC SYSTEM (P. 264)

• The lymphatic vessels form a one-way system, which transports lymph from the tissues and fat from the
lacteals to certain cardiovascular veins.

• The lymphoid organs (red bone marrow, spleen, thymus, and lymph nodes) play critical roles in defense
mechanisms.

1. Give three functions of the lymphatic system.
a.                                                                                                

                                                                                                
b.                                                                                                

                                                                                                
c.                                                                                                
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2. Indicate whether the following statements about the structure/function of lymphatic vessels and lymphoid
organs are  true (T) or false (F):

a. Bone marrow lacks lymphoid tissue.
b. Lymph lobules are subdivided into sinus-containing nodes.
c. The contraction of skeletal muscles blocks the return of lymph to the bloodstream.
d. The sinuses of the spleen are filled with lymph.
e. Lymphatic vessels are similar to systemic veins.
f. Lymphatic vessels contain valves.

3. Indicate whether the statements that follow are true (T) or false (F). Rewrite any false statements to make
them true.

a. Vessels of the lymphatic system begin with systemic capillaries. Rewrite: _____________________
b. Lymph most closely resembles arterial blood. Rewrite: ____________________________________

_____  c. The right thoracic duct serves the lower extremities, abdomen, one arm, and one side of the head and
neck. Rewrite: ____________________________________________________________________

d. Lymphatic capillaries merge directly to form a particular lymphatic duct. Rewrite: ______________
_________________________________________________________________________________

4. Label each of the following statements as describing the thymus (T), spleen (S), or red bone marrow (RBM):
a. contains red pulp and white pulp
b. contains stem cells
c. is located along the trachea
d. is located in the upper left abdominal cavity
e. produces hormones believed to stimulate the immune system
f. contains sinuses filled with blood
g. site of origin for all types of blood cells

14.2 NONSPECIFIC DEFENSES (P. 266)

• Immunity consists of nonspecific and specific defenses to protect the body against disease.
• Nonspecific defenses consist of barriers to entry, the inflammatory reaction, natural killer cells, and

protective proteins.

5. Match each of the descriptions with the following defense mechanisms:
1 barrier to entry
2 inflammatory response
3 complement protein
4 natural killer cells

a. accompanied by swelling and redness
b. cilia action in the respiratory tract
c. produces holes in bacterial cell walls
d. stomach secretions
e. histamine increases capillary permeability
f. injured cells release bradykinin
g. inhabitation of normal body bacteria
h. interferon action
i. neutrophils and macrophages carry out phagocytosis
j. secretions of the oil, or sebaceous, glands
k. kills cells infected with a virus or tumor cells

14.3 SPECIFIC DEFENSES (P. 268)

• Specific defenses require two types of lymphocytes: B lymphocytes and T lymphocytes.
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6. Fill in this table with yes or no:

Cytotoxic T Cell B Cell

Ultimately derived from stem cells in bone marrow a. b.

Pass through thymus c. d.

Carry receptors on membrane e. f.

Cell-mediated immunity g. h.

Antibody-mediated immunity i. j.

B Cells and Antibody-Mediated Immunity (p. 269)

Study the diagram and answer questions 7–10.
7. Which of these makes a particular B cell undergo clonal expansion?

a. When the correct antigen is present.
b. When; any antigen is present

8. Explain the clonal selection theory. _________________________________________________________________

_________________________________________________________________________________________________

9. Which of these are cells that result from clonal expansion of B cells?
a. plasma cells
b. memory cells
c. both types of cells.

10. What happens to these cells once the infection is under control?

a. memory cells ___________________________________________________________________________________

b. plasma cells ____________________________________________________________________________________
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antigen
receptor

antigens

Activation ApoptosisClonal Expansion

antibodies

memory cells

plasma cells

endoplasmic
reticulum

B lymphocytes
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11. a. Label this diagram of an antibody molecule with the following terms: antigen-binding site, constant region,
heavy chain, light chain, and variable region.

What is the function of antibodies? b._______________________

T Cells and Cell-Mediated Immunity (p.272)

Activation Activated T cells

T lymphocytes

cytotoxic
T cell

antigen
receptor

self protein (HLA)
presents an antigen

virus-infected 
cell

memory cells

Apoptosis

Clonal Expansion

cytokines

cytokines

Study the diagram and answer questions 12–14.
12. Which of these makes a particular T cell under go clonal expansion?

a. When the antigen is presented to the T cells by an APC.
b. When a T cell encounters an antigen.

13. What is the significance of HLA antigens? a. __________________________________________________________

_________________________________________________________________________________________________

Why are they called antigens? b. _____________________________________________________________________

_________________________________________________________________________________________________
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14. What happens after a helper T cell recognizes an antigen? a. ____________________________________________

_________________________________________________________________________________________________

What happens after a cytotoxic T cell recognizes an antigen? b. __________________________________________

_________________________________________________________________________________________________

What happens to T cells (except for memory T cells) after the infection is past? c. _________________________

_________________________________________________________________________________________________
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14.4 INDUCED IMMUNITY (P. 274)

• Induced immunity for medical purposes involves the use of vaccines to achieve long-lasting immunity and the
use of antibodies to provide temporary immunity.

15. a. Label the following diagram, using the alphabetized list of terms.
antibody titer in serum
primary response,
secondary response
time (days)
exposure to vaccine (needed twice)

b. A good secondary response can be related to the ________________________ dependent on the number of

________________________ and ________________________ cells capable of responding to a particular antigen.

16. When an individual receives antibodies from another, as when a baby breast-feeds, it is called ___________________.

17. List five diseases for which children should be immunized.                                                      

                                                                                                          
18. Why is it better to immunize children in advance than to wait until the disease has been contracted?

                                                                                                          
19. Name two types of cytokines, and tell what role they play in immunotherapy.

a.                                                                                                         
b.                                                                                                         

20. What are monoclonal antibodies?                                                                             
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14.5 IMMUNITY HAS SIDE EFFECTS (P. 276)

• While immunity preserves our existence, it also is responsible for certain undesirable effects, such as
allergies, autoimmune diseases, and tissue rejection.

21. Match the descriptions with the numbered terms. Then explain your choice.
1 allergy
2 tissue rejection
3 autoimmune disease

a. foreign HLA proteins                                                               

b. the body attacks itself                                                                     

c. sensitized immune system                                                            
22. The following table indicates the blood types. Fill in the third and fourth columns by using this formula: The

donor’s antigen(s) must not be of the same type letter as the recipient’s antibody (antibodies).
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Blood Type Antigen Antibody Can Receive from Can Donate to

A A Anti-B a. b.

B B Anti-A c. d.

AB A, B ______ e. f.

O None Anti-A and B g. h.

23. This diagram shows the results of typing someone’s blood. What is the blood type? ________________________

24. Draw a similar diagram showing the results if someone has AB negative blood.

25. Consider these possible combinations of mates:
Rh+ mother and Rh– father Rh– mother and Rh– father
Rh+ mother and Rh+ father Rh– mother and Rh+ father
Which of these combinations can cause pregnancy difficulties and why?
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CHAPTER TEST
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OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. The two collecting ducts of the lymphatic system

empty into
a. systemic arteries.
b. systemic veins.
c. pulmonary arteries.
d. pulmonary veins.

2. The structure of a lymphatic vessel is most sim-
ilar to that of a
a. cardiovascular artery.
b. cardiovascular arteriole.
c. cardiovascular vein.
d. skeletal muscle fiber.

3. Lymph nodes house
a. neutrophils and monocytes.
b. lymphocytes and macrophages.
c. granular leukocytes.
d. red blood cells.

4. Lymph is ____________________ in lymphatic
vessels.
a. blood
b. serum
c. tissue fluid
d. plasma

5. All of the following are functions of macrophages
EXCEPT
a. liberate a growth factor to help leukocytes.
b. phagocytize bacteria.
c. scavenge dead and decaying tissue.
d. transport oxygen in the blood.

Use this key for questions 6–9.
Key a. thymus gland b. spleen c. lymph

node d. red bone marrow

6. causes differentiation of T cells
7. purifies lymph
8. contains red pulp and white pulp
9. formation of agranular and granular leukocytes

10. The spleen
a. contains stem cells from the bone marrow.
b. is located along the trachea.
c. produces a hormone believed to stimulate the

immune system.
d. is a blood reservoir.

11. The thymus
a. contains all types of stem cells from the bone

marrow.
b. is located along the trachea.
c. produces a hormone believed to stimulate the

immune system.
d. both b and c

12. Activity of the complement system is an exam-
ple of nonspecific defense by
a. barriers to entry.
b. phagocytic cells.
c. protective proteins.
d. Both a and c are correct.

13. Secretions of the oil glands is an example of non-
specific defense by a(n)
a. barrier to entry.
b. protective protein.
c. phagocytic cell.
d. acidic pH.

14. Interferon is produced by cells in response to the
presence of
a. chemical irritants.
b. viruses.
c. bacterial infection.
d. malarial parasite in blood.

15. The most active white blood cell phagocytes are
a. neutrophils and macrophages.
b. neutrophils and eosinophils.
c. lymphocytes and macrophages.
d. lymphocytes and neutrophils.

16. The white blood cells that are primarily respon-
sible for specific immunity are
a. neutrophils.
b. eosinophils.
c. macrophages.
d. lymphocytes.

17. Which of these is not a valid contrast between T
cells and B cells?

T cells B cells
a. matures in the thymus–matures in bone mar-

row
b. antibody-mediated immunity–cell mediated 

immunity
c. antigen must be presented–direct recognition

by APC
d. produce lymphokines–do not produce lym-

phokines
18. A particular antibody can

a. attack any type antigen.
b. attack only a specific type antigen.
c. be produced by any B lymphocyte.
d. be produced by any T lymphocyte.

19. The clonal selection theory refers to the
a. presence of four different types of T lym-

phocytes in the blood.
b. response of only one type B lymphocyte to a

specific antigen.
c. occurrence of many types of plasma cells,

each producing many types of antigens.
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20. The portions of an antibody molecule that pair
up with the foreign antigens are the
a. heavy chains.
b. light chains.
c. variable regions.
d. constant regions.

21. Which of these is incorrect?
a. helper T cells–orchestrate the immune re-

sponse
b. cytotoxic T cells–stimulate B cells to produce

antibodies
c. memory T cells–long-lasting active immu-

nity
d. suppressor T cells–shut down the immune 

response
22. A person receiving an injection of gamma glob-

ulin as a protection against hepatitis is an ex-
ample of
a. naturally acquired active immunity.
b. naturally acquired passive immunity.
c. artificially acquired passive immunity.
d. artificially acquired active immunity.
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23. A person vaccinated to produce immunity to the
flu is an example of
a. naturally acquired active immunity.
b. naturally acquired passive immunity.
c. artificially acquired passive immunity.
d. artificially acquired active immunity.

24. Allergies are caused by
a. strong toxins in the environment.
b. autoimmune diseases.
c. the overproduction of IgE.
d. the receipt of IgA in breast milk.

25. Which is not true of an autoimmune response?
a. responsible for such diseases as multiple scle-

rosis and myasthenia gravis and perhaps type
I diabetes

b. occurs when self-antibodies attack self-tis-
sues

c. interferes with the transplantation of organs
between one person and another

d. All of these are correct.

THOUGHT QUESTIONS

Answer in complete sentences.
26. How do we know that one aspect of specific immunity is the ability of the body to recognize self as opposed to nonself?

27. How is the functioning of the immune system another example of homeostasis?

Test Results: _______ number correct ÷ 27 = _________ × 100 = _______%
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ANSWER KEY

STUDY EXERCISES

1. a. return of excess tissue fluid to bloodstream b. ab-
sorption of fats at intestinal villi c. defense against
disease 2. a. F b. F c. F d. F e. T f. T 3. a. F; 
. . .  begin with lymph capillaries b. F; . . . resembles
tissue fluid that has entered the lymph vessels c. F; The
right lymphatic duct serves the right arm, the right side
of the head and neck, and the right thoracic area. d. F; 
. . . capillaries form lymphatic vessels first, and these
merge before entering a particular lymphatic duct
4. a. S b. RBM c. T d. S e. T f. S g. RBM 5. a. 2
b. 1 c. 3 d. 1 e. 2 f. 2 g. 1 h. 3 i. 2 j. 1 k. 4
6.

Cytotoxic T Cell B Cell

a. yes b. yes

c. yes d. no

e. yes f. yes

g. yes h. no

i. no j. yes

7. a 8. Antigens selects the B cell that will clone. 9. c
10. a. remain in body ready to produce more antibodies
when needed b. undergo apoptosis and die off
11. a. antigen-bearing site b. variable region c. con-
stant region d. heavy chain e. light chain f. combine
with antigens and mark them for destruction 12. a
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13. a. Identify cell as belonging to a individual b. They
are antigenic in someone else’s body. 14. a. secretes cy-
tokines that stimulate other immune cells b. destroys
cells that are infected with virus c. undergo apoptosis
and die 15. a. see Figure 14.9, text page 274. b. im-
munological memory, memory B, memory T 16. passive
immunity 17. tetanus, whooping cough, diphtheria, he-
patitis B, measles, mumps, rubella, polio, Haemophilis
influenza (type b) 18. It is better to prevent a disease than
try to treat it with antibiotics. Resistant strains of bacte-
ria and allergies to antibiotics are two side effects, plus
viruses do not respond to antibiotic therapy. 19. a. In-
terleukins activate and maintain killer activity of T cells.
b. Interferon causes other cells to resist a viral infection.
20. Same-type antibodies produced by the same lym-
phocyte. 21. a. 2 b. 3 c. 1 22. a. A, O b. A, AB c. B,
O d. B, AB e. A, B, AB, O f. AB g. O h. A, B, AB, O
23. B+ 24. clumping should occur for anti-A and anti-B
25. Rh– mother and Rh+ father because the mother might
form antibodies to destroy red blood cells of this or a fu-
ture baby who is Rh+.

CHAPTER TEST

1. b 2. c 3. b 4. c 5. d 6. a 7. c 8. b 9. d
10. d 11. d 12. c 13. a 14. b 15. a 16. d
17. b 18. b 19. b 20. c 21. b 22. c 23. d
24. c 25. c 26. Ordinarily, antibodies and T cells at-
tack only foreign antigens. If and when they attack the
body’s own cells, illness results 27. The immune sys-
tem protects the body from disease, making it possible for
other systems to function properly.
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The respiratory tract consists of the nose (nasal cavities),
the nasopharynx, the pharynx, the larynx (which contains
the vocal cords), the trachea, the bronchi, and the
bronchioles. The bronchi, along with the pulmonary
arteries and veins, enter the lungs, which consist of the
alveoli, air sacs surrounded by a capillary network.

Inspiration begins when the respiratory center
in the medulla oblongata sends excitatory nerve impulses
to the diaphragm and the muscles of the rib cage. As they
contract, the diaphragm lowers and the rib cage moves
upward and outward; the lungs expand, creating a partial
vacuum, which causes air to rush in. The respiratory cen-
ter now stops sending impulses to the diaphragm and
muscles of the rib cage. As the diaphragm relaxes, it re-
sumes its dome shape, and as the rib cage retracts, air is
pushed out of the lungs during expiration.

External respiration occurs when CO2 leaves blood
and O2 enters blood at the alveoli. Oxygen is transported
to the tissues in combination with hemoglobin as oxy-
hemoglobin (HbO2). Internal respiration occurs when
O2 leaves blood and CO2 enters blood at the tissues. Car-
bon dioxide is mainly carried to the lungs within the
plasma as the bicarbonate ion (HCO3

−). Hemoglobin
combines with hydrogen ions and becomes reduced
(HHb).

There are a number of illnesses associated with the
respiratory tract. In addition to colds and flu, the lungs
may be infected by the more serious pneumonia and tu-
berculosis. Two illnesses that have been attributed to
breathing polluted air are emphysema and lung cancer.
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15
RESPIRATORY SYSTEM

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

15.1 RESPIRATORY TRACT (P. 284)

• Air passes through a series of tubes before gas exchange takes place across a very extensive moist surface.

1. Complete this table.

Structure Function

a. _________________________________________________ Filter, warm, and moisten air
Glottis b. _________________________________________________
c. _________________________________________________ Sound production
Trachea d. _________________________________________________
e. _________________________________________________ Passage of air to each lung
Bronchioles f. _________________________________________________
g. _________________________________________________ Gas exchange
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2. Label the following diagram, using the alphabetized list of terms.
epiglottis
glottis
hard palate
larynx
nasal cavity
soft palate
trachea

3. The nostrils contain a._________________, and the nasal cavity and trachea are lined with b._________________ to

screen the incoming air. Mucus, dust, and other material are moved into the c._________________ for swallowing or

expectoration. During swallowing, the d._________________ folds down over the glottis to keep food from entering

the trachea. The lungs of premature infants often lack a film called e._________________ that keeps their lung tissues

from sticking together.

15.2 MECHANISM OF BREATHING (P. 288)

• Respiration comprises breathing, external and internal respiration, and cellular respiration.

4. Label the following diagram, using the alphabetized list of terms.
expiratory reserve volume
inspiratory reserve volume
residual volume
tidal volume

5. In the preceding diagram, the sum of the volumes labeled a, b, and c is termed the _____________________________.
6. Indicate whether the following phrases describe inspiration (I) or expiration (E).

_____ a. lungs expanded
_____ b. muscles (diaphragm and ribs) relaxed
_____ c. diaphragm dome shaped
_____ d. chest enlarged
_____ e. less air pressure in lungs than in the environment
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Inspiration and Expiration (p. 290)

• During inspiration, the pressure in the lungs decreased, and air comes rushing in. During expiration, increased
pressure in the thoracic cavity causes air to leave the lungs.

7. Put these statements in the proper sequence.
_____ a. Respiratory center stops sending nerve impulse to diaphragm and rib cage.
_____ b. Respiratory center sends nerve impulse to diaphragm and rib cage.
_____ c. Diaphragm relaxes, becomes dome shaped, and rib cage moves down and inward.
_____ d. Lungs expand as diaphragm lowers and rib cage moves upward and outward.
_____ e. Air goes rushing out as lungs recoil.
_____ f. Air comes rushing in as lungs expand.

15.3 GAS EXCHANGES IN THE BODY (P. 292)

• External respiration occurs in the lungs where oxygen diffuses into the blood and carbon dioxide diffuses out
of the blood.

• Internal respiration occurs in the tissues where oxygen diffuses out of the blood and carbon dioxide diffuses
into the blood.

8. Match the statements with the terms that follow.
_____ a. entrance and exit of air into and out of lungs
_____ b. exchange of gases between blood and tissue fluid
_____ c. production of ATP in cells
_____ d. exchange of gases between lungs and blood

Terms 1. internal respiration 2. cellular respiration 3. inspiration and expiration 4. external respiration

e. Next, place the terms in the proper sequence.

First _______ Second ________ Third ________ Last _________

9. Give the equation that describes how oxygen is transported in the blood. Label one arrow lungs and the reverse arrow tissues.

10. Give the equation that describes how most of the carbon dioxide is transported in the blood. Label one arrow lungs and
the reverse arrow tissues.
a.

What is the name of the enzyme that speeds up this reaction? b.                                             

Carbon dioxide transport produces hydrogen ions. Why does the blood not become acidic? c.                     

                                                                                                

By what process does carbon dioxide move from the blood to the alveoli? d.                                   

11. After studying Figure 15.8 in the text, answer these questions. Where does oxygen enter the blood?
a.______________________________ Where does oxygen exit from the blood? b.______________________________

Where does carbon dioxide enter the blood? c.______________________________ Where does carbon dioxide exit

from the blood? d.______________________________ In the diagram, what two types of vessels are high in oxygen?
e._______________________________________________________________________________________________

In the diagram, what two types of vessels are high in carbon dioxide? f.                                      
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Binding Capacity of Hemoglobin

• The respiratory pigment hemoglobin transports oxygen from the lungs to the tissues and aids in the transport
of carbon dioxide from the tissues to the lungs.

12. Hemoglobin is remarkably suited to the transport of oxygen. Why? a.                                                  

                                                                                                

Why does a person die from carbon monoxide poisoning? b.                                               

                                                                                                

How does hemoglobin help with the transport of carbon dioxide? c.                                                    

                                                                                                

15.4 RESPIRATION AND HEALTH (P. 295)

• The respiratory tract is especially subject to disease because it is exposed to infectious agents. Cigarette
smoking contributes to two major lung disorders—emphysema and cancer.

13. Match the descriptions in a–g to this key.
Key cold and flu strep throat pneumonia tuberculosis emphysema pulmonary fibrosis lung cancer

Cells build a protective capsule around the bacteria. X rays can detect the presence of these capsules.
a.______________________________ Rheumatic fever can be a complication. b.______________________________

Fibrous connective tissue builds up in the lungs after inhaling particles. c.______________________________ 

This is caused by a virus, and antibiotic therapy is not helpful. d.______________________________ 

This most often begins in a bronchus and is caused by smoking cigarettes. e.______________________________

Lungs balloon because air is trapped in the alveoli. f.______________________________ 

Lobules of lungs fill with fluid, caused by a pathogen. g.______________________________
14. Why do women now suffer from lung cancer rates equivalent to those of men when in the past they did not?

                                                                                                

CHAPTER TEST

____ 4.How are foreign particles trapped before enter-
ing the lungs?
a. coarse hair inside nostrils
b. mucus in the nasal cavity
c. cilia in the nasal cavity and trachea
d. All of these are correct.

____ 5.Which of these constricts during an asthma at-
tack?
a. trachea
b. bronchus
c. bronchiole
d. pharynx

____ 6.The alveoli
a. are sacs in the lungs.
b. contain capillaries.
c. are where gas exchange occurs.
d. All of these are correct.

OBJECTIVE TEST

Do not refer to the text when taking this test.
____ 1.Why is oxygen needed by the body?

a. to aerate the lungs
b. to cleanse the blood
c. to produce ATP
d. Both a and b are correct.

____ 2.The structure(s) that receive(s) air after the tra-
chea is(are) the
a. pharynx.
b. bronchi.
c. bronchiolus.
d. alveoli.

____ 3.Which structure carries both air and food?
a. larynx
b. pharynx
c. trachea
d. esophagus
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____ 7.Which of these contains the vocal cords?
a. glottis
b. epiglottis
c. pharynx
d. larynx

____ 8.Before oxygen is picked up in the lungs by he-
moglobin, it first diffuses through (a) alveolar cells,
(b) blood plasma, (c) red blood cell plasma mem-
branes, and (d) capillary walls, though not nec-
essarily in this order. What is the correct order?
a. a, b, d, c
b. a, d, b, c
c. d, a, c, b
d. d, b, a, c
e. a, b, c, d

____ 9.When the lungs recoil,
a. inspiration occurs.
b. external respiration occurs.
c. internal respiration occurs.
d. expiration occurs.
e. All of these are correct.

____10.The respiratory center
a. is stimulated by carbon dioxide.
b. is located in the chest.
c. sends nerve impulses to lung tissue.
d. is stimulated by oxygen levels.

____11.The amount of air that enters or leaves the lungs
during a normal respiratory cycle is the
a. tidal volume.
b. respiratory volume.
c. residual volume.
d. vital capacity.

____12.The maximum amount of air a person can ex-
hale after taking the deepest breath possible is a
measure of the
a. residual volume.
b. tidal volume.
c. vital capacity.
d. inspiratory reserve volume.

____13.External respiration is defined as
a. an exchange of gases in the lungs.
b. breathing.
c. an exchange of gases in the tissues.
d. cellular respiration.

____14.Which gas is carried partially by the plasma?
a. O2

b. CO2

c. both O2 and CO2

d. Neither O2 nor CO2.
____15.CO2 enters the blood as a result of

a. active transport.
b. diffusion.
c. blood pressure.
d. air pressure.

____16.The enzyme carbonic anhydrase causes
a. carbon dioxide to react with water.
b. carbon dioxide to react with bicarbonate ions.
c. water to react with hydrogen ions.
d. Both b and c are correct.

____17.Hemoglobin combines with
a. oxygen more readily in the lungs.
b. carbon dioxide more readily in the tissues.
c. oxygen more readily in the tissues.
d. carbon dioxide more readily in the lungs.
e. Both a and b are correct.

____18.Hemoglobin carries
a. O2.
b. CO2.
c. hydrogen ions.
d. All of these are correct.

____19.Which lung disorder is not caused by a pathogen?
a. pneumonia
b. tuberculosis
c. emphysema
d. flu

____20.Smoking cigarettes
a. causes tuberculosis.
b. leads to emphysema and cancer.
c. increases the vital capacity of the lungs.
d. leads to good health and longer life.

Match the items in the key to phrases 21–23.
Key a. pneumonia b. lung cancer c. infant

respiratory distress

____21.nonfunctional tissues interfere with gas exchange
____22. fluid-filled lobules
____23.alveolar collapse due to high surface tension
____24.Which body system does the respiratory system

aid by providing oxygen so neurons can func-
tion properly?
a. nervous system
b. lymphatic system
c. circulatory system
d. integumentary system

____25.Which body system helps the respiratory system
by protecting the lungs and providing points for
breathing muscle attachment?
a. circulatory system
b. skeletal system
c. muscular system
d. urinary system
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THOUGHT QUESTIONS

26. Explain how expiration occurs once the lungs have filled with air.

27. Relate the large surface area provided by the alveoli to the process by which external respiration occurs.

Test Results: _______ number correct ÷ 27 = _________ × 100 = _______%

ANSWER KEY

STUDY EXERCISES

1. a. nasal cavities b. passage of air into larynx c. lar-
ynx d. passage of air to bronchi e. bronchi f. passage
of air to lungs g. lungs 2. a. nasal cavity b. hard palate
c. soft palate d. epiglottis e. glottis f. larynx g. trachea
3. a. coarse hairs b. cilia c. pharynx d. epiglottis e. sur-
factant 4. a. inspiratory reserve volume b. tidal volume
c. expiratory reserve volume d. residual volume 5. vital
capacity 6. a. I b. E c. E d. I e. I 7. b, d, f, a, c, e
8. a. 3 b. 1 c. 2 d. 4 e. 3, 4, 1, 2

9.
lungs

Hb + O2
________ HbO2

tissues

10. a.
tissues tissues

CO2 + H2O ________ H2CO3 
________ H + + HCO3

−

lungs lungs
b. carbonic anhydrase c. Hemoglobin combines with ex-
cess hydrogen ions. d. diffusion 11. a. lungs b. tissues
c. tissues d. lungs e. pulmonary vein and aorta (systemic
arteries) f. venae cavae (systemic veins) and pulmonary
artery 12. a. It easily combines with oxygen in the lungs

and easily gives it up in the tissues. b. Hemoglobin com-
bines with carbon monoxide preferentially to oxygen.
c. It combines with carbon dioxide to form carbamino-
hemoglobin, and picks up hydrogen ions. 13. a. tuber-
culosis b. strep throat c. pulmonary fibrosis d. cold and
flu e. lung cancer f. emphysema g. pneumonia
14. Women now smoke cigarettes as frequently as men.
In the past, it was socially less acceptable for women to
smoke.

CHAPTER TEST

1. c 2. b 3. b 4. d 5. c 6. d 7. d 8. b 9. d
10. a 11. a 12. c 13. a 14. b 15. b 16. b
17. e 18. d 19. c 20. b 21. b 22. a 23. c
24. a 25. b 26. The diaphragm relaxes when the res-
piratory center stops sending messages to contract. Once
relaxation occurs, expiration is passive. Air leaves the lungs
with the elastic recoil of the lungs. Muscle contraction
can force additional air from the lungs. 27. Since oxy-
gen enters the capillaries of the alveoli by diffusion, a pas-
sive process, a large surface area is required.
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The lungs excrete carbon dioxide and the liver excretes
bile pigments. The skin secretes perspiration, which con-
tains urea, and the kidneys excrete ammonia, urea, uric
acid, and creatinine, all nitrogenous wastes.

The path of urine is through the kidneys, ureters,
urinary bladder, and finally, the urethra.

Macroscopically, the kidneys are divided into the
cortex, medulla, and pelvis. Microscopically, they con-
tain the nephrons.

Each nephron has its own blood supply; the affer-
ent arteriole approaches the glomerular capsule and di-
vides to become the glomerulus. The spaces between the
podocytes of the glomerular capsule allow small mole-
cules to enter the capsule from the glomerulus, a capil-
lary tuft. The efferent arteriole leaves the capsule and
immediately branches into the peritubular capillaries.

Each region of the nephron is anatomically suited
to its task in urine formation. The spaces between the
podocytes of the glomerular capsule allow small mole-
cules to enter the capsule from the glomerulus, a capil-
lary knot. The cuboidal epithelial cells of the proximal
convoluted tubule have many mitochondria and mi-

crovilli to carry out active transport (following passive
transport) from the tubule to blood. In contrast, the
cuboidal epithelial cells of the distal convoluted tubule
have numerous mitochondria but lack microvilli. They carry
out active transport from the blood to the tubule.

Urine is composed primarily of nitrogenous waste
products and salts in water.

The steps in urine formation are glomerular fil-
tration, tubular reabsorption, and tubular secretion,
as explained in Figure 16.6. Water is reabsorbed from
all parts of the tubule, and the loop of the nephron establishes
an osmotic gradient that draws water from the descend-
ing loop of the nephron and also the collecting duct. 

The kidneys contribute to homeostasis not only by
ridding the body of nitrogenous wastes but also by help-
ing control the pH and saltwater balance of the blood.
The latter also determines blood volume, which is con-
trolled by several hormones, including ADH, aldos-
terone, and ANH.

Various types of problems, including repeated uri-
nary infections, can lead to kidney failure, which neces-
sitates receiving a kidney from a donor or undergoing
dialysis by utilizing a kidney machine or CAPD.

16
EXCRETORY SYSTEM

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

16.1 URINARY SYSTEM (P. 304)

• The urinary system consists of organs that produce, store, and rid the body of urine.
• The kidneys excrete nitrogenous wastes and maintain the water-salt and the acid-base balance of the blood

within normal limits.

1. Match the urinary organs listed in the key to functions a–d.
Key kidney ureters urinary bladder urethra

___________ a. muscular tube leading from kidneys to urinary bladder
___________ b. tube leading from bladder to the outside
___________ c. hollow, muscular organ that stores urine
___________ d. bean-shaped organ that filters blood

2. What triggers urination?                                                                            
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3. List five functions of the kidneys.
a.                                                                                               
b.                                                                                               
c.                                                                                               
d.                                                                                               
e.                                                                                               

16.2 THE KIDNEYS (P. 307)

• Kidneys have a macroscopic (gross) anatomy and a microscopic anatomy.
• Urine is produced by many microscopic tubules called nephrons.

4. Macroscopically, the kidney is composed of these three parts.
a.                                                                                               
b.                                                                                               
c.                                                                                               

5. Label the parts of the nephron on the following diagram, using the alphabetized list of terms.
afferent arteriole
collecting duct
distal convoluted tubule
efferent arteriole
glomerular capsule
glomerulus
loop of the nephron
peritubular capillaries
proximal convoluted

tubule

6. Trace the path of filtrate from the glomerular capsule to the collecting duct.
glomerular capsule
a.                                                                                              
b.                                                                                              
c.                                                                                              
collecting duct

i.

h.

g.

f.

a.

b.

c.

d.

e.
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16.3 URINE FORMATION (P. 311)

• Like many physiological processes,  urine formation is a multistep process.

7. In this diagram, add the three steps in urine formation.

Where does the first step take place? d.                                                                

Where does the second step take place? e.                                                              

Where does the third step take place? f.                                                                
8. Blood in the glomerulus is composed of these two portions:

Small Molecules Large Molecules, etc.
Nutrients (glucose, amino acids) Proteins
Wastes (urea, uric acid) Formed elements
Salts
Water

Which portion will undergo glomerular filtration?
a.                                                                                               

Which of the small molecules will maximally undergo tubular reabsorption?
b.                                                                                               

Which of the small molecules will minimally undergo tubular reabsorption?
c.                                                                                               

9. Give an example of a molecule that undergoes tubular secretion.                                            

                                                                                                

16.4 MAINTAINING WATER-SALT BALANCE (P. 312)

• The kidneys are under hormonal control as they regulate the water–salt balance of blood.

10. Water reabsorption. The presence of which parts of the nephron account for maximal reabsorption of water in humans?
a.__________________________________________________ What causes water to leave these parts of the nephron?
b.                                                                                               

Because water is maximally reabsorbed, humans excrete a c.__________________________________________ urine.

a.

artery

glomerular
capsule

b. c.

vein

loop of
the nephron

H2O H2O

collecting
duct
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11. Complete this table.

12. Match the items in the key to the following letters.
Key blood pressure rises adrenal cortex converting enzyme renin aldosterone atrial natriuretic

hormone

a._________________________________ changes angiotensinogen to angiotensin I
b._________________________________ changes angiotensin I to angiotensin II

Angiotensin II acts on c._________________________________ to secrete d._________________________________

Kidneys absorb Na+ and e._________________________________

When blood pressure rises, the heart secretes f. _________________________, which causes the kidneys to excrete Na+.

16.5 MAINTAINING ACID-BASE BALANCE(P. 315)

• The kidneys excrete hydrogen ions and reabsorb bicarbonate ions to regulate the pH of blood.

13. If the blood is acidic, a.______________________ions are excreted in combination with
b.______________________, while c.______________________ are reabsorbed. If the blood is basic,

fewer d.______________________ ions are excreted, and fewer e.______________________ are reabsorbed.

ADH Urine Quantity

Increased amount a.

Reduced amount b.
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Excretion Elimination

In the table,  place an X beside the component of blood if the following descriptions pertain to it:
a. in the afferent arteriole
b. in the filtrate
c. in the efferent arteriole
d. reabsorbed into the peritubular capillary
e. secreted from the peritubular capillary
f. present in urine
g. absent from urine
h. in venous blood

a b c d e f g h

1. Plasma Proteins

2. Red Blood Cells

3. White Blood Cells

4. Glucose

5. Amino Acids

6. Sodium Chloride

7. Water

8. Urea

9. Uric Acid

10. Penicillin

There are 45 correct answers. There are 80 possible errors of omission or commission. Any 10 errors and you’re 
ELIMINATED!

CHAPTER TEST

OO

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
____ 1.Kidneys are organs of homeostasis because they

a. regulate the blood volume.
b. regulate the pH of the blood.
c. help maintain the correct concentration of

ions in the blood.
d. excrete nitrogenous wastes.
e. All of these are correct.

____ 2.Which of these contains urine?
a. urethra
b. uterus
c. intestine
d. gallbladder
e. All of these are correct.

____ 3.Which portion of the urinary tract varies signif-
icantly in length or size between males and fe-
males?
a. kidneys
b. ureters
c. urinary bladder
d. urethra

____ 4.Urination is triggered by
a. contraction of the bladder and relaxation of

sphincter muscles.
b. relaxation of the bladder and contraction of

sphincter muscles.
c. contraction of kidney and ureter muscles.
d. contraction of kidneys and relaxation of the

urinary bladder.
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____17.Glucose
a. is in the filtrate and urine.
b. is in the filtrate and not in urine.
c. undergoes tubular secretion and is in urine.
d. undergoes tubular secretion and is not in urine.

____18.The loop of the nephron is characteristic of an-
imals that excrete
a. a diluted urine.
b. a concentrated urine.
c. no urine.
d. too much urine.

____19.Aldosterone
a. is secreted by the adrenal cortex.
b. causes the blood volume to lower.
c. is the same as renin.
d. causes the kidneys to excrete sodium.

____20.Which organ excretes bile pigments?
a. kidney
b. large intestine
c. liver
d. All of these are correct.

____21.ADH is necessary for
a. water reabsorption.
b. glucose reabsorption.
c. protein reabsorption.
d. All of these are correct.

____22. If the nephrons do not function,
a. urea accumulates in the blood.
b. edema occurs.
c. water and salt retention occur.
d. All of these are correct.

____23.Renin is an enzyme that converts
a. angiotensinogen to angiotensin I.
b. angiotensin I to angiotensin II.
c. angiotensin II to converting enzyme.
d. All of these are correct.

____24.Nitrogenous wastes are
a. metabolic wastes.
b. toxic.
c. formed from the breakdown of amino acids.
d. All of these are correct.

____25.The region between the base of the loop of the
nephron and the collecting duct has a(n)
a. very low solute concentration.
b. intermediate solute concentration.
c. very high solute concentration.
d. very high water concentration.
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____ 5.Which portion is not part of the kidney?
a. renal cortex
b. renal urethra
c. renal medulla
d. renal pelvis

____ 6.The collecting ducts are primarily in the
a. renal cortex.
b. renal medulla.
c. renal pelvis.
d. afferent arteriole.

Match the function in 7–11 with the structure in the key.
____ 7.extends into the medulla
____ 8.a knot of capillaries
____ 9.variably permeable to water
____10.site of afferent/efferent arterioles
____11.blind end of the proximal convoluted tubule

Key a. glomerulus b. glomerular capsule
c. renal cortex d. loop of the nephron
e. collecting duct

____12.Urine collects in the ________________________
before entering the ureter.
a. renal medulla
b. renal cortex
c. renal pelvis
d. capsule

____13.Glomerular filtration should be associated with
a. the glomerular capsule.
b. the distal convoluted tubule.
c. the collecting duct.
d. All of these are correct.

____14.Sodium is removed from the kidney tubule by
a. passive reabsorption.
b. active reabsorption.
c. an attraction to Cl–.
d. secretion.

____15.Tubular secretion occurs at
a. the glomerular capsule.
b. the proximal convoluted tubule.
c. the loop of the nephron.
d. the distal convoluted tubule.

____16. In humans, water is
a. found in the glomerular filtrate.
b. reabsorbed from the nephron.
c. in the urine.
d. All of these are correct.
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Answer in complete sentences.
26. Explain the difference between defecation and excretion.

27. What role is played by the high concentration of salt and urea in the renal medulla?

Test Results: _______ number correct ÷ 27 = _________ × 100 = _______%

ANSWER KEY

STUDY EXERCISES

1. a. ureter b. urethra c. urinary bladder d. kidney
2. Stretch receptors send impulses to the spinal cord,
which sends nerve impulses back to muscles controlling
the urinary bladder. Contraction of the bladder and relaxation
of sphincter muscles occur, expelling urine to the outside.
3. a. regulation of salt and water balance b. regulation
of blood volume and blood pressure c. stimulation of
red blood cell production d. regulation of the pH of the
blood e. removal of metabolic wastes, including 
nitrogenous wastes 4. a. renal cortex b. renal medulla
c. renal pelvis 5. a. glomerulus b. glomerular capsule
c. efferent arteriole d. afferent arteriole e. proximal con-
voluted tubule f. loop of the nephron g. collecting duct
h. peritubular capillaries i. distal convoluted tubule
6. a. proximal convoluted tubule b. loop of the nephron
c. distal convoluted tubule 7. a. glomerular filtration
b. tubular reabsorption c. tubular secretion d. between
the glomerulus and the glomerular capsule e. between the
proximal convoluted tubule and blood f. between blood
and the distal convoluted tubule 8. a. small molecules
b. nutrients, salts, water c. wastes 9. uric acid, hydro-
gen ions, ammonia, penicillin, creatinine 10. a. loop
of the nephron and the collecting duct b. hypertonic
medulla due to presence of salt (from ascending limb of
loop of the nephron) and urea (from collecting duct) c. hyper-
tonic 11. a. little urine b. much urine 12. a. renin
b. converting enzyme c. adrenal cortex d. aldosterone
e. blood pressure rises f. atrial natriuretic hormone
13. a. hydrogen b. ammonia c. sodium d. hydrogen
e. bicarbonate ions

EXCRETION ELIMINATION

a. b. c. d. e. f. g. h.
plasma proteins X X X X
red blood cells X X X X
white blood cells X X X X
glucose X X X X X
amino acids X X X X X
sodium chloride X X X X X
water X X X X X X
urea X X X X
uric acid X X X X
penicillin X X X X

CHAPTER TEST

1. e 2. a 3. d 4. a 5. b 6. b 7. d 8. a 9. e
10. c 11. b 12. c 13. a 14. b 15. d 16. d
17. b 18. b 19. a 20. c 21. a 22. d 23. a
24. d 25. c 26. Defecation is the elimination of nondi-
gested material from the gut, and excretion is the elimi-
nation of end products of metabolism by the kidneys.
27. The high concentration of salt and urea in the renal
medulla draws water out of the loop of the nephron and
the collecting duct.

THOUGHT QUESTIONS
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The anatomical unit of the nervous system is the neu-
ron, of which there are three types: sensory, motor, and
interneuron. Each of these is made up of a cell body, an
axon, and a dendrite(s).

When an axon is not conducting a nerve impulse,
the resting potential indicates that the inside of an axon
is negative compared to the outside. Because of the
sodium-potassium pump, there is a concentration of
Na+ ions outside an axon and K+ ions inside an axon.

When an axon is conducting a nerve impulse, an
action potential (i.e., electrochemical change) travels
along a neuron. Depolarization (inside becomes posi-
tive) due to the movement of Na+ to the inside, and then
repolarization (inside becomes negative again) due to
the movement of K+ to the outside of an axon, occurs.

Transmission of the nerve impulse from one neu-
ron to another takes place across a synapse. In humans,
synaptic vesicles release a chemical, known as a neuro-
transmitter, into the synaptic cleft. The binding of the
neurotransmitter to receptors in the postsynaptic mem-
brane can either increase the chance of a nerve impulse
(stimulation) or decrease the chance of a nerve impulse
(inhibition) in the next neuron, depending on the type of
neurotransmitter and/or the type of receptor.

The peripheral nervous system contains the somatic
system and the autonomic system. Reflexes are automatic,
and some do not require the involvement of the brain. A
simple reflex requires the use of neurons that make up a
reflex arc. In the somatic system, a sensory neuron con-
ducts the nerve impulse from a receptor to an interneu-
ron, which in turn transmits the impulse to a motor
neuron, which conducts it to an effector.

While the motor portion of the somatic division of
the PNS controls skeletal muscle, the motor portion of the
autonomic division controls smooth muscle of the inter-
nal organs and glands. The sympathetic division, which
is often associated with those reactions that occur during
times of stress, and the parasympathetic division, which
is often associated with those activities that occur dur-
ing times of relaxation, are both parts of the autonomic
system.

Most of the cells in the CNS are neuroglial cells,
which recently have been shown to participate actively
in the functioning of the system and to produce growth
factors that can possibly be used to cure neurological
diseases. 

The CNS consists of the spinal cord and brain. The
gray matter of the cord contains cell bodies; the white
matter contains tracts that consist of the long axons of in-
terneurons. These run from all parts of the cord, even up
to the cerebrum. 

The brain integrates all nervous system activity
and commands all voluntary activities. In the brain stem,
the medulla oblongata and pons have centers for visceral
functions. The cerebellum coordinates muscle contrac-
tions. In the diencephalon, the hypothalamus, in particular,
controls homeostasis, and the thalamus specializes in
sense reception. The cerebrum, which is responsible for
consciousness, can be mapped, and each lobe seems to
have particular functions.

Neurological drugs, although quite varied, have
been found to affect the limbic system by either pro-
moting or preventing the action of neurotransmitters.
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PART IV INTEGRATION AND CONTROL
OF THE HUMAN BODY

17
NERVOUS SYSTEM

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

17.1 NEURONS AND HOW THEY WORK (P. 322)

• The nervous system contains cells called neurons, which are specialized to carry nerve impulses.
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1. Every neuron has the three parts listed here. What is the function of each?

dendrite a.                                                                                       

cell body b.                                                                                      

axon c.                                                                                          
2. Label the parts of the sensory neuron, the interneuron, and the motor neuron, using the alphabetized list of terms. Note:

some terms may be used more than once.
axon axon bulb cell body dendrite effector node of Ranvier nucleus of Schwann cell sensory receptor

3. State the function of the complete sensory neuron.                                                        

                                                                                                

                                                                                                

4. State the function of the complete interneuron.                                                           

                                                                                                

                                                                                                

5. State the function of the complete motor neuron.                                                         
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Nerve Impulse (p. 324)

• A nerve impulse is an electrochemical change that travels along the length of a neuron fiber.

6. The following drawings represent axons. On the left, place (+) or (–) to indicate the polarity asked for. On the right,
indicate the distribution of ions that produces this polarity.
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7. On this drawing of the trace that appears on the oscilloscope screen during the time of the action potential, label on one
side Na+ (sodium ions) gates open and on the other side K+ (potassium ions) gates open. Write in the appropriate
values to indicate the resting potential and the peak potential.

8. During the time of rest, the ________________________-________________________ pump restores the original
distribution of ions across the membrane of a nerve fiber.
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Transmission Across a Synapse (p. 327)

• Transmission of signals between neurons is dependent on neurotransmitter molecules.

9. Label the following diagrams, using the alphabetized list of terms.
axon dendrite neurotransmitter postsynaptic membrane synapse synaptic cleft synaptic vesicle
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synaptic
vesicles

g.

receptor
site

postsynaptic membrane

e.

f.

presynaptic 
membrane

b.

mitochondrion

c.

d.

a.

10. What causes transmission of the nerve impulse across a synapse?                                            

                                                                                                

                                                                                                
11. Which of these statements is true concerning synaptic integration?

a. A single neuron synapses with one other neuron.
b. A single neuron synapses with many other neurons.
c. Excitatory signals have a hyperpolarizing effect and inhibitory signals have a depolarizing effect.
d. Integration is the summing up of excitatory and inhibitory signals.
e. The more inhibitory signals received, the more likely the axon will conduct a nerve impulse.

17.2 PERIPHERAL NERVOUS SYSTEM (P. 328)

• The peripheral nervous system contains nerves that conduct nerve impulses toward and away from the central
nervous system.

12. Name two types of nerves in the peripheral nervous system. a.______________ and b.______________ nerves. What is

a nerve? c.______________________________________. Why is a spinal nerve called a mixed nerve?
d. __________________________________________________________________________________
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Somatic System (p. 329)

13. Label the following diagram of the reflex arc, using the alphabetized list of terms.
dorsal root ganglion
effector
interneuron
motor fiber
receptor
sensory fiber

14. Fill in these blanks to indicate what happens during a spinal reflex arc.

A stimulus is received by a(n) a.__________________, which initiates an impulse in the b.__________________ fiber.

The sensory fiber takes the message to the spinal cord and transmits it to the c.__________________. This neuron

passes the impulse to the d.__________________ neuron, whose fiber takes the message from the cord and innervates a

muscle, causing a reaction to the stimulus.

15. Explain how the brain becomes aware of automatic reflex actions. a.                                         

                                                                                                

                                                                                                

Explain why the left side of the brain controls the right side of the body. b.                                    

                                                                                                

                                                                                                

Autonomic System (p. 331)

16. Indicate three ways in which the sympathetic and parasympathetic systems are similar.

a.                                                                                               
b.                                                                                               
c.                                                                                               

17. Indicate ways in which the two systems differ by filling in the following table:
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Sympathetic Parasympathetic

Type of situation a. b.

Neurotransmitter c. d.

Ganglia near cord, or 
Ganglia near organ? e. f.

Spinal nerves only, or 
Spinal nerves plus vagus? g. h.
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17.3 CENTRAL NERVOUS SYSTEM (P. 332)

• The central nervous system is made up of the spinal cord and the brain.
• The parts of the brain are specialized for particular functions.
• The reticular formation contains fibers that arouse the brain when active and account for sleep when they are

inactive.

18. Label this diagram of the spinal cord, using the alphabetized list of terms.
central canal
dorsal horn
gray matter
ventral horn
white matter

19. indicate whether the following statements are true or false. Change all false statements to true statements.
______ a. White matter is white because it contains the cell bodies of interneurons that run together in bundles

called tracts. Rewrite: _______________________________________________________________
______ b. The spinal cord carries out the integration of incoming information before sending signals to other

parts of the nervous system. Rewrite: ___________________________________________________
______ c. When the spinal cord is severed, we suffer a loss of sensation but not a loss of voluntary control.

Rewrite:__________________________________________________________________________
20. Label the following drawing of the brain, using the alphabetized list of terms.

cerebellum
cerebrum
corpus callosum
medulla oblongata
pituitary gland
pons
thalamus
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21. Fill in the following table to indicate the functions of the parts of the brain.
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17.4 THE CEREBRAL HEMISPHERE (P. 336)

• The cerebral cortex contains motor areas, sensory areas, and association areas that are in communication with
each other.

• The limbic system contains cortical and subcortical areas that are involved in higher mental functions and
emotional responses.

22. Using this alphabetized list, fill in the correct name of the lobe beside the description of functions: all lobes,
frontal lobe, occipital lobe, parietal lobe, temporal love, (Terms can be used more than once.)

________________ a. contains primary motor area, which controls voluntary motions

________________ b. contains primary somatosensory area, which receives sensory information from the skin and

skeletal muscles

________________ c. contains a primary visual area

________________ d. contains a primary auditory area

________________ e. contains a primary association area

________________ f. carries on higher mental functions like reasoning and critical thinking
23 Place an X beside those structures that are a part of the limbic system.

a. tracts that join portions of the cerebral lobes, subcortical nuclei, and the diencephalon
b. hippocampus, which functions in retrieving memories
c. amygdala, which adds emotional overtones to memories

24. Which of these best describes the limbic system?
a. a system that involves reasoning
b. a system that involves emotions
c. a system that involves memories
d. all of these

Brain Part Function

Cerebrum a.

Thalamus b.

Hypothalamus c.

Cerebellum d.

Medulla oblongata e.
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17.5 HIGHER MENTAL FUNCTIONS (P. 338)

• Long-term memory depends upon association areas that are in contact with the limbic system.
• There are particular areas in the left hemisphere that are involved in language and speech.

25. Study the following diagram and answer the questions.
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The hippocampus and amygdala are in contact with what areas of the brain: a. ___________________,
b. ___________________, c. ___________________

In which of these are memories stored for later retrieval? d. ___________________

In which of these areas are memories used to plan future actions? e. ___________________

What is the role of the hippocampus? f. _______________________________________________________________

_________________________________________________________________________________________________

What is the role of the amygdala? g. _________________________________________________________________

_________________________________________________________________________________________________

Why are there two sets of arrows in the diagram? h. ____________________________________________________

_________________________________________________________________________________________________
26. Which of these are true statements with regard to language and speech?

a. Broca’s area is a motor speech area.
b. Damage to Wernicke’s area results in the inability to comprehend speech.
c. Only the left side of the brain contains a Broca’s area and a Wernicke’s area.

17.6 DRUG ABUSE (P. 341)

• The use of psychoactive drugs such as alcohol, nicotine, marijuana, cocaine, and heroin is detrimental to the
body.

27. Drugs are believed to affect, in particular, what part of the brain? a.__________________ There are both inhibitory and

excitatory neurotransmitters in the brain. If a drug blocks the action of an inhibitory neurotransmitter, what

psychological effect will it have? b.__________________ If a drug blocks the action of an excitatory neurotransmitter,

what psychological effect will it have? c.________________________________

28. The drug a.__________________ in tobacco products causes neurons to release dopamine, which reinforces

dependence on this drug. Occasional b.__________________ users experience euphoria, alterations in vision and

judgment, and distortions of space and time. Heavy use of c.__________________ often leads to liver damage.
d.__________________ is a ready-to-smoke form of cocaine.

29. According to endorphin research, what causes heroin withdrawal symptoms?                                  

                                                                                                

prefrontal
area

hippocampus
and

amygdala

diencephalon

cortical
sensory
areas

Sensory
inputs
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Simon Says About Nervous Conduction

For each correct answer, Simon says, “You may move one step forward.” Total possible number of steps forward is
10 steps.

1. Which of these would NOT be used when studying nerve conduction?
a. voltmeter
b. oscilloscope
c. electron microscope
d. electrodes
e. electric current

2. Which one is NOT directly needed for nerve conduction?
a. dendrites
b. axons
c. plasma membrane
d. nucleus
e. cytoplasm of the axon
f. ions

3. Which one does NOT move during nerve conduction?
a. sodium
b. potassium
c. plus charges
d. minus charges

4. Which one does NOT accurately describe a resting neuron?
a. positive on the outside of the membrane and negative on the inside
b. Na+ on the outside of the membrane and K+ on the inside
c. –65 mV inside
d. negative on both sides of the membrane

5. Which one is NOT involved with an action potential?
a. resting potential
b. permeability
c. sodium-potassium pump
d. plasma membrane
e. acetylcholine
f. ions
g. glycogen

6. Which one does NOT conduct a nerve impulse?
a. sensory neurons
b. osteocytes
c. motor neurons
d. sensory nerves
e. motor nerves

7. Which one is improperly matched?

a. b. c. d.Na+
Na+ Na+

K+ K+
K+ K+

8. Which number could NOT be associated with an action potential?
a. –65 millivolts
b. 0 millivolts
c. +40 millivolts
d. –40 watts
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9. Which one is improperly matched?
a. (e–) (nerve impulse)
b. (sodium-potassium pump) (resting potential)
c. (+) (Na+)
d. (–) (K+)
e. (plasma membrane) (semipermeable)

10. Which one is NOT true?

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
____ 1.Sensory neurons

a. take impulses to the CNS.
b. take impulses away from the CNS.
c. have a cell body in the dorsal root ganglion.
d. Both a and c are correct.

____ 2.Which of the following neurons would be found
in the autonomic division of the peripheral ner-
vous system?
a. motor neurons ending in skeletal muscle
b. motor neurons to the esophagus
c. sensory neurons at the surface of the skin
d. sensory neurons at tached to  olfactory 

receptors
e. interneurons in the spinal cord

____ 3.The neuron that is found wholly and completely
within the CNS is the
a. motor neuron.
b. sensory neuron.
c. interneuron.
d. All of these are correct.

____ 4.Which of these contains the nucleus?
a. axon
b. dendrite
c. cell body
d. Any of these may contain the nucleus.

____ 5.The downswing of the nervous impulse is caused
by the movement of
a. sodium ions to the inside of a neuron.
b. sodium ions to the outside of a neuron.
c. potassium ions to the inside of a neuron.
d. potassium ions to the outside of a neuron.
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a. Na+

K+

c.

b.

+40mV

–65mV

0mV

d. Mg+ Mg+Mg+

Cl– Cl– Cl–
+ + + + + + +

– – – – – –

How many steps were you allowed by Simon? _____________________

CHAPTER TEST

____ 6.The resting potential is maintained by the sodium-
potassium pump.
a. true
b. false

____ 7.Rapid conduction of a nerve impulse in verte-
brates is due to
a. the large diameters of the axons.
b. openings in the myelin sheath.
c. an abundance of synapses.
d. the high permeability of neuronal membranes

to ions.
e. All of these are correct.

____ 8.What is involved in a nerve impulse?
a. ions
b. electrons
c. atoms
d. molecules

____ 9.Synaptic vesicles are
a. at the ends of dendrites and axons.
b. at the ends of axons only.
c. along the lengths of long fibers.
d. All of these are correct.

____10.Acetylcholine
a. is a neurotransmitter.
b. crosses the synaptic cleft.
c. is broken down by acetylcholinesterase.
d. All of these are correct.

____11.A spinal nerve is a
a. motor nerve.
b. sensory nerve.
c. mixed nerve.
d. All of these are correct.
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____12.Automatic responses to specific external stimuli
require
a. rapid impulse transmission along the spinal

cord.
b. the involvement of the brain.
c. simplified pathways called reflex arcs.
d. the involvement of the autonomic nervous sys-

tem.
____13.Which portion of the nervous system is required

for a reflex arc?
a. mixed spinal nerve
b. gray matter of spinal cord
c. cerebrum
d. Both a and b are correct.
e. a, b, and c are correct.

____14.The autonomic system has two divisions called
the
a. CNS and peripheral nervous system.
b. somatic and skeletal systems.
c. efferent and afferent.
d. sympathetic and parasympathetic.

____15.Motor axons of the somatic system release
a. acetylcholine.
b. noradrenalin.
c. dopamine.
d. serotonin.

____16.Which system is active during stress?
a. parasympathetic
b. sympathetic
c. somatic
d. All of these are correct.

____17.The neurotransmitter of the parasympathetic sys-
tem is
a. noradrenalin.
b. acetylcholine.
c. cholinesterase.
d. Both a and b are correct.

____18.Which is the largest part of the human brain?
a. cerebrum
b. cerebellum
c. medulla
d. thalamus

____19.The function of the cerebellum is
a. consciousness.
b. motor coordination.
c. homeostasis.
d. sense reception.

____20.Which portion of the brain is involved in 
judgment?
a. cerebellum
b. frontal lobe of cerebrum
c. medulla
d. parietal lobe of cerebrum

____21.The drug that is classified as a hallucinogen, is
a. marijuana.
b. alcohol.
c. caffeine.
d. nicotine.

____22.Drugs of abuse primarily affect the
a. cerebellum.
b. medulla oblongata.
c. limbic system.
d. thalamus.

____23.A ready-to-smoke, highly addictive form of co-
caine is
a. heroin.
b. crack.
c. marijuana.
d. alcohol.
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THOUGHT QUESTIONS

Answer in complete sentences.
24. Contrast the way the nerve impulse travels along an axon with the way it travels across a synapse.

25. In either of what two ways would you expect an inhibitory psychoactive drug to affect transmission across a synapse?

Test Results: ______ number correct ÷ 25 =______ × 100 =______%
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ANSWER KEY

STUDY EXERCISES

1. a. sends signal to cell body b. control center c. takes
impulse away from cell body 2. a. sensory receptor
b. cell body c. axon d. dendrites e. axon f. dendrite
g. axon h. nucleus of Schwann cell i. node of Ranvier
j. effector 3. to take nerve impulses to CNS 4. to take
nerve impulses from one part of CNS to another 5. to
take nerve impulses away from CNS 6. a. plus on out-
side; minus on inside b. Na+ on outside and K+ on inside
c. minus on outside; plus on inside d. Some Na+ have
moved to inside e. plus on outside; minus on inside
f. Some K+ have moved to outside. 7. a. +40 b. Na+

(sodium ions) gates open c. –65 d. K+ (potassium ions)
gates open e. –65 8. sodium-potassium 9. a. synapse
b. synaptic vesicles c. axon d. dendrite e. postsynaptic
membrane f. synaptic cleft g. neurotransmitter 10. re-
ception of neurotransmitter at receptor site 11. b, d
12. a. cranial b. white matter c. bundle of fibers (axons)
d. contains sensory and motor fibers 13. a. sensory re-
ceptor b. sensory fiber c. dorsal root ganglion d. in-
terneuron e. motor fiber f. effector 14. a. receptor
b. sensory c. interneuron d. motor 15. a. Tracts in
CNS take impulses up and down the cord. b. Tracts cross
over. 16. a. control internal organs b. have motor neu-
rons c. have ganglia 17. a. fight or flight b. normal
activity c. norepinephrine (NE) d. acetylcholine (ACh)
e. near cord f. near organ g. spinal nerves only h. spinal
nerves plus vagus 18. a. dorsal horn b. white matter
c. gray matter d. ventral horn e. central canal 19. a. F
. . .contains myelinated axons. . . b. T c. F . . .and a loss
of voluntary control. . . 20. a. cerebellum b. medulla ob-
longata c. pons d. pituitary gland e. cerebrum f. corpus
callosum g. thalamus 21. a. motor control, higher lev-

els of thought b. integrates and sends sensory information
to cerebrum c. homeostasis d. motor coordination e. con-
trol of internal organs 22. a. frontal lobe b.parietal lobe
c. occipital lobe d. temporal lobe e. all lobes f. frontal
lobe 23. a, b, c 24. d 25. a. cortical sensory areas
b. prefrontal area c. diencephalon d. cortical sensory
areas e. prefrontal area f. serves as bridge between pre-
frontal area and cortical sensory areas g. adds emotional
overtones to memories h. one set of arrows for semantic
memory and one set for episodic memory 26. a, b, c
27. a. limbic system b.increased likelihood of excita-
tion c. decreases likelihood of excitation 28. a. nico-
tine b. marijuana c. alcohol d. crack 29. body’s
production of endorphins has decreased

SIMON SAYS ABOUT

NERVOUS CONDUCTION

1. c 2. d 3. d 4. d 5. g 6. b 7. c 8. d 9. a
10. d

CHAPTER TEST

1. d 2. b 3. c 4. c 5. d 6. a 7. b 8. a 9. b
10. d 11. c 12. c 13. d 14. d 15. a 16. b
17. b 18. a 19. b 20. b 21. a 22. c 23. b
24. There is an exchange of Na+ and K+ as the nerve im-
pulse travels along an axon, but the release of a neuro-
transmitter causes the nerve impulse to travel across a
synapse. 25. An inhibitory psychoactive drug could ei-
ther prevent the action of an excitatory neurotransmitter
or promote the action of an inhibitory neurotransmitter
at a synapse.
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Each type of sensory receptor is sensitive to one of five
kinds of stimuli. When stimulation occurs, receptors ini-
tiate nerve impulses that are transmitted to the spinal
cord and/or brain. Only when nerve impulses reach the
brain are we conscious of sensation.

The skin contains sensory receptors for touch, pres-
sure, pain, and temperature (hot and cold). 

Taste and smell are due to chemoreceptors that are
stimulated by chemicals in the environment. The taste buds
contain cells in contact with nerve fibers, while the re-
ceptors for smell are neurons. 

When molecules bind to receptor proteins on the
microvilli of taste cells and the cilia of olfactory cells,
nerve impulses eventually reach the brain, which deter-
mines the taste and odor according to the pattern of re-
ceptors stimulated. 

Vision is dependent on the eye, the optic nerve,
and the visual cortex of the cerebrum. The eye has three
layers. The outer layer, the sclera, can be seen as the
white of the eye; it also becomes the transparent bulge in
the front of the eye called the cornea. The rods, recep-
tors for vision in dim light, and the cones, receptors that
depend on bright light and provide color and detailed vi-
sion, are located in the retina, the inner layer of the eye-
ball. The cornea, the humors, and especially the lens
bring the light rays to focus on the retina. To see a close
object, accommodation occurs as the lens rounds up. Due
to the optic chiasma, both sides of the brain must func-
tion together to give three-dimensional vision.

When light strikes rhodopsin, a molecule com-
posed of opsin and retinal, retinal changes shape and
rhodopsin is activated. Chemical reactions that produce
electrochemical changes eventually result in nerve im-
pulses that are carried in the optic nerve to the brain.

Hearing is a specialized sense dependent on the ear,
the cochlear nerve, and the auditory cortex of the cere-
brum. The ear is divided into three parts: outer, middle,
and inner. The outer ear consists of the pinna and the au-
ditory canal, which direct sound waves to the middle ear.
The middle ear begins with the tympanic membrane
and contains the ossicles (malleus, incus, and stapes).
The malleus is attached to the tympanic membrane, and
the stapes is attached to the oval window, which is cov-
ered by membrane. The inner ear contains the cochlea
and the semicircular canals, plus the utricle and saccule.
The outer and middle portions of the ear simply convey
and magnify the sound waves that strike the oval window.
Its vibrations set up pressure waves within the cochlea,
which contains the spiral organ (organ of Corti), con-
sisting of hair cells with the tectorial membrane above.
When the cilia of the hair cells strike this membrane,
electrochemical changes result in nerve impulses that are
carried in the cochlear nerve to the brain.

The ear also contains sensory receptors for our sense
of balance. Dynamic equilibrium is dependent on the stim-
ulation of hair cells within the ampullae of the semicir-
cular canals. Static equilibrium relies on the stimulation
of hair cells by otoliths within the utricle and the saccule.
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18
SENSES

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

18.1 SENSORY RECEPTORS AND SENSATIONS (P. 348)

• Sensory receptors respond to certain types of environmental stimuli.
• Sensation occurs when sensory receptors send nerve impulses to the brain.
• Senses are divided into the somatic (general) senses and the special senses (taste, smell, vision, hearing,

balance).

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


146

1. Match the following statements to the terms listed in the key.
Key chemoreceptors mechanoreceptors proprioceptors thermoreceptors pain receptors photoreceptors

____________________ a. located only in the eye

____________________ b. monitor the pH of the blood

____________________ c. detect tissue damage

____________________ d. detect stretch in tendons and ligaments (choose two)

____________________ e. sensitive to changes in heat and cold

____________________ f. hearing

____________________ g. taste and smell

18.2 SOMATIC SENSES (P. 350)

• Proprioceptors in muscles and joints help the body maintain balance and posture.
• Sensory receptors in the skin respond to touch, pressure, pain, and temperature (warmth and cold).

2. Name two types of proprioceptors, a. _________________ and b. _________________.

When a muscle spindle relaxes, c. ___________________________________________________________________

_________________________________________________________________________________________________

Muscle spindles have two functions, d. _______________________________________________________________

and e. ____________________________________________________________________________________________

Indicate whether the following statements are true (T) or false (F).
3. _____ There are sensory receptors in the epidermis, dermis, and subcutaneous layers.
4. _____ Each sensory receptor is stimulated by various stimuli, such as heat, cold, touch, pressure, and pain.
5. _____ When stimulated, a sensory receptor generates a nerve impulse that travels in a sensory neuron to the CNS.
6 _____ Each type of sensory receptor is sensitive to only one stimulus.
7. _____ Sensation occurs in the brain and not at the sensory receptor.
8 _____ Sensory receptors generate nerve impulses.
9. _____ Sensory receptors are uniformly distributed throughout the skin.

10. _____ Sensory receptors are a part of a reflex arc.

11. Match the types of sensory receptors with the sense they detect.
a. pressure ______ free nerve endings
b. heat ______ Merkel disks
c. cold ______ Krause end bulbs
d. pain ______ Meissner corpuscles
e. touch ______ Pacini corpuscles

______ Ruffini endings

18.3 CHEMICAL SENSES (P. 352)

• Taste cells within taste buds in the mouth respond to molecules that result in bitter, sour, salty, or sweet tastes.
• Olfactory cells within the olfactory epithelium respond to molecules that result in a sense of smell.

12. Match items in the key to the statements that follow.
Key taste receptors smell receptors both taste and smell receptors

______________________________ a. receptors proteins combine with chemical

______________________________ b. brain senses impulses as a weighted average

______________________________ c. taste buds with microvilli house receptor proteins 

______________________________ d. salty receptor proteins on tip of tongue
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______________________________ e. olfactory cells

______________________________ f. are not effective when you have a cold

______________________________ g. easily adapt to outside stimuli

______________________________ h. involved in enjoyment of food

______________________________ i. a characteristic combination of receptor proteins are activated

13. The senses of taste and smell work because specific a.____________________ in the organs of taste and smell combine

with b.____________________ in the air or food. Both senses thus employ c.____________________ to detect

changes in the environment.

18.4 SENSE OF VISION (P. 354)

• The photoreceptors for sight contain visual pigments, which respond to light rays.
• A great deal of integration occurs in the retina of the eye before nerve impulses are sent to the brain.

14. Using the alphabetized list of terms and the answer blanks provided, state the name and function of each part of the eye
indicated in the illustration.

choroid
ciliary body
cornea
fovea centralis
iris
lens
optic nerve
retina
sclera

Structure Function
a. _____________________________________________ _____________________________________________

b. _____________________________________________ _____________________________________________

c. _____________________________________________ _____________________________________________

d. _____________________________________________ _____________________________________________

e. _____________________________________________ _____________________________________________

f. _____________________________________________ _____________________________________________

g. _____________________________________________ _____________________________________________

h. _____________________________________________ _____________________________________________

i. _____________________________________________ _____________________________________________
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15. The lens is a.______________________ for distant objects and b.______________________ for close objects. This is

called c.______________________.

16. The receptors of sight are classified as a.______________________. Two kinds exist: b.______________________

perceive motion and are responsible for night vision, and c.______________________ are responsible for color vision.

17. Rods have a pigment called a.______________________, which is made up of the protein
b.______________________ and a pigment molecule called c.______________________, a derivative of vitamin A.

When light strikes the pigment molecule, the rhodopsin is activated.

Color vision depends on d.______________________ kinds of cones, each of which has a slightly different structure of
e.______________________ molecule. Each is able to detect a different wavelength, or color, of light.

Rods are located throughout the retina, but cones are concentrated in the f.______________________.

18. Considering the layers of the retina—rods and cones/bipolar cells/ganglion cells—which of these are at the back of the

retina (closest to the choroid)? a.______________________ Which of these are receptors for sight?
b.______________________ Which of these are fewest in number? c.______________________

This supports the belief that d.______________________ occurs in the retina.
19. With reference to this figure, the region where the optic nerves cross is the a.______________________. Each primary

visual area of the cerebral cortex receives information about (choose the complete or one-half)
b.______________________ the visual field. Also, it is now known that the visual areas (choose parcel out or retain as

a unified whole) c.______________________ information regarding color, form motion, etc. This means that the

cerebral cortex has to (choose rebuild or imagine) d.______________________ the visual field before we can “see” it.
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20. Fill in the blanks in this table.

Name Description Image Focused Correction

Nearsightedness See nearby objects a. Concave lens

Farsightedness b. c. d.

Astigmatism Cannot focus Image not focused e.
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18.5 SENSE OF HEARING (P. 362)

• The sensory receptors for hearing are hair cells in the cochlea of the inner ear which respond to pressure
waves.

21. Using the alphabetized list of terms and the answer blanks provided, state the name and function of each part of the ear
indicated in the illustration.

auditory canal
cochlear nerve
auditory tube
cochlea
(malleus) hammer 
pinna
semicircular canal
(stapes) stirrup
tympanic membrane
vestibule

a. _____________________________________________ b. _____________________________________________

c. _____________________________________________ d. _____________________________________________

e. _____________________________________________ f. _____________________________________________

g. _____________________________________________ h. _____________________________________________

i. _____________________________________________ j. _____________________________________________

22. Place each of the following statements in proper sequence by using the numbers 1–9 to describe the events
that lead to the formation of an auditory nerve impulse.

a. vibration is transferred from the hammer to the anvil to the stirrup
b. basilar membrane moves up and down
c. nerve impulse is transmitted in cochlear nerve to brain
d. sound waves pass through the auditory canal
e. cilia of hair cells rub against tectorial membrane
f. sound waves cause tympanic membrane to vibrate
g. nerve impulse is generated
h. vibrations move from vestibular canal to tympanic canal
i. membrane at oval window vibrates

18.6 SENSE OF BALANCE (P. 365)

• The sensory receptors for balance are hair cells in the vestibule and semicircular canals of the inner ear, which
respond to the tilt of the head and the movement of the body, respectively.

23. For a. _______________ equilibrium, angular and/or rotational movement occurs such as when the body is
moving. Fluid in the semicircular canals displaces the gelatinous material within the b. ___________. For
c. ___________ equilibrium, movement occurs in one plane (vertical or horizontal), and the otoliths in the
d. _____________ and saccule are displaced in the gelatinous material, bending the cilia of the hair cells. Hair
cells in the ampullae and utricle and saccule synapse with the e. ______________ nerve.
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CHAPTER TEST
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OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
____ 1.A receptor

a. is the first portion of a reflex arc.
b. initiates a nerve impulse.
c. responds to only one type of stimulus.
d. is attached to a dendrite.
e. All of the above are correct.

____ 2.There are five sense receptors in the skin. They
are
a. choroid, cochlea, ossicles, and otoliths.
b. hot, cold, pressure, touch, and pain.
c. sclera, choroid, cornea, cones, and cochlea.
d. mechanoreceptors, chemoreceptors, and pho-

toreceptors.
____ 3.Taste cells and olfactory cells are both

a. somatic senses.
b. mechanoreceptors.
c. pseudociliated epithelium.
d. chemoreceptors.

____ 4.The blind spot is
a. a nontransparent area on the lens.
b. a nontransparent area on the cornea.
c. on the retina, where there are no rods or cones.
d. called the fovea centralis.

Match the items in the key to questions 5–8.
Key a. retina b. optic nerve c. lens d. all

e. none

____ 5.Which of these is (are) necessary to proper
vision?

____ 6.Which of these contain(s) receptors for sight?
____ 7.Which of these focus(es) light?
____ 8. In which is the sensation of sight realized?
____ 9.The current theory of color vision proposes that

a. there are three primary colors associated with
color vision.

b. cones respond selectively to different wave-
lengths of light.

c. the rods are responsible for nighttime color vi-
sion.

d. Both a and b are correct.
e. a, b, and c are correct.

____10.Both sides of the brain receive information from
both eyes due to the
a. optic chiasma.
b. fovea centralis.
c. ciliary muscle.
d. ciliary body.

____11. If you are nearsighted, the image is focused
a. in front of the retina.
b. behind the retina.
c. on the retina.
d. at the blind spot.

____12.The disorders of nearsightedness and farsightedness
are due to
a. an eyeball of incorrect length.
b. a cloudy lens.
c. pressure increase.
d. a torn retina.

____13.Vitamin A is needed for the
a. lens.
b. rods.
c. cones.
d. cornea.

____14.The cochlear nerve is associated with the
a. spiral organ.
b. ossicles.
c. tympanic membrane.
d. auditory tube.

Match the items in the key to questions 15–17.
Key a. ossicles b. otoliths c. cochlea

d. auditory tube

____15.Which of these have nothing to do with hearing?
____16. In which would you find receptors for hearing?
____17.Which of these is concerned with balance?
____18.Balance receptors differ from hearing receptors

in that balance receptors ____________________,
while hearing receptors ____________________.
a. are located in the outer ear; are located in the

inner ear
b. respond to pressure waves; do not respond to

pressure waves
c. consist of hair cells; do not consist of hair

cells
d. are in the semicircular canals; are in the spi-

ral organ
____19.Which part of the ear is for balance?

a. outer
b. middle
c. inner
d. All of these are correct.

____20.Nerve deafness may be due to
a. fused ossicles.
b. worn stereocilia.
c. German measles.
d. Both a and c are correct.

Match the items in the key to questions 21–25.
Key a. spiral organ b. rods and cones

c. pressure receptor d. olfactory receptor
e. taste buds f. utricle and saccule

____21.Which of these are not mechanoreceptors?
____22.Which of these is located in the skin?
____23.Which of these help maintain equilibrium?
____24.Which of these are located in the ear?
____25.Which of these are stimulated by chemicals?
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STUDY EXERCISES

1. a. photoreceptors b. chemoreceptors c. pain recep-
tors d. proprioceptors are also mechanoreceptors e. ther-
moreceptors f. mechanoreceptors g. chemoreceptors
2. a. muscle spindle b. Golgi tendon organ c. nerve im-
pulses are generated d. maintain posture e. tell posi-
tion of limbs 3. F. There are receptors only in the
dermis. 4. F. Each receptor is stimulated by only one
type of stimulus. 5. T 6. T 7. T 8. T 9. F. Some
areas of skin have more of a particular type of receptor
and less of others. 10. T 11. d, e, c, e, a, b 12. a. both
b. taste receptors c. taste receptors d. taste receptors
e. smell receptors f. smell receptors g. smell receptors
h. both i. smell receptors 13. a. protein receptors
b. chemicals (molecules) c. chemoreceptors 14. a. retina;
photoreceptors for sight b. fovea centralis; makes acute
vision possible c. ciliary body; holds lens in place; ac-
commodation d. sclera; protects eyeball e. choroid; ab-
sorbs stray light rays f. optic nerve; transmission of nerve
impulse g. lens; focusing h. cornea; refracts light rays
i. iris; regulates entrance of light 15. a. flat b. rounded
c. accommodation 16. a. photoreceptors b. rods
c. cones 17. a. rhodopsin b. opsin c. retinal
d. three e. opsin f. fovea centralis 18. a. rods and cones

151

THOUGHT QUESTIONS

Answer in complete sentences.
26. The length of the spiral organ is related to what ability in humans?

27. Relate the function of the rods to their placement in the retina.

Test Results: _______ number correct ÷ 27 = _________ × 100 = _______%

ANSWER KEY

b. rods and cones c. ganglion cells d. integration
19. a. optic chiasma b. one-half c. parcel out d. rebuild
20. a. in front of retina b. see distant objects c. behind
retina d. convex lens e. irregular lens 21. a. tympanic
membrane; starts vibration of ossicles b. semicircular
canal; dynamic equilibrium c. cochlea; contains hearing
receptors d. cochlear nerve; transmission of nerve im-
pulse e. (malleus) hammer; transmits vibrations f. pinna;
reception of sound waves g. auditory canal; collection
of sound waves h. (stapes) stirrup; transmits vibrations
to oval window i. auditory tube; connects middle ear to
pharynx j. vestibule; static equilibrium 22. d, f, a, i, h,
b, e, g, c 23. a. dynamic  b. copula  c. static  d. utricle
e. vestibular

CHAPTER TEST

1. e 2. b 3. d 4. c 5. d 6. a 7. c 8. e 9. d
10. a 11. a 12. a 13. b 14. a 15. b and d
16. c 17. b 18. d 19. c 20. b 21. b, d, e
22. c 23. f 24. a, f 25. d, e 26. The length of the
spiral organ is related to the ability of humans to hear
a range of pitches. 27. The rods are located through-
out the retina, and this is consistent with their ability to
detect motion.
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A long bone has a shaft and two ends covered by carti-
lage. The shaft contains a medullary cavity and compact
bone. The ends contain spongy bone in which blood
cells are produced. 

Bone is constantly being renewed; osteoclasts break
down bone and osteoblasts build new bone. Osteocytes
are in the lacunae of osteons.

A rigid skeleton gives support to the body, helps
protect internal organs, and assists movement. In humans,
the skeleton is also a storage area for calcium and phos-
phorous salts, as well as the site of blood cell production.

The human skeleton is divided into two parts: (1) the
axial skeleton, which is made up of the skull, the ribs,
the sternum, and the vertebrae; and (2) the appendicu-
lar skeleton, which is composed of the girdles and their
appendages. 

Joints are classified as immovable, like those of
the cranium; slightly movable, like those between the
vertebrae; and freely movable or synovial joints, like those
in the knee and hip. In synovial joints, ligaments bind the
two bones together, forming a capsule in which there is
synovial fluid.

Whole skeletal muscles can only shorten when they
contract; therefore, for a bone to be returned to its orig-
inal position or the muscle to its original length, mus-
cles must work in antagonistic pairs.

The occurrence of muscle twitch, summation, and
tetanus is dependent on the frequency with which a mus-
cle is stimulated. 

The sliding filament theory of muscle contrac-
tion says that myosin filaments have cross-bridges, which
attach to and detach from actin filaments, causing them
to slide and the sarcomere to shorten. The H zone dis-
appears as actin filaments approach one another. 

Innervation of a muscle fiber begins at a neuro-
muscular junction. Here, synaptic vesicles release ACh
into the synaptic cleft. When the sarcolemma receives
ACh, a muscle action potential moves down the T sys-
tem to calcium storage sacs. When calcium ions are re-
leased, contraction occurs. When nerve input to the muscle
ceases, calcium ions are actively transported back into the
storage sacs, and muscle relaxation occurs.

19
MUSCULOSKELETAL SYSTEM

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

19.1 ANATOMY AND PHYSIOLOGY OF BONES (P. 370)

• Bone is a living tissue; therefore, it develops and undergoes repair.
• The fetal skeleton is cartilaginous, and then it is replaced by bone.
• The adult bones undergo remodeling—they are constantly being broken down and rebuilt.

1. Compact bone is composed of bone cells arranged in concentric circles called a.______________________. Inside

compact bone, a lighter type of bone, called b.______________________, has spaces that are often filled with
c.______________________, the blood-forming tissue. Ligaments, which attach bone to bone, are made up of
d.______________________ tissue.

2. Name the three types of cartilage and where they can be found.
a.                                                                                               
b.                                                                                               
c.                                                                                               
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3. Label the following diagram of a long bone, using the alphabetized list of terms.
cartilage
compact bone
medullary cavity
spongy bone

a.

c.

d.

4. Which part of the long bone shown in the previous illustration is associated with red bone marrow?
a._________________________________ Which part of bone is the hardest? b._______________________________

Which part of bone is the most flexible? c._________________________ Which part of a long bone is associated with

yellow bone marrow? d._______________________________________________

5. What is the relationship between osteoblasts and osteocytes? a.                                             

What role is played by the cartilaginous disks of long bones? b.                                             

What is the function of an osteoclast? c.                                                                

What is the process of bone formation called? d.                                                         

6. During the continual process of remodeling of bone, osteoclasts remove worn-out bone cells. At the same time,
a.___________________ is released into the bloodstream. The two factors that affect bone thickness are
b.___________________ and c.___________________.

19.2 BONES OF THE SKELETON (P. 373)

• The bones of the skeleton are divided into those of the axial skeleton and those of the appendicular skeleton
• Joints are classified according to their anatomy, and only one type is freely movable.
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7. Name five functions of the skeleton.
a.                                                                                              

b.                                                                                              

c.                                                                                              

d.                                                                                              

e.                                                                                              
8. Axial versus appendicular skeleton:

Write ax in front of all bones belonging to the axial skeleton; write ap in front of all bones belonging to the
appendicular skeleton. Write pec in front of all bones belonging to the pectoral girdle; write pel in front of all bones
belonging to the pelvic girdle. Some items have more than one answer.
a._______ coxal bone g._______ ribs
b._______ sternum h._______ radius
c._______ humerus i._______ clavicle
d._______ scapula j._______ tibia
e._______ skull k._______ fibula
f._______ femur l._______ ulna

9. The a._______________ bone forms the forehead, and the b._______________ bone has the foramen magnum

through which the spinal cord passes. The c._______________ bones have an opening for the ears. The
d._______________ is the only movable portion of the skull and permits us to chew our food. The
e._______________ forms the upper jaw and anterior hard palate. The f._______________ bones form the

cheekbone, and the nasal bones form the bridge of the nose.

10. Give a function of vertebrae. a.____________________________________________

Give the name of the vertebrae that have ribs. b.____________________________________________

Give the name of the vertebrae in the lower back. c.____________________________________________

Give the name of the vertebrae in the neck. d.____________________________________________

11. Comparisons. The radius and ulna are to the lower arm as the a.__________________ and b.__________________ are

to the lower leg. The femur is to the upper leg as the c.__________________ is to the upper arm. The metacarpals are

to the palm as the d.__________________ are to the foot.

12. Give the scientific terms for the common names.

Shinbone a.____________________________________________

Collarbone b.____________________________________________

Hipbone c.____________________________________________

Thighbone d.____________________________________________

13. Match the type of joint listed in the key with its description.
Key fibrous joint cartilaginous joint synovial joint

_____________________ a. lined with synovial membrane

_____________________ b. immovable, as in a suture

_____________________ c. slightly movable

_____________________ d. freely movable

_____________________ e. connected by hyaline cartilage
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19.3 SKELETAL MUSCLES (P. 381)

• Skeletal muscles work in antagonistic pairs to move bones in opposite directions.
• Muscles permit movement and have other functions as well.

15. List three functions of skeletal muscle.
a.                                                                                               
b.                                                                                               
c.                                                                                               

16. Label the following drawing of muscles and bones in the arm, using the alphabetized list of terms.
biceps brachii
humerus
insertion
origin
radius
scapula
triceps brachii
ulna

17. With reference to the muscles in the drawing for question 16, why are the biceps brachii and triceps brachii antagonistic

pairs?                                                                                           

                                                                                                
18. Name the thigh muscles that act as antagonists.

Front of thigh a.                                                                                   

Back of thigh b.                                                                                   
19. Name the antagonistic muscles of the lower leg.

Front of lower leg a.                                                                                

Back of lower leg b.                                                                                

Joint Anatomical Type Degree of Movement

Shoulder joint a. b.

Elbow joint c. d.

14. Fill in the table to describe the shoulder and elbow joints.
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19.4 MECHANISM OF MUSCLE FIBER CONTRACTION (P. 385)

• Following nervous stimulation, a chain of events leads to muscle fiber contraction.
• Nervous stimulation requires a neuromuscular junction where the stimulus is passed from nerve fiber to

muscle fiber.
• When a muscle fiber contracts, the protein myosin breaks down ATP.

20. Label the following drawing of a portion of a muscle fiber, using the alphabetized list of terms.
myofibrils
openings to T tubules
sarcolemma

22. Which of your labels in question 21 is a thin filament? a.______________________ Which of your labels is a thick

filament? b.______________________ Which of your labels is reduced in size when a sarcomere contracts?
c.______________________ Which component has cross-bridges? d.______________________ Which of your labels

is the filament that moves when the sarcomere contracts? e.______________________ What molecule immediately

supplies energy for muscle contraction? f.______________________
23. Put the following phrases in the proper order, by rearranging the letters, to describe what occurs at the neuromuscular

junction to trigger muscle contraction.
_____ a. receptor sites on sarcolemma
_____ b. nerve impulse
_____ c. release of calcium from sarcoplasmic reticulum
_____ d. the neurotransmitter acetylcholine is released
_____ e. sarcomeres shorten
_____ f. synaptic cleft
_____ g. spread of impulses over sarcolemma to T tubules

21. Label the following drawing of a sarcomere, using the alphabetized list of terms.
actin filament
H zone
myosin filament
Z line
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When calcium ions are released, they bind to a. _______________, causing threads of b. _______________ to

shift and expose c. _______________ binding sites. Myosin heads split ATP and then they bind to
d. _______________, forming a e. _______________. The release of ADP +  P  from the myosin heads 

causes the cross-bridges to f. _______________ their position and g. _______________ the actin filaments

toward the middle of the sarcomere.

19.5 WHOLE MUSCLE CONTRACTION (P. 388)

• Laboratory observations have established the basics of whole muscle contraction.
• In the body, muscles have tone, vary in the strength of contraction, and can be isometric.
• Aerobic respiration, creatine phosphate breakdown, and fermentation are three sources of ATP for muscle

contraction.
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24. Study this diagram and fill in the blanks that follow.

a.

b.

actin filament troponin

Troponin-Ca2+ complex pulls tropomyosin away,
exposing myosin binding sites. 

myosin binding
sites

tropomyosin

Ca2+

Ca2+

ADP+      release causes head to change
position and actin filament to move.

P3.

ADP+      are bound to myosin as
myosin head attaches to actin.

P

ATP is hydrolyzed when myosin
head is unattached.

P

2.

actin
filament

ADP

Binding of ATP causes myosin
head to return to resting position.

4.

myosin
filament

myosin headcross-bridgeATP

1.

ATP
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25. Label this diagram of a single muscle twitch, using the alphabetized list of terms.
contraction
latent period
relaxation

27. How do you recognize fatigue of a muscle?                                                             

28. Muscle tone is achieved because of special nerve receptors called __________________________ that send the brain

information about when the muscle needs to contract.

29. Stimulation of a muscle fiber results in a contraction that can be described as                                  .
30. Compare sources of energy and oxygen for muscle contraction. Use the terms in the key to match with these statements.

Key ATP creatine phosphate myoglobin fermentation

________________ a. anaerobic source of energy

________________ b. produced during aerobic respiration

________________ c. used to regenerate ATP from ADP

________________ d. stores oxygen in muscle fibers

________________ e. results in the buildup of lactic acid

31. Oxygen debt occurs when a._________________________ is used up in muscles, and the blood does not supply
b._________________________ rapidly enough. Why are marathon runners less apt to become exhausted due to

oxygen debt? c.                                                                                   

19.6 EXERCISE AND MUSCLE CONTRACTION (P. 391)

• Muscle fibers differ and help us perform in one sport as compared to another.
• Exercise has many health benefits aside from strength and endurance of muscles.

32. Muscle wasting is referred to as a.____________________, while muscle building is called b.____________________.

To build muscles, one must lift weights or exercise to achieve what percent of maximum muscle contraction?
c._________ Muscles increase in size because there is an increase in the number of d.___________________________.

26. Indicate the locations on this myogram where the stimulus was applied, where fatigue begins, where tetanus occurs,
and where the time interval is shown.
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33. Use the terms in the key to match with the following statements.
Key slow-twitch fibers fast-twitch fibers

___________________ a. more common in marathon runners

___________________ b. more common in weight lifters

___________________ c. fewer mitochondria

___________________ d. white in color

___________________ e. abundant reserve of fat and glycogen

___________________ f. can contract for longer periods

___________________ g. contract with more force

CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
____ 1. Bone-building cells are ________________, while

mature bone cells are called _________________.
a. osteoblasts; osteocytes
b. osteoclasts; osteoblasts
c. osteoclasts; osteocytes
d. osteoblasts; lacunae

____ 2. Where is the blood-forming tissue housed within
a bone?
a. throughout the bone
b. along the periosteum
c. within the compact bone
d. within the spongy bone

____ 3. Ligaments join
a. bone to bone.
b. muscle to muscle.
c. muscle to bone.
d. All of these are correct.

____ 4. Which of these is not a bone in the leg?
a. femur
b. tibia
c. ulna
d. fibula

____ 5. Vertebrae have
a. immovable joints.
b. freely movable joints.
c. slightly movable joints.
d. joints that vary from one person to the next.

____ 6. The shoulder joint is an example of a
a. synovial joint.
b. freely movable joint.
c. ball-and-socket joint.
d. All of these are correct.

____7.The bones making up your palm are the _________.
a. phalanges
b. carpals
c. metacarpals
d. metatarsals
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____ 8. Which of  these is  not in  the appendicular
skeleton?
a. clavicle
b. coxal bone
c. metatarsals
d. vertebrae

____ 9. Which of these is a facial bone?
a. frontal bone
b. occipital bone
c. mandible
d. All of these are correct.

____10. Which vertebrae support the lower back?
a. cervical
b. lumbar
c. thoracic
d. cranial

____11. Fluid-filled sacs within joints are called
a. bursae.
b. menisci.
c. articulations.
d. synovial fluid.

____12. Which muscle is located on the front thigh and
raises (extends) the lower leg?
a. trapezius
b. rectus abdominis
c. pectoralis major
d. quadriceps femoris

____13. Which portion of the muscle is on the stationary
bone?
a. the insertion
b. the origin
c. the bursa
d. the belly

____14. Which of these contains the cross-bridges?
a. the actin
b. the myosin
c. the Z line
d. All of these are correct.
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____15. According to the sliding filament theory,
a. actin moves past myosin.
b. myosin moves past actin.
c. both myosin and actin move past each other.
d. None of these are correct.

____16. The release of calcium from the sarcoplasmic
reticulum
a. causes the sarcomeres to relax.
b. causes sarcomeres to contract.
c. is the end result of a nervous impulse to con-

tract.
d. Both b and c are correct.
e. All of these are correct.

____17. When a nervous impulse reaches the synaptic
end bulb,
a. neurotransmitter is released into the synaptic

cleft.
b. calcium is released from the sarcoplasmic 

reticulum.
c. calcium is stored in the T tubules.
d. neurotransmitter is released by the sarcolemma.

____18. Which of these is a function of skeletal muscle?
a. produce heat
b. posture
c. movement
d. All of these are correct.

____19. Choose the muscle that is the antagonist to the
triceps brachii.
a. gastrocnemius
b. quadriceps femoris
c. biceps brachii
d. latissimus dorsi

____20. Choose the muscle that is in the leg.
a. gastrocnemius
b. sartorius
c. gluteus maximus
d. trapezius

____21. The Z line of a sarcomere is where the
a. cross-bridges attach.
b. actin filaments attach.
c. myosin filaments attach.
d. nerve innervates the muscle cell.

____22. Muscle fatigue
a. follows summation and tetanus.
b. involves the buildup of lactic acid.
c. occurs only in the laboratory.
d. Both a and b are correct.
e. All of these are correct.

____23. Oxygen debt may be associated with
a. anaerobic cellular respiration.
b. fermentation.
c. muscle contraction.
d. lactic acid metabolism.
e. All of these are correct.

____24. Creatine phosphate is
a. used by sarcomeres.
b. used to change ADP to ATP.
c. a molecule found in DNA.
d. All of these are correct.

____25. Fast-twitch fibers are
a. white in color.
b. associated with strength training.
c. generally anaerobic.
d. All of these are correct.
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THOUGHT QUESTIONS

Answer in complete sentences.
26. Why are knee injuries usually quite serious?

27. A nervous action potential eventually causes a neurotransmitter to be secreted at a synapse. What event occurs as a
result of a muscle action potential?

Test Results: _______ number correct ÷ 27 = _________ × 100 = _______%
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ANSWER KEY

muscles 19. a. tibialis anterior b. gastrocnemius
20. a. openings to T tubules b. sarcolemma c. myofibrils
21. a. actin filament b. myosin filament c. Z line d. H zone
22. a. actin filament b. myosin filament c. H zone
d. myosin e. actin filament f. ATP 23. b, d, f, a, g, c, e
24. a. troponin b. tropomyosin c. myosin d. actin
e. cross-bridge f. change g. pull 25. a. latent period
b. contraction c. relaxation 26. a. stimulus applied
b. time interval c. tetanus occurs d. fatigue begins
27. The muscle relaxes even though a stimulus has been
applied. 28. muscle spindles 29. all-or-none 30. a. fer-
mentation, creatine phosphate b. ATP c. creatine phos-
phate d. myoglobin e. fermentation 31. a. ATP
b. oxygen c. Marathon runners have more mitochondria.
32. a. atrophy b. hypertrophy c. 75% d. myofib-
rils 33. a. slow-twitch fibers b. fast-twitch fibers c. fast-
twitch fibers d. fast-twitch fibers e. slow-twitch fibers
f. slow-twitch fibers g. fast-twitch fibers

CHAPTER TEST

1. a 2. d 3. a 4. c 5. c 6. d 7. c 8. d 9. b
10. b 11. b 12. d 13. b 14. b 15. a 16. d
17. a 18. d 19. c 20. b 21. b 22. d 23. e
24. b 25. d 26. The knee supports the weight of the body,
which can make healing a very slow process. 27. A
muscle action potential causes calcium to be released
from calcium storage sacs.
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STUDY QUESTIONS

1. a. osteons b. spongy bone c. red bone marrow d. fi-
brous connective 2. a. hyaline cartilage; ends of bones
b. fibrocartilage; intervertebral disks c. elastic cartilage;
ear flaps 3. a. cartilage b. compact bone c. spongy
bone d. medullary cavity 4. a. spongy bone b. com-
pact bone c. cartilage d. medullary cavity 5. a. bone-
forming osteoblasts eventually become mature osteocytes
b. they increase in length and allow bone to grow longer
c. to break down bone d. ossification 6. a. calcium
b. exercise c. hormones 7. a. supports the body b. pro-
tects soft body parts c. produces blood cells d. stores
calcium and phosphorus salts e. permits body movement
8. a. ap, pel b. ax c. ap d. ap, pec e. ax f. ap g. ax
h. ap i. ap, pec j. ap k. ap l. ap 9. a. frontal b. occipital
c. temporal d. mandible e. maxilla f. zygomatic 10. a. to
protect the spinal cord b. thoracic c. lumbar d. cervi-
cal 11. a. tibia b. fibula c. humerus d. metatarsals
12. a. tibia b. clavicle c. coxal bone d. femur 13. a. syn-
ovial b. fibrous c. cartilaginous d. synovial e. carti-
laginous 14. a. ball-and-socket (synovial) b. freely
movable c. hinge (synovial) d. freely movable
15. a. provides posture b. movement c. provides heat
16. a. scapula b. origin c. humerus d. biceps brachii
e. triceps brachii f. radius g. insertion h. ulna 17. The
biceps brachii raises and the triceps brachii lowers the
forearm. 18. a. quadriceps femoris group b. hamstring
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Steroid hormones enter the nucleus and combine with
a receptor molecule, and the complex attaches to and ac-
tivates DNA. Transcription and translation lead to pro-
tein synthesis.  The peptide hormones are usually received
by a receptor located in the plasma membrane. Most often
their reception leads to the activation of an enzyme that
changes ATP to cyclic AMP (cAMP). cAMP then acti-
vates another enzyme, which activates another, and so forth.

Neurosecretory cells in the hypothalamus produce
antidiuretic hormone (ADH) and oxytocin, which are
stored in axon endings in the posterior pituitary until
they are released.

The hypothalamus produces hypothalamic- 
releasing and hypothalamic-inhibiting hormones, which
pass to the anterior pituitary by way of a portal system.
The anterior pituitary produces at least six types of hor-
mones, and some of these stimulate other hormonal glands
to secrete hormones. Therefore, the anterior pituitary is
sometimes called the master gland.

The thyroid gland produces thyroxin and tri-
iodothyronine, hormones that play a role in the growth
and development of immature forms; in mature individ-
uals they increase the metabolic rate. The thyroid gland
also produces calcitonin, which helps lower the blood
calcium level. The parathyroid glands raise the blood
calcium and decrease the blood phosphate level.

The adrenal medulla secretes epinephrine and
norepinephrine, which bring about responses we asso-
ciate with the emergency situations.

The adrenal cortex primarily produces the gluco-
corticoids (cortisol) and the mineralocorticoids (al-
dosterone). Cortisol stimulates the hydrolysis of proteins
to amino acids which are converted to glucose; in this
way, it raises the blood glucose level. Aldosterone causes
the kidneys to reabsorb sodium ions (Na+) and excrete
potassium ions (K+).

The islets of the pancreas secrete insulin, which
lowers the blood glucose level, and glucagon, which
has the opposite effect. The most common illness due to
hormonal imbalance is diabetes mellitus, which is due
to the failure of the pancreas to produce insulin or the
cells to take it up. 

The gonads produce the sex hormones; the thymus
secretes thymosins, which stimulate T lymphocyte pro-
duction and maturation; the pineal gland produces mela-
tonin, whose function in humans is uncertain—it may
be involved in circadian rhythms and the development
of the reproductive organs.

There are three categories of environmental sig-
nals: those that act at a distance between individuals
(pheromones); those that act at a distance within the in-
dividual (traditional endocrine hormones and secretions
of neurosecretory cells); and local messengers (such as
prostaglandins, growth factors, and neurotransmitters).
Since there is great overlap between these categories,
perhaps the definition of a hormone should be expanded
to include all of them.

20
ENDOCRINE SYSTEM

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

20.1 ENVIRONMENTAL SIGNALS (P. 396)

• Three types of environmental signals are identified; hormones are one of those types..
• Hormones influence the metabolism of their target cells.
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1. Give an example of an environmental signal that acts at a distance between individuals. a. ________________
Give an example of an environmental signal that acts at a distance between body parts. b. ________________

                                                                                                 

Give an example of an environmental signal that acts locally between adjacent cells. c.                    

                                                                                                 
2. Which is both a neurotransmitter and a hormone?

a. cortisone
b. norepinephrine
c. ACTH
d. thyroxine

3. Write either peptide hormone or steroid hormone on the line above each diagram. Using the alphabetized list of terms,
place an appropriate word or phrase on the lines within each diagram.

active

cyclic AMP

hormone receptor

hormone receptor complex

protein synthesis

biochemical (enzymatic)
              effects

   ribosomes
    on mRNA

a. ______________________ e. ______________________

blood capillary

hormone
(first messenger)

plasma
membrane

b. ____________

ATP

c. ___________
(second
messenger)

nucleus

inactive enzyme

d. __________ enzyme

f. _________
nuclear
envelope

DNA

mRNA

g. _______________

blood capillary

plasma
membrane hormone
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Endocrine Glands (p. 399)

4. Identify the endocrine glands in the following diagram and give at least one hormone produced from each.

c.

a.

b.

d.

f.

g.

h.

i.

j.

e.

5. Control of hormone release. Often the release of a hormone is dependent upon the blood level of the substance it is

controlling. When the level of a substance increases, generally this causes the hormone secretion to
a._________________________. This is an example of b._________________________ feedback. In other instances,
c._________________________ hormones oppose each other’s actions, thus regulating the target substance in the body.

20.2 HYPOTHALAMUS AND PITUITARY GLAND (P. 400)

• The hypothalamus, a part of the brain, controls the function of the pituitary gland, which consists of the
anterior pituitary and the posterior pituitary.

• The anterior pituitary produces several hormones, some of which control other endocrine glands.
• Growth hormone, produced by the anterior pituitary, affects the height of the individual. Giants are due to

overproduction of growth hormone during childhood, and pituitary dwarfs are due to underproduction of
growth hormone.
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6. Add dotted lines to this line diagram wherever feedback control is usually exerted.

Hypothalamus—Releasing Hormone—Anterior Pituitary Hormone—Gland—Hormone
(1) (2) (3)

7. If the “gland” in the diagram in question 6 is the thyroid, then the first hormone is
a.________________________________, the second is b.____________________, and the third

is c.____________________. If the “gland” in the diagram in question 6 is the adrenal cortex, then the first

hormone is d.____________________, the second is e.____________________, and the third

is f.____________________.
8. Write AP beside the statements that apply to the anterior pituitary and PP beside the statements that apply to the

posterior pituitary.
a._____ connected to hypothalamus by nerve fibers
b._____ connected to hypothalamus by blood vessels
c._____ secretes hormones produced by hypothalamus
d._____ controlled by releasing hormones produced by hypothalamus

9. To show why the anterior pituitary is sometimes called the master gland, complete this table.

Anterior Pituitary Produces Gland Controlled Hormone Produced by Gland

TSH a. b.

ACTH c. d.

Gonadotropic hormones

Female e. f.

Male g. h.

10. What causes the hypothalamus to stop producing releasing hormones and the anterior pituitary to stop producing its

hormones?                                                                                       

                                                                                                

11. The anterior pituitary produces three other hormones. The hormone a. ________________ causes the mammary

glands to develop and produce milk. b. ________________ hormone causes skin color changes in lower

vertebrates. Growth hormone (GH) promotes cell division, protein synthesis, and c. ________________ growth.

If too little GH is produced during childhood, the individual becomes a pituitary d. ________________. If too

much is produced, the individual is a pituitary e. ________________. If there is overproduction of GH in the

adult, f. ________________ results, and the face, hands and feet g. ________________.

20.3 THYROID AND PARATHYROID GLANDS (P. 403)

• The thyroid and the parathyroid glands are entirely separate in structure and function.
• The thyroid produces two hormones that speed metabolism and another hormone that lowers the blood

calcium level. The parathyroid glands produce a hormone that raises blood calcium level.
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12. Match the conditions in the key with the phrases that follow.
Key cretinism exophthalmic goiter simple goiter myxedema

hypothyroidism (choose more than one) a._____________________________

hyperthyroidism b._____________________________

hypothyroidism since birth c._____________________________

hypothyroidism in the adult d._____________________________

lack of iodine e._____________________________
13. Match the items in the key with the phrases that follow.

Key Ca2+ in bones Ca2+ in blood

a._______________ calcitonin present

b._______________ mistaken removal of parathyroids during a thyroid operation

c._______________ PTH present

d._______________ postmenopausal women who no longer produce estrogen

e._______________ osteoporosis

f._______________ child with tetany

20.4 ADRENAL GLANDS (P. 405)

• The adrenal glands produce hormones that help us respond to stress.
• Malfunctioning of the adrenal cortex leads to the symptoms of Addison disease and Cushing disease.

14. What hormones are produced by the adrenal medulla, and what effect do they have on the body?
a.                                                                                               

What triggers the release of hormones from the adrenal medulla? b.__________________________________________
15. Distinguish between cortisol and aldosterone by writing yes or no on each line.

Cortisol Aldosterone

controlled by ACTH a._______________ _______________
glucocorticoids b._______________ _______________
mineralocorticoid c._______________ _______________
relieves stress d._______________ _______________
Na+/K+ balance e._______________ _______________
amino acids → glucose f._______________ _______________
controlled by angiotensin II g._______________ _______________

16. Indicate whether these symptoms are indicative of Addison disease or Cushing syndrome by writing AD or CS beside
each description.
a._______ cannot handle bodily stress
b._______ cannot maintain blood glucose level
c._______ tendency toward diabetes mellitus
d._______ low blood pressure because of a low blood sodium level
e._______ high blood pressure because of a high blood sodium level
f._______ edema because of too much sodium in system
g._______ bronzing of skin
h._______ thin arms and legs; enlarged trunk
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20.5 PANCREAS (P. 408)

• The pancreas secretes hormones that help regulate the blood glucose level.
• Diabetes mellitus occurs when cells are unable to take up glucose and it spills over into the urine.

17. Write the word insulin or glucagon on the appropriate arrow.

glycogen a. ← glucose molecules

storage in liver b. → in the blood
18. Complete each of the following statements with the term increases or decreases:

Glucagon a.____________________ blood sugar concentration. In type I diabetes, insulin production from the

pancreas b.____________________. In type II diabetes, the response of body cells to the influence of

insulin c.____________________.

20.6 OTHER ENDOCRINE GLANDS (P. 411)

• The gonads produce the sex hormones that control secondary sex characteristics.
• Many other tissues, although not traditionally considered endocrine glands, secrete hormones.

19. The pineal gland produces the hormone a.______________________ that helps regulate b._______________________.

The ovaries produce c._______________________ and d._______________________ that function in the menstrual

cycle and during pregnancy. The testes produce e._______________________ that influences production of
f._______________________ and secondary sexual characteristics.

20 Match the items in the key to the phrases that follow.
Key acromegaly osteoporosis diabetes insipidus Cushing disease diabetes mellitus Addison disease

exophthalmic goiter

enlarged thyroid and bulging eyes a.________________________________________________

bronzing of skin b.________________________________________________

weak bones c.________________________________________________

enlarged bones d.________________________________________________

sugar in the urine e.________________________________________________

thyroid f.________________________________________________

adrenal cortex g._______________________________________ and _______________________________________

pancreas h.___________________________________________________________

posterior pituitary i.________________________________________________
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CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
____ 1.All hormones are believed to

a. have hormone receptor proteins.
b. affect cellular metabolism.
c. increase the amount of cAMP.
d. increase the amount of protein synthesis.

____ 2.The adrenal glands are
a. at the base of the brain.
b. on the trachea.
c. on the kidney.
d. beneath the stomach.
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Hormone Hockey

____ 3.Which statement is not true about hormones?
a. Hormones search throughout the bloodstream

for their receptors.
b. They act as chemical messengers.
c. They are released by endocrine glands.
d. They can affect our appearance, our metabo-

lism, or our behavior.
____ 4.Hormonal secretions are often controlled by

a. negative feedback mechanisms.
b. positive feedback mechanisms.
c. the hormone insulin.
d. the cerebrum of the brain.

For every 5 correct answers in sequence, you have scored
one goal.

First goal: Match the hormone to the glands (a–i).

Glands:
a. anterior pituitary
b. thyroid
c. parathyroids
d. adrenal cortex
e. adrenal medulla
f. pancreas
g. gonads
h. pineal gland
i. posterior pituitary

Hormones:
1. insulin
2. oxytocin
3. melatonin
4. cortisol
5. thyroxine

Second goal: Match the condition to the glands (a–i).

Conditions:
6. diabetes mellitus
7. creatinism
8. Addison disease
9. hypertension

10. giant

Third goal: Match the function to the hormones.
a. melatonin
b. estrogens
c. androgens
d. insulin
e. glucagon
f. epinephrine

g. aldosterone
h. cortisol
i. parathyroid hormone
j. thyroxine
k. calcitonin (lowers)
l. antidiuretic hormone

Functions
11. raises blood calcium level
12. reduces stress
13. maintain secondary female sex characteristics
14. involved in circadian rhythms
15. stimulates water reabsorption by kidneys

Fourth goal: Match the glands to the hormones (a–l).
Some glands require two answers.

Glands
16. testes
17. adrenal cortex
18. pancreas
19. thyroid
20. adrenal medulla

Fifth goal: Select five hormones secreted by the anterior
pituitary by answering yes or no to each of these.

21. thyroid-stimulating hormone
22. androgens
23. gonadotropic hormones
24. glucagon
25. oxytocin
26. growth hormone
27. prolactin
28. antidiuretic hormone
29. estrogens
30. adrenocorticotropic hormone

How many goals did you make? __________
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____ 5.Steroid hormones
a. combine with hormone receptor proteins in the

plasma membrane.
b. pass through the membrane.
c. activate genes leading to protein synthesis.
d. Both b and c are correct.

____ 6.Which gland produces the greatest number of
hormones?
a. posterior pituitary
b. anterior pituitary
c. thymus
d. pineal gland

____ 7.The hypothalamus controls the anterior pituitary
via
a. nervous stimulation.
b. the midbrain.
c. vasopressin.
d. releasing hormones.

____ 8.ADH and oxytocin are
a. produced by the hypothalamus.
b. secreted by the posterior pituitary.
c. secreted by the thyroid gland.
d. secreted by the parathyroids.

____ 9.Which hormone is involved with milk production
and nursing?
a. prolactin
b. oxytocin
c. ADH
d. GH

____10.The anterior pituitary stimulates the
a. thyroid.
b. adrenal cortex.
c. adrenal medulla.
d. pancreas.
e. Both a and b are correct.

____11.Too much urine matches too
a. little ADH.
b. much ADH.
c. little ACTH.
d. much ACTH.

____12.Thyroxin
a. increases metabolism.
b. stimulates the thyroid gland.
c. lowers oxygen uptake.
d. All of these are correct.

____13.The adrenal cortex produces hormones 
affecting
a. glucose metabolism.
b. amino acid metabolism.
c. sodium balance.
d. All of these are correct.

____14.Which hormone regulates blood calcium levels?
a. calcitonin
b. parathyroid hormone
c. cortisol
d. Both a and b are correct.

____15.Which gland produces sex hormones?
a. anterior pituitary
b. posterior pituitary
c. adrenal cortex
d. Both a and b are correct.

____16.Tetany occurs when there is too
a. little calcium in the blood.
b. much calcium in the blood.
c. little sodium in the blood.
d. much sodium in the blood.

____17.Cushing syndrome is due to a malfunctioning
a. thyroid.
b. adrenal cortex.
c. adrenal medulla.
d. pancreas.

____18.A simple goiter is caused by
a. too much salt in the diet.
b. too little iodine in the diet.
c. too many sweets in the diet.
d. a bland diet.

____19.Acromegaly might be due to a tumor of the
a. pancreas.
b. anterior pituitary.
c. thyroid.
d. adrenal cortex.

____20. If a person is suffering from insulin shock, he
or she should
a. be given some sugar.
b. sit with the head down.
c. be given insulin.
d. not eat fatty foods.

____21.Diabetes insipidus is a disease of the
a. pancreas.
b. adrenal cortex.
c. posterior pituitary.
d. Both a and b are correct.

____22. In which case is insulin not produced?
a. type I diabetes
b. type II diabetes
c. type III diabetes
d. diabetes insipidus

____23.One of the chief differences between pheromones
and local hormones is
a. one is a chemical messenger and the other is

not.
b. the distance over which they act.
c. one is made by invertebrates and the other

produced by vertebrates.
d. All of these are correct.
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ANSWER KEY

b. glucagon 18. a. increases b. decreases c. decreases
19. a. melatonin b. sleep c. estrogen d. progesterone e. testos-
terone f. sperm 20. a. exophthalmic goiter b. Addison
disease c. osteoporosis d. acromegaly e. diabetes melli-
tus f. exophthalmic goiter g. Cushing disease and Addison
disease h. diabetes mellitus i. diabetes insipidus

HORMONE HOCKEY

First goal: 1. f 2. i 3. h 4. d 5. b. Second goal:
6. f 7. b 8. d 9. d 10. a. Third goal: 11. i 12. h
13. b 14. a 15. l. Fourth goal: 16. c 17. g and h
18. d and e 19. j 20. f. Fifth goal: 21. yes
22. no 23. yes 24. no 25. no 26. yes 27. yes
28. no 29. no 30. yes

CHAPTER TEST

1. b 2. c 3. a 4. a 5. d 6. b 7. d 8. b 9. b
10. e 11. a 12. a 13. d 14. d 15. c 16. a
17. b 18. b 19. b 20. a 21. c 22. a 23. b
24. b 25. c 26. When an individual does not receive
enough iodine in the diet, the thyroid is unable to produce
thyroxin. The lack of thyroxin in the blood causes the an-
terior pituitary to produce more TSH, and this hormone pro-
motes increase in the size of the thyroid. 27. Renin leads
to the formation of angiotensin II, which stimulates the
adrenal cortex to secrete aldosterone. Aldosterone causes
sodium to be reabsorbed by the kidneys, and this leads to
an increase in blood volume and blood pressure.

____24.The endocrine system produces epinephrine,
which increases blood pressure. The system most
directly affected by the secretion of epinephrine
for blood pressure adjustments is the
a. respiratory system.
b. circulatory system.
c. urinary system.
d. reproductive system.

____25.The gonads that produce sex hormones techni-
cally belong to which system?
a. lymphatic system
b. nervous system
c. reproductive system
d. urinary system
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STUDY EXERCISES

1. a. pheromones b. insulin (any endocrine gland hormone)
c. neurotransmitter 2. b 3. a. peptide hormone b. hormone
receptor complex c. cyclic AMP d. active e. steroid hor-
mone f. hormone receptor complex g. protein synthesis
4. a. hypothalamus, hypothalamic-releasing hormone, ADH
b. pituitary gland, growth hormone, ATCH c. pineal gland,
melatonin d. thyroid gland, thyroxin, calcitonin e. parathy-
roid hormone f. thymus, thymosin g. adrenal gland, corti-
sol, aldosterone, epinephrine, norepinephrine h. pancreas,
insulin, glucagon i. ovary, estrogen, progesterone j. testis,
testosterone 5. a. decrease b. negative c. contrary 6. Dot-
ted line should be drawn between positions (1) and (2) and
between (2) and (3) to indicate negative feedback. 7. a. TRH
(thyroid-releasing hormone) b. TSH (thyroid-stimulating
hormone c. thyroxine d. ACRH (adrenocorticoid-releasing
hormone) e. ACTH (adrenocorticotropic hormone) f. cor-
tisol 8. a. PP b. AP c. PP d. AP 9. a. thyroid b. thy-
roxin c. adrenal cortex d. cortisol e. ovaries f. estrogen,
progesterone g. testes h. testosterone 10. negative feed-
back control 11. a. prolactin b. Melanocyte stimulating
c. skeletal d. dwarf e. giant f. acromegaly g. enlarge
12. a. cretinism, simple goiter, myxedema b. exophthalmic
goiter c. cretinism d. myxedema e. simple goiter 13. a. Ca2+

in bones b. Ca2+ in bones c. Ca2+ in blood d. Ca2+ in blood
e. Ca2+ in blood f. Ca2+ in bones 14. a. norepinephrine
and epinephrine prepare the body for emergencies b. ner-
vous impulse 15. a. yes, no b. yes, no c. no, yes d. yes,
no e. no, yes f. yes, no g. no, yes 16. a. AD b. AD
c. CS d. AD e. CS f. CS g. AD h. CS 17. a. insulin

THOUGHT QUESTIONS

Answer in complete sentences.
26. Explain the occurrence of a goiter when an individual does not receive enough iodine in the diet.

27. Why does the release of renin by the kidneys cause the blood pressure to rise?

Test Results: _______ number correct ÷ 27 = _________ × 100 = _______%
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In males, spermatogenesis occurring in seminiferous
tubules of the testes produces sperm that mature in the
epididymides and may be stored in the vasa deferentia
before entering the urethra, along with secretions pro-
duced by seminal vesicles, the prostate gland, and bul-
bourethral glands. Semen is ejaculated during male
orgasm, when the penis is erect.

Hormonal regulation, involving secretions from the
hypothalamus, the anterior pituitary, and the testes, main-
tains testosterone produced by the interstitial cells of
the testes at a fairly constant level.

In females, an egg produced by an ovary enters an
oviduct, which leads to the uterus. The uterus opens
into the vagina. The external genital area includes the vagi-
nal opening, the clitoris, the labia minora, and the labia
majora.

In the nonpregnant female, the ovarian and uter-
ine cycles, are under hormonal control of the hypothal-
amus, anterior pituitary, and the female sex hormones
estrogen and progesterone.

If fertilization occurs, the corpus luteum is main-
tained because of HCG production. Progesterone pro-
duction does not cease, and the embryo implants itself in
the thick uterine lining. 

Estrogen and progesterone maintain the secondary
sex characteristics of females, including less body hair
than males, a wider pelvic girdle, a more rounded ap-
pearance, and development of breasts.

Infertile couples are increasingly resorting to al-
ternative methods of reproduction. Numerous birth-con-
trol methods and devices are available for those who wish
to prevent pregnancy. 

Sexually transmitted diseases include AIDS; her-
pes, which repeatedly flares up; genital warts, which
lead to cancer of the cervix; gonorrhea and chlamydia,
which cause pelvic inflammatory disease (PID); and
syphilis, which has cardiovascular and neurological com-
plications if untreated.
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PART V CONTINUANCE OF THE SPECIES

21
REPRODUCTIVE SYSTEM

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

21.1 MALE REPRODUCTIVE SYSTEM (P. 420)

• The male reproductive system is designed for the continuous production of a large number of sperm within a
fluid medium.
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1. Using the alphabetized list of terms and blanks provided, identify and state a function for the parts of the human male
reproductive system shown in the following diagram.

bulbourethral gland epididymis penis prostate gland seminal vesicles testis urethra
urinary bladder vas deferens

Structure Function

a. ______________________                                                            

b. ______________________                                                            

c. ______________________                                                            

d. ______________________                                                            

e. ______________________                                                            

f. ______________________                                                            

g. ______________________                                                            

h. ______________________                                                            

i. ______________________                                                                  

2. Write ST beside the statements that apply to the seminiferous tubules and IC beside the statements that apply to the
interstitial cells.
a.______ produce androgens
b.______ produce sperm
c.______ controlled by FSH
d.______ controlled by LH
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3. Trace the path of sperm through the male reproductive system.

Testes to the a.________________________ to the vas deferens to the b.________________________.
4. What three organs add secretions to seminal fluid?

a.________________________________
b.________________________________
c.________________________________

5. What is the general function of these secretions?                                                         

                                                                                                

6. The process of sperm production is called a.________________________. This occurs inside
b._______________________ tubules inside each testis. Helper cells, known as c.____________________ cells,

nourish and regulate the developing sperm cells.

7. Mature sperm cells have three parts: a.___________________, b.___________________ and c.___________________.

There is also an enzyme-containing d.___________________ at the end to allow entrance into the cell layers

surrounding the ovum. What section of a sperm cell contains the mitochondria that provide energy for motility?
e.___________________

8. Indicate whether the following statements are true (T) or false (F). Rewrite the false statements to make true statements.

a.______ Testosterone exerts negative feedback control over the anterior pituitary secretion of LH. Rewrite: 

_________________________________________________________________________________________________

b.______ Inhibin exerts negative feedback control over anterior pituitary secretion of FSH. Rewrite: 

_________________________________________________________________________________________________

9. What are some of the effects of testosterone on the development of secondary sexual characteristics? Rewrite: 

                                                                                                

                                                                                                

21.2 FEMALE REPRODUCTIVE SYSTEM (P. 424)

• The female reproductive system is designed for the monthly production of an egg and preparation of the uterus
to house the developing fetus.
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10. Using the alphabetized list of terms and the blanks provided, identify and state a function for the parts of the human
female reproductive structures and those urinary structures in the following diagram.

cervix ovary oviduct urethra urinary bladder uterus vagina

174

Structure Function

a. _____________________________                                                                  

b. _____________________________                                                                  

c. _____________________________                                                                  

d. _____________________________                                                                  

e. _____________________________                                                                  

f. _____________________________                                                                  

g. _____________________________                                                                  

11. When sperm enter the female reproductive tract, they are deposited into the a._______________________. From there,

they pass through the b._______________________ of the uterus. They swim up through the
c._______________________ until they reach the egg cell.

12. Label the following diagram of the vulva, using the alphabetized list of terms.
anus
glans clitoris
labia majora
labia minora
mons pubis
urethra
vagina
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21.3 FEMALE HORMONE LEVELS (P. 427)

• Hormones control the monthly reproductive cycle in females and play a significant role in maintaining
pregnancy, should it occur.

13. Match the items in the key to the phrases that follow.
Key FSH LH progesterone estrogen

a. __________________ gonadotropic hormones

b. __________________ female sex hormones

c. __________________ primarily secreted by follicle

d. __________________ primarily secreted by corpus luteum

14. Each a.___________________ in the ovary contains an oocyte egg. A secondary follicle develops into a(n)
b.____________________ follicle. c.___________________ is the release of the secondary oocyte (egg) from the

ovary. Following ovulation, a follicle becomes a(n) d.___________________.

15. What are some of the effects of estrogen on the development of secondary sexual characteristics? 

                                                                                                

                                                                                                
16. Ovarian and uterine cycles (simplified, and assuming a 28-day cycle). Fill in the table to indicate the events in these

two cycles.
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Ant. Pit. Ovarian Cycle Phases Events Uterine Cycle Phases Events

FSH Follicular (days 1–13) a. b. c.
(days 1–5)

d. e.
(days 6–13)

Ovulation (day 14)

LH Luteal (days 15–28) f. g. h.
(days 15–28)

17. Indicate whether the following statements are true (T) or false (F). Rewrite the false statements to make true statements.

a. ______ Pregnancy occurs as soon as fertilization occurs. Rewrite:                                         

                                                                                                

b. ______ HCG prevents degeneration of the corpus luteum. Rewrite:                                        

                                                                                                

c. ______ During pregnancy, ovulation continues because estrogen and progesterone are still present. Rewrite: 
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21.4 CONTROL OF REPRODUCTION (P. 431)

• Birth-control measures vary in effectiveness from those that are very effective to those that are minimally
effective.

• There are alternative methods of reproduction today, including in vitro fertilization followed by introduction
to the uterus.

18. Following are two groups of birth-control measures. Rank the members of each group from the best (1) to the worst (4)
on the basis of effectiveness.

A B
a. _____ coitus interruptus e. _____ vasectomy
b. _____ spermicidal jelly/cream f. _____ natural family planning
c. _____ condom + spermicide g. _____ diaphragm + spermicide
d. _____ natural family planning h. _____ IUD

19. The two common causes of infertility in females are a.______________________________________ caused by
b.________________________ and c.__________________________ caused by d.___________________________.

20. The most common cause of infertility in males is a._____________________ caused by b._______________________.

21. In which alternative reproductive method is the egg fertilized in laboratory glassware?                           

                                                                                                

21.5 SEXUALLY TRANSMITTED DISEASES (P. 435)

• There are several serious and prevalent sexually transmitted diseases.

22. AIDS, genital herpes, and genital warts are a. ___________ sexually transmitted diseases that do not respond to
antibiotics.  Gonorrhea and chlamydia are treatable with b. __________________ therapy but are not always
promptly diagnosed.  AIDS acquired immunodeficiency syndrome) is caused by a group of retroviruses
known as c. _____________ (human immunodeficiency viruses).  HIV attaches to a proteinin the plasma
membrane called a d. ____________ receptor. Once inside the host cells, HIV uses an enzyme called
e. _________________________ to make a DNA copy of its RNA genetic material.  The DNA copy integrates
into a host chromosome and makes more viral RNA. During an f. __________________ carrier stage, there are
usually no symptoms, yet the person is highly infectious.  Symptoms of pre-AIDS begin to appear several
months to several years after infection.  The final stage of HIV infection is called g. ______________, in which
a person has a severe depletion of helper T lymphocytes and/or hasan opportunistic infection.

23. Highly active antiretroviral therapy (HAART) therapy ;uses two drugs that inhibit a. _______ and one that
inhibits protease needed for b. _________. The largest proportion of people with AIDS are c.

_____________________ men, but the proportions attributed to intravenous drug users and heterosexuals is
rising.  Essentially HIV is spread by passing virus-infected T lymphocytes found in d. __________ or in blood
from one person to another.  Genital herpes is caused by the e. ___________ virus, type 2. After the ulcers heal,
the disease is only dormant, and blisters can reoccur repeatedly.

24. Genital warts are caused by the human a. ________________________ (HPVs), which are sexually transmitted
and are now associated with cancer of the cervix and other tumors.  Gonorrhea is caused by the bacterium b.

_____________________________ . In the male, a typical symptom of gonorrhea is a thick, greenish yellow
urethral discharge 3-5 days after contact.  In females, it may spread to the oviducts causing
c. _____________________________ disease (PID). 

25. Chlamydia is named for the bacterium a. _____________________________. Chlamydial infections of the
genitals are the most common cause of b. _______________________ urethritis (NGU).  Syphilis is caused by a
bacterium called c. __________________________ and can be treated with penicillin. During the
d. _____________ stage of syphilis, a hard chancre (ulcerated sore with hard edges) indicates the site of
infection.  During the secondary stage, the victim breaks out in a e. _________ that does not itch. During the
f. _____________ stage, syphilis may affect the cardiovascular and nervous systems.
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CHAPTER TEST

177

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
____ 1.The vas deferens

a. becomes erect.
b. carries sperm.
c. is surrounded by the prostate gland.
d. runs through bulbourethral glands.

____ 2.The prostate gland
a. is removed when a vasectomy is performed.
b. is not needed to maintain the secondary sex 

characteristics.
c. receives urine from the bladder.
d. almost never becomes cancerous.

____ 3.Which gland or organ secretes hormones?
a. seminal vesicles
b. prostate gland
c. bulbourethral gland
d. testes

____ 4.FSH
a. stimulates sperm production in males.
b. stimulates development of the follicle in 

females.
c. is produced by the anterior pituitary.
d. All of these are correct.

____ 5.Gonadotropic hormones are produced by the
a. testes.
b. ovaries.
c. anterior pituitary.
d. uterus.

____ 6.Which hormone stimulates the production of
testosterone?
a. LH
b. FSH
c. estrogen
d. inhibin

____ 7.Which hormone regulates the production of 
testosterone?
a. LH
b. FSH
c. estrogen
d. inhibin

____ 8.The urethra is part of the reproductive tract in
a. the female.
b. the male.
c. both the male and female.
d. invertebrates.

____ 9.Which chromosome contains genes that deter-
mine whether a developing embryo develops into
a female or male?
a. X chromosome
b. Y chromosome
c. chromosome #3
d. chromosome #21

____10.The endometrium
a. lines the vagina.
b. is involved in the formation of the placenta.
c. produces estrogen.
d. None of these is correct.

____11.The uterus
a. is connected to both the oviducts and vagina.
b. is not an endocrine gland.
c. contributes to the development of the pla-

centa.
d. All of these are correct.

____12.Which structure is present after ovulation?
a. primary follicle
b. secondary follicle
c. Graafian follicle
d. corpus luteum

____13.Ovulation occurs
a. due to hormonal changes.
b. always on day 14.
c. in postmenopausal women.
d. as a result of intercourse.

____14.Which of these secretes hormones involved in
the ovarian cycle?
a. hypothalamus
b. anterior pituitary gland
c. ovary
d. All of these are correct.

____15.FSH stimulates the
a. release of an egg cell from the follicle.
b. development of a follicle.
c. development of the endometrium.
d. beginning of menstrual flow.

____16.Secretions from which of the following struc-
tures are required before implantation can occur?
a. the ovarian follicle
b. the pituitary gland
c. the corpus luteum
d. All of these are correct.

____17.Human chorionic gonadotropin (HCG) is dif-
ferent from other gonadotropic hormones be-
cause it
a. is produced by the maternal portion of the 

placenta.
b. is not produced by a female endocrine gland.
c. does not stimulate any tissue in the body.
d. does not enter the bloodstream.

____18.Pregnancy begins
a. when an egg is fertilized.
b. when ovulation occurs.
c. upon successful implantation.
d. during the follicular phase.
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____19.Menstruation begins in response to
a. increasing estrogen levels.
b. decreasing progesterone levels.
c. changes in blood chemistry.
d. secretion of FSH.

____20.What do all the birth-control methods have in
common?
a. They all use some device.
b. They all interrupt intercourse.
c. They are all terribly expensive and 

uncomfortable.
d. None of these is correct.

____21.A vasectomy
a. prevents the egg from reaching the oviduct.
b. prevents sperm from reaching seminal fluid.
c. prevents release of seminal fluid.
d. inhibits sperm production.

____22.Which of these means of birth control prevents
implantation?
a. diaphragm
b. IUD
c. cervical cap
d. vaginal sponge

____23. In vitro fertilization occurs in
a. the vagina.
b. a surrogate mother.
c. laboratory glassware.
d. the uterus.

____24.The ____________________ system provides nu-
trients for the growth of a developing fetus.
a. digestive
b. respiratory
c. muscular
d. lymphatic

____25.Androgens from the reproductive system stim-
ulate the growth of skeletal muscle from which
system?
a. digestive system
b. muscular system
c. urinary system
d. respiratory system

____26.Which sexually transmitted disease is classified
as a retrovirus?
a. AIDS
b. genital herpes
c. genital warts
d. gonorrhea
e. chlamydia

____27.Which sexually transmitted disease is due to a 
papillomavirus?
a. AIDS
b. genital herpes
c. genital warts
d. gonorrhea
e. chlamydia

178

THOUGHT QUESTIONS

Answer in complete sentences.
28. How does the structure of a sperm suit its function?

29. Why do you expect to find sex hormones from the ovaries in pregnant women but not in menopausal women?

Test Results: _______ number correct ÷ 29 = _________ × 100 = _______%
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STUDY EXERCISES

1. a. urinary bladder; stores urine b. vas deferens; con-
ducts and stores sperm c. prostate gland; contributes to
seminal fluid d. urethra; conducts both urine and sperm
e. penis; organ of sexual intercourse f. seminal vesicles;
contribute to seminal fluid g. bulbourethral gland; con-
tributes nutrients and fluid to semen h. epididymis; stores
sperm as they mature i. testis; production of sperm and
male sex hormones 2. a. IC b. ST c. ST d. IC
3. a. epididymis b. urethra 4. a. seminal vesicles
b. prostate gland c. bulbourethral glands 5. To nour-
ish sperm cells, to increase motility of sperm cells, and
for lubrication. 6. a. spermatogenesis b. seminiferous
c. sustentacular (Sertoli) 7. a. head b. midpiece c. tail
d. acrosome e. midpiece 8. a. T b. T 9. Testosterone
deepens the voice, promotes the development of mus-
cles and body and facial hair, increases secretions from
oil glands, and promotes the development of the sexual
organs. 10. a. oviduct; conduction of egg b. ovary;
production of eggs and sex hormones c. uterus; houses
developing fetus d. urinary bladder; storage of urine
e. urethra; conduction of urine f. cervix; opening of
uterus g. vagina; receives penis during sexual intercourse
and serves as birth canal 11. a. vagina b. cervix c.
oviduct 12. a. mons pubis b. labia majora c. glans clitoris
d. labia minora e. urethra f. vagina g. anus 13. a. FSH
and LH b. progesterone and estrogen c. estrogen d. prog-
esterone 14. a. follicle b. Graafian c. Ovulation d. cor-
pus luteum 15. Estrogen promotes the deposition of
body fat, the maturation and maintenance of the sexual
organs, and breast development. 16. a. follicle matures
and produces egg and estrogen b. menstruation c. en-
dometrium breaks down d. proliferative e. endometrium
rebuilds f. corpus luteum produces progesterone g. se-
cretory h. endometrium thickens and glands are secre-

tory 17. a. F; Pregnancy occurs as soon as implantation
occurs. b. T c. F. During pregnancy, ovulation discon-
tinues because estrogen and progesterone secreted by the
corpus luteum and the placenta exert feedback control
over the hypothalamus and the anterior pituitary. 18. a. 3
b. 2 c. 1 d. 4 e. 1 f. 4 g. 3 h. 2 19. a. blocked oviducts
b. PID c. failure to ovulate d. low body weight
20. a. low sperm count or large proportion of abnormal
sperm b. environmental factors 21. In vitro fertiliza-
tion 22. a. viral b. antibiotic c. HIV d. CD4 e. re-
verse transcriptase f. asymptomatic g. slim disease
23. a. reverse transcriptase b. viral assembly c. homo-
sexual d. semen e. herpes simplex 24. a. papillo-
maviruses b. Neisseria gonorrhoeae c. pelvic inflammatory
25. a. Chlamydia trachomatis b. nongonococcal c. Tre-
ponema pallidum d. primary e. rash f. tertiary

CHAPTER TEST

1. b 2. b 3. d 4. d 5. c 6. a 7. d 8. b 9. b
10. b 11. d 12. d 13. a 14. d 15. b 16. d
17. b 18. c 19. b 20. d 21. b 22. b 23. c
24. a 25. b 26. a 27. c 28. A sperm functions to fer-
tilize an egg, and its various parts are specialized; for ex-
ample, the head is capped by the acrosome, which releases
enzymes that allow the sperm to penetrate the egg; the
head contains 23 chromosomes; the midpiece contains mi-
tochondria that provide energy; and the tail is a flagellum
that allows the sperm cell to swim. 29. The ovaries do
not secrete female sex hormones in pregnant women or in
menopausal women. During pregnancy, however, ovar-
ian hormones are replaced by hormones secreted by the pla-
centa. The placental hormones help to maintain the uterine
lining, and thus, the pregnancy.

ANSWER KEY
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During fertilization, the acrosome of a sperm releases en-
zymes that digest a hole in the jelly coat around the egg
and then extrudes a filament that attaches to a receptor
on the vitelline membrane. The sperm nucleus enters the
egg and fuses with the egg nucleus.

During the early developmental stages, cleavage
leads to a morula, which becomes the blastula when an
internal cavity (the blastocoel) appears. Then, at the gas-
trula stage, invagination of cells into the blastocoel re-
sults in formation of the germ layers: ectoderm,
mesoderm, and endoderm. During neurulation, the ner-
vous system develops from midline ectoderm, just above
the notochord. At this point, it is possible to draw a typ-
ical cross section of a vertebrate embryo.

Differentiation begins with cleavage, when the egg’s
cytoplasm is partitioned among the numerous cells. In a
frog embryo, only a daughter cell that receives a portion
of the gray crescent is able to develop into a complete em-
bryo. Morphogenesis involves the process of induction,
as when the notochord induces the formation of the neural
tube in frog embryos. Today we envision that cells are con-
stantly giving off signals that influence the genetic ac-
tivity of neighboring cells.

Human development can be divided into embry-
onic development (months 1 and 2) and fetal develop-
ment (months 3–9). The extraembryonic membranes,
including the chorion, amnion, yolk sac, and allantois,
appear early in human development. Following fertil-
ization in an oviduct, cleavage occurs as the embryo
moves toward the uterus. The morula becomes the blas-
tocyst before implanting in the uterine lining. 

Organ development begins with neural tube and heart
formation. There follows a steady progression of organ
formation during embryonic development. During fetal
development, refinement of features occurs, and the fetus
adds weight. Birth occurs about 280 days after the start
of the mother’s last menstruation.

Development after birth consists of infancy, child-
hood, adolescence, and adulthood. Young adults are at their
prime, and then the aging process begins. Aging may be
due to cellular repair changes, which are genetic in ori-
gin. Other factors that may  affect aging are changes in
body processes and certain extrinsic factors.

22
DEVELOPMENT

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

22.1 EARLY DEVELOPMENTAL STAGES (P. 444)

• Development begins when a sperm fertilizes an egg.
• The first stages of embryonic development in animals lead to the establishment of the embryonic germ layers.
• The presence of yolk affects the manner in which animal embryos go through the early developmental stages.

1. Put these events in order to describe fertilization.
a. The vitelline envelope becomes the fertilization envelope, which prohibits any more sperm from entering

the egg.
b. When released, these enzymes digest away the jelly coat around the egg, and the acrosome extrudes a

filament that attaches to a receptor on the vitelline envelope.
c. A head of a sperm has a membrane-bounded acrosome filled with enzymes.
d. Now the sperm nucleus enters and fuses with the egg nucleus, and the resulting zygote begins to divide.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


181

2. Label this diagram of early development with the following terms:
Gastrula
endoderm
Blastula
ectoderm
blastopore
Morula
blastocoel (used twice)
archenteron

b.

d.

i.

a.

c.

e.

f.

g.

gastrulation
is occurring

cleavage
is occurring

h.

3. Indicate whether the following statements are true (T) or false (F):
a. Cell division during cleavage does not produce growth.
b. The blastula is a solid ball of cells.
c. The ectoderm and endoderm form after the mesoderm in the gastrula.
d. The germ layer theory states that the development of later structures can be related to germ layers.

4. Indicate the germ layer (ectoderm, endoderm, mesoderm) of the vertebrate gastrula stage that is the source of
the following:

epidermis of the skin a.____________________

nervous tissue b.____________________

lining of the stomach c.____________________

muscles of the forelimb d.____________________

blood e.____________________
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5. Complete these sentences by using the terms lancelet, frog, or chick. In the a.____________________ embryo,

the cells have little yolk and cleavage is equal. In the b.____________________, the cells at the animal pole are

smaller than those at the vegetal pole because those at the vegetal pole contain yolk. In

the c.____________________, the cells with yolk cleave more slowly than those without yolk. Still, in both

the d.____________________ and the e.____________________, the blastula is a hollow ball of cells. In

the f.____________________, there is so much yolk that the embryo forms on top of the yolk and the blastocoel

is created when the cells lift up from the yolk.
6. Indicate which of these describes formation of mesoderm and the coelom in the lancelet, frog, or chick.

a. invagination of cells along the edges of primitive streak followed by a splitting of the mesoderm
b. migration of cells from the dorsal lip of the blastopore followed by a splitting of the mesoderm
c. outpocketings of the primitive gut form two layers of mesoderm and the coelom

Neurulation and the Nervous System (p. 447)

• In vertebrates, the nervous system develops above the notochord after formation of a neural tube.

7. Label this diagram of a vertebrate embryo using the following terms:
coelom
ectoderm
endoderm
gut
mesoderm
neural tube
notochord
somite

a.

b.

c.

d.

e.

f.

g.

h.

8. The diagram in question 7 shows the neural tube above the notochord. Explain the significance of this tissue

relationship.                                                                                       
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22.2 DIFFERENTIATION AND MORPHOGENESIS (P. 448)

• Cellular differentiation and morphogenesis are two processes that occur when specialized organs develop.
• Induction explains the development of the nervous system and why development in general is an orderly

process.
• Homeotic genes are involved in shaping the outward appearance of the developed animal.

9. Cellular differentiation begins with which developmental process? a.____________________. Hans Speman

showed that a frog embryo needs a portion of the gray crescent in order to develop normally. Why might that

be? b.                                                                                            

10. Morphogenesis begins with which developmental process? a.____________________. Hans Speman showed

that presumptive notochord tissue induces the formation of the nervous system. Relate these findings to the

process of morphogenesis. b.                                                                       

                                                                                                 

11. Homeotic genes are involved in pattern formation. In Drosophila, what happens when a homeotic mutation

occurs?                                                                                          

                                                                                                 

12. Apoptosis is involved in sculpting the fetus. What happens when apoptosis doesen’t occur as it should?      

                                                                                                 

22.3 HUMAN EMBRYONIC AND FETAL DEVELOPMENT (P. 451)

• Humans, like chicks, are dependent upon extraembryonic membranes that perform various services and
contribute to development.

• During the embryonic period of human development, all systems appear.
• Humans are placental mammals; the placenta is a unique organ where exchange between fetal blood and

mother’s blood takes place.

13. Label this diagram of the extraembryonic membranes of the human embryo with the following terms:
allantois
amnion
chorion
embryo
fetal portion of placenta
maternal portion of placenta
yolk sac
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14. Complete the following table:

Membrane Chick Function Human Function

chorion

amnion

allantois

yolk sac

15. To describe human embryonic development, complete the following table with the number of the event that
occurs at each time indicated.

1 all internal organs formed; limbs and digits well formed; recognizable as human although still quite
small

2 fertilization; cell division begins
3 limb buds begin; heart is beating; embryo has a tail
4 implantation; embryo has tissues; first two extraembryonic membranes
5 fingers and toes are present; cartilaginous skeleton
6 nervous system begins; heart development begins
7 head enlarges; sense organs prominent

Time Events

a. first week

b. second week

c. third week

d. fourth week

e. fifth week

f. sixth week

g. two months

Fetal Development and Birth (p. 458)

• During fetal development, the fetus grows large enough to live on its own.
• Birth is a multistage process that includes delivery of the child and the extraembryonic membranes.

16. Indicate whether the following statements about fetal development (months 3–9) are true (T) or false (F):
a. It is possible to distinguish sex.
b. The notochord is replaced by the spinal column.
c. Limb buds are still present.
d. Fingernails and eyelashes appear.

17. The placenta produces the hormones progesterone and a. ______________, which have two effects: to inhibit
the hypothalamus and anterior pituitary from causing new follicles from maturing and to maintain the lining
of the b. ______________ so that the corpus luteum is not needed. The chorionic c. ______________ are
surrounded by maternal blood sinuses; yet maternal and fetal d. ______________ never mix. The umbilical 
cord is the lifeline of the fetus, because the umbilical arteries take e. ______________ and urea wastes to the
placenta for disposal, and the umbilical f. ______________ takes oxygen and nutrients to the fetus.
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CHAPTER TEST

18. What events are associated with the three stages of parturition?

first stage a.                                                                                      

second stage b.                                                                                    

third stage c.                                                                                      

22.4 HUMAN DEVELOPMENT AFTER BIRTH (P.463)

• Investigation into aging shows hope of identifying  underlying causes of degeneration and prolonging the
health span of individuals.

19. Three theories of aging: Some believe that aging is a.__________________ in origin, meaning that our
b.__________________ inheritance causes us to age. Others maintain that c.__________________ processes are

involved; for example, the hormonal system and the immune system decrease in efficiency as we age. Still others

believe that d.__________________ factors influence aging more than we realize; for example, diet and exercise keep

us healthy despite added years.

20. Aging affects body systems. Certain systems maintain the body; in regard to the circulatory system,
a.__________________ disease may be associated with b.__________________ blood pressure, and reduced blood

flow to the c.__________________ may result in less efficiency at filtering wastes. In regard to those systems that

integrate and coordinate the body, actually few d.__________________ are lost from the brain, and the elderly can

learn new material; loss of skeletal mass and osteoporosis can be controlled by e.__________________. In regard to

the reproductive system, there is a reduced level of f.__________________ in both males and females, although males

produce sperm until death. Young people should be aware that now is the time to begin the health habits that increase

the life span.

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. The ______ develops first.

a. morula
b. blastula
c. blastocoel
d. gastrula

2. The ______ is a hollow ball.
a. morula
b. blastula
c. gastrula
d. Both a and b are correct.

3. The ______ contains germ layers.
a. morula
b. blastula
c. gastrula
d. All of these are correct.

4. The ______ undergoes cleavage but lacks a morula.
a. lancelet
b. frog
c. chick
d. Both a and b are correct.

5. The __________ has a notochord during 
development.
a. lancelet
b. frog
c. human
d. All of these are correct.

6. The nervous system develops from the
a. ectoderm.
b. mesoderm.
c. endoderm.
d. notochord.

7. Cellular differentiation is due to
a. parceling out of cytoplasm.
b. activation of particular genes.
c. parceling out of genes.
d. Both a and c are correct.
e. Both a and b are correct.

8. What induces the development of the nervous
system?
a. endoderm
b. presumptive notochord
c. ectoderm
d. presumptive neural tube
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9. Homeodomain proteins
a. occur in the nucleus.
b. regulate transcription.
c. regulate translation.
d. Both a and b are correct.

For questions 10–14, match the extraembryonic mem-
branes with the following descriptions:

a. placenta
b. umbilical blood vessels
c. watery sac
d. first site of red blood cell formation
e. treelike extensions that penetrate the uter-

ine lining
10. chorionic villi
11. chorion
12. amnion
13. allantois
14. yolk sac

15. The zygote begins to undergo cleavage in the
a. cervix.
b. ovary.
c. oviduct.
d. uterus.

16. Which of these is mismatched?
a. cleavage—cell division
b. morphogenesis—fertilization
c. differentiation—specialization of cells
d. growth—increase in size

17. The placenta
a. brings blood to the developing fetus.
b. allows exchanges of substances between the

mother’s blood and fetal blood.
c. forms the umbilical cord.
d. Both a and b are correct.
e. All of these are correct.

18. When an embryo is clearly recognizable as a
human being, it is called a
a. developed embryo.
b. fetus.
c. newborn.
d. blastocyst.

19. Which system is the first to be visually evident?
a. nervous
b. respiratory
c. digestive
d. skeletal

20. During which stage of parturition is the baby
born?
a. first
b. second
c. third

THOUGHT QUESTIONS

Answer in complete sentences.
21. Should the chemicals functioning during induction be considered hormones?

22. What is the significance of the homeobox?

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


187

STUDY EXERCISES

1. c, b, d, a 2. a. blastocoel b. Morula c. Blastula
d. blastocoel e. archenteron f. ectoderm g. endoderm
h. blastopore i. Gastrula 3. a. T b. F c. F d. T
4. a. ectoderm b. ectoderm c. endoderm d. mesoderm
e. mesoderm 5. a. lancelet b. frog c. frog d. lancelet
e. frog f. chick 6. a. chick b. frog c. lancelet
7. a. neural tube b. somite c. notochord d. ectoderm
e. endoderm f. gut g. mesoderm h. coelom 8. The no-
tochord induces the formation of the neural tube. See
Figure 22.5, p. 447, in text. 9. a. cleavage b. The chem-
ical molecules in the gray crescent may act as signals to
turn certain genes on in certain cells. 10. a. migration
of cells during gastrulation b. During morphogenesis,
one tissue induces another in sequence and this explains
why development is so orderly. 11. Body parts are mis-
placed. See Figure 22.8, in text. 12. Too many cells re-
sults in abnormalities. 13. a. chorion b. amnion
c. embryo d. allantois e. yolk sac f. fetal portion of pla-
centa g. maternal portion of placenta
14.

Chick Function Human Function

gas exchange exchange with mother’s
blood

protection; prevention protection; prevention of
of desiccation and temperature changes
temperature changes

collection of blood vessels become
nitrogenous wastes umbilical blood vessels

provision of first site of blood cell 
nourishment formation

15. a. 2 b. 4 c. 6 d. 3 e. 7 f. 5 g. 1 16. a. T b. F
c. F d. T 17. a. estrogen b. uterus c. villi d. blood
e. carbon dioxide f. vein 18. a. dilation of cervix b. The
mother pushes as the baby moves down the birth canal.
c. Afterbirth is expelled. 19. a. genetic b. genetic
c. whole-body d. extrinsic 20. a. cardiovascular b. high
c. kidneys d. neurons e. exercise f. hormones

CHAPTER TEST

1. a 2. b 3. c 4. c 5. d 6. a 7. c 8. b 9. d
10. e 11. a 12. c 13. b 14. d 15. c 16. b
17. b 18. b 19. a 20. b 21. Traditionally, a hor-
mone is considered to be a secretion of an endocrine
gland that is carried in the bloodstream to a target organ.
According to this definition, the chemicals that function
during induction are not hormones. In recent years, some
scientists have broadened the definition of a hormone to
include all types of chemical messengers. Therefore, in
the broadest sense these chemicals are hormones.
22. A particular sequence of DNA nucleotides, called
the homeobox, occurs in homeotic genes in almost all
eukaryotic organisms. This suggests that this sequence
is important to development because it has been con-
served for quite some time.

ANSWER KEY
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The genes are on the chromosomes; each gene has a min-
imum of two alternative forms called alleles. Mendel’s
laws are consistent with the observation that each pair of
alleles segregates independently of the other pairs dur-
ing meiosis when the gametes form.

It is customary to use letters to represent the geno-
type of individuals. Homozygous dominant is indicated
by two capital letters, and homozygous recessive is in-
dicated by two lowercase letters. Heterozygous is indi-
cated by a capital letter and a lowercase letter. In a one-trait
cross, each heterozygous individual can form two types
of gametes. In a two-trait cross, each heterozygous individual
can form four types of gametes.

Use of the Punnett square allows us to make sure
that all possible sperm have fertilized all possible eggs.
These results tell us the chances of a child inheriting a par-
ticular phenotype. With regard to the monohybrid cross,
there is a 25% chance of each child having the recessive
phenotype and a 75% chance of each having the domi-
nant phenotype.

Testcrosses are used to determine if an individual
with the dominant phenotype is homozygous or het-
erozygous. If an individual expressing the dominant al-
lele reproduces with an individual expressing the recessive
allele and an offspring with the recessive phenotype re-
sults, we know that the individual is heterozygous.

Studies of human genetics have shown that there are
many autosomal genetic disorders that can be explained
on the basis of simple Mendelian inheritance. When study-
ing human genes, biologists often construct pedigree
charts to show the pattern of inheritance of a character-
istic within a family. The particular pattern indicates the
manner in which a characteristic is inherited. Sample
charts are given for autosomal dominant and autosomal
recessive patterns. 

Neurofibromatosis and Huntington disease are au-
tosomal dominant disorders that have been well studied.
Tay-Sachs disease, cystic fibrosis, and PKU are autoso-
mal recessive disorders that have been studied in detail.

There are many exceptions to Mendel’s laws. These
include polygenic inheritance (skin color), multiple al-
leles (ABO blood type), and degrees of dominance (curly
hair).

Traits controlled by polygenes are subject to en-
vironmental effects and show continuous variations whose
frequency distribution forms a bell-shaped curve. Several
human disorders such as cleft palate and human behav-
iors are most likely controlled by polygenes. Sickle-cell
disease is a human disorder that is controlled by incom-
pletely dominant alleles.

23
PATTERNS OF GENE INHERITANCE

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

23.1 MENDEL’S LAW (P. 470)

• Today, it is known that alleles (alternate forms of a gene), located on chromosomes control the traits of
individuals.

• Mendel discovered certain laws of heredity after doing experiments with garden peas during the mid-1800’s.
• The law of segregation states that each organism contains two factors for each trait and the factors segregate

during the formation of gametes
• The law of independent assortment states that every possible combination of factors is present in the gametes.
• A testcross can be used to determine the genotype of an individual with the dominant phenotype.
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1. Letters on homologous chromosomes stand for genes that control a a. ____________ , such as hair color.

The genes are in a definite sequence and remain in their spots, or b. ___________ , on the chromosomes.

Alternate forms of a gene having the same position on a pair of homologous chromosomes and affecting 

the same trait are called c. ___________________ .

2. Place a T next to each of the statements below that are true and NT next to statements that are not true about
Mendel’s law of segregation.

a. Each individual has two alleles (factors) for each trait.
b. Alleles separate during fertilization.
c. Each gamete contains only one allele from each pair of factors.
d. Fertilization gives each new individual one factor for each trait.
e. Pairs of alleles must separate during meiosis.
f. Alleles are on chromosomes that are not homologous.

The Inheritance of a Single Trait (p. 472)

3. Complete the following table to distinguish between the terms genotype, phenotype, and gamete alleles.
Assume that W represents a dominant allele for widow’s peak and w represents the recessive allele for
continuous hairline.

4. Using this key, E = unattached, e = attached, do Punnett squares for cross 1 and cross 2.

Cross 1 Cross 2
heterozygous × homozygous recessive heterozygous × heterozygous

Genotype Genotype Phenotype Gamete(s)

a. Homozygous dominant b. W

Ww c. d. e.

f. g. Straight hairline h.

a. What is the phenotypic ratio for cross 1?______________________

b. What are the chances of the recessive phenotype for cross 1?___________

c. What is the phenotypic ratio for cross 2?______________________

d. What are the chances of the recessive phenotype for cross 2?___________
5. A man with a straight hairline reproduces with a woman with widow’s peak whose father has a straight hairline and

whose mother had widow’s peak. The couple produce a child with a straight hairline. What are the genotypes of all the
individuals involved?

Key W = widow’s peak w = straight hairline

a. man with a straight hairline _____ _____

b. woman with widow’s peak _____ _____

c. child _____ _____

d. woman’s father _____ _____

e. woman’s mother _____ _____
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The Inheritance of Many Traits (p. 475)

6. Place T next to each of the statements below that are true and NT next to statements that are not true about
Mendel’s law of independent assortment as it pertains to an individual with the genotype AaBb.

a. The alleles separate independently, so any possible combination (e.g., AB, ab, Ab, or aB) could be
in the gametes.

b. The alleles separate independently, so even the combinations Aa, Bb could also be in the gametes.
c. The alleles do not separate independently, so only the combinations AB or ab could be in the gametes.
d. Each gamete contains one allele from each pair of alleles, and independent separation increases the

variety of gametes for each individual.
7. The cross WwSs × WwSs usually results in a phenotypic ratio close to 9:3:3:1. If W = widow’s peak, 

w = straight hairline, S = short fingers, s = long fingers, then out of 16 individuals

9 individuals are expected to have the phenotype a. _______________.

3 individuals are expected to have the phenotype b. _______________.

3 individuals are expected to have the phenotype c. _______________.

1 individuals are expected to have the phenotype d. _______________.

8. A parent with widow’s peak and short finger has a child with straight hairline and long fingers. What is the

genotype of the parent? a. ____________ If the parent were homozygous dominant for both traits, what would

be the phenotype of the child? b. ____________

9. Do a Punnett square for the cross in horses BbTt × Bbtt. a. _________________

What is the phenotypic ratio among offspring? b._________________: _________________

_________________: _________________

23.2 GENETIC DISORDERS (P. 478)

• Many genetic disorders are inherited, according to Mendel’s laws.
• The pattern of inheritance indicates whether the disorder is a dominate or a recessive disorder.
• Dominant genetic disorders appear if a single dominate allele is inherited; recessive genetic disorders require

the inheritance of two recessive alleles.

10. This is a portion of a pedigree chart for a dominate disorder. 
Which of these individuals could be AA? a. __________ Explain: _________________________________________
_________________________________________________________________________________________________

Which of these individuals is known to be Aa b. __________ Explain: ____________________________________
_________________________________________________________________________________________________

1 2

3

B = black
b = brown
T = trotter
t = pacer
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Which of these is aa? c. __________ Explain: __________________________________________________________
_________________________________________________________________________________________________

Are heterozygotes affected or unaffected? d. __________________________________________________________
_________________________________________________________________________________________________

11. This is a portion of a pedigree chart for a recessive disorder.

Which of these individuals could be AA? a. __________ Explain: _________________________________________
_________________________________________________________________________________________________

Which of these individuals is Aa? b. __________ Explain: _______________________________________________
_________________________________________________________________________________________________

Which of these individuals is aa? c. __________ Explain:________________________________________________
_________________________________________________________________________________________________

Are homozygous dominant individuals and heterozygous individuals affected or unaffected? d. ______________
_________________________________________________________________________________________________

For questions 12 and 13, indicate the genotype of each person in the pedigree charts. First, decide if the disorder (darkened
shapes) is dominant or recessive. Use the alleles A and a in each case.

12.

13.

1 2

3

14. Match the following disorders to each of the statements below.
1. neurofibromatosis 5. phenylketonuria
2. Huntington disease 6. sickle-cell disease
3. Tay-Sachs disease 7. sickle-cell trait
4. cystic fibrosis

a. nerve cell tumor growing under skin or in organs
b. accumulation of phenylketone in urine
c. allows better survival in Africa from malaria
d. brain cell degeneration causing muscle spasms
e. red blood cells are sickle shaped, clog arteries
f. mucus builds up in respirator system
g. buildup of glycosphingolipid in lysosomes

15. A person heterozygous for Huntington disease reproduces with a person who is perfectly normal. What are the
chances of an offspring developing Huntington disease when older? _____________________________________
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16. Mary is 50 years old and has Huntington disease. Her father was killed accidentally at a young age; her mother is 80
years old and is normal. What is the most likely genotype of all persons involved? Use the alleles A and a.

Mary’s mother a.________

Mary’s father b.________

Mary c.________

17. Both parents appear to be normal, but their child has cystic fibrosis. What is the genotype of all persons involved? Use
the alleles A and a.

a. parents ________________________________________ b. child ________________________________________

23.3 BEYOND MENDEL’S LAWS (P. 481)

• Polygenic traits include skin color, behavior, and various syndromes.
• Blood type is controlled by multiple alleles.
• Some traits like sickle-cell disease are incompletely dominant.

18. A woman has a genotype of AABB for skin color. She reproduces with a man whose genotype is aabb. What are the
genotype and phenotype of their offspring?

a. genotype ____________________ b. phenotype ____________________
19. Mrs. Doe and Mrs. Roe had babies at the same hospital. Mrs. Doe took home a girl, Nancy, and Mrs. Roe received a boy,

Richard. However, Mrs. Roe was certain she gave birth to a girl and brought suit against the hospital. Blood tests showed
that Mr. Roe was type O, Mrs. Roe was type AB, and Mr. and Mrs. Doe were both type B. Nancy was type A, and
Richard was type O. List the possible genotypes of each individual, and then indicate the correct parents for each child.
Genotypes:

a. Mrs. Doe __________________ d. Mrs. Roe __________________

b. Mr. Doe __________________ e. Mr. Roe __________________

c. Nancy __________________ f. Richard __________________

g. Whose baby is Nancy? __________________

h. Whose baby is Richard? __________________

20. Curly and straight hair, when crossed, are an example of _____________________ dominance, because the resulting
individuals have the intermediate character of wavy hair.

21. A curly-haired man has children with a wavy-haired woman. What are the genotypes and phenotypes of their children?
Key H = curly hair H′ = straight hair

Man’s genotype a._____________ Woman’s genotype b._____________
Use this Punnett square to determine the outcome of this cross.

Genotypes of children c._______________________

Possible phenotypes of children d._______________________

Could any of the children have straight hair? e._______________________

22. A child has sickle-cell disease. What are the genotypes of the parents, who appear to be normal?                   
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CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
___ 1. If 25% of the offspring of one set of parents show

the recessive phenotype, the parents were 
probably
a. both homozygous recessive.
b. both homozygous dominant.
c. both heterozygous.
d. one homozygous dominant, one homozygous

recessive.
____ 2.Alleles

a. are alternate forms of a gene.
b. have the same position on a pair of chromo-

somes.
c. affect the same trait.
d. All of these are correct.

____ 3.Which of these crosses could produce a blue-
eyed child? (B = brown, b = blue)
a. BB × bb
b. Bb × Bb
c. bb × Bb
d. Bb × BB
e. Bb × bb

Questions 4 and 5 are concerned with this pedigree chart.
The shaded individuals are affected by a disorder, whereas
the unshaded individuals are not affected.

____ 7.Why is it that two normal parents could have a
child with PKU?
a. PKU is a dominant inherited disorder.
b. PKU is a recessive inherited disorder.
c. PKU results due to an error in gamete 

formation.
d. There is no known explanation.

____ 8. If only one parent is a carrier for Huntington dis-
ease, what is the chance a child will have the 
condition?
a. 25%
b. 50%
c. 75%
d. no chance

____ 9.Polygenic inheritance can explain
a. a range in phenotypes among the offspring.
b. the occurrence of degrees of dominance.
c. the inheritance of behavioral traits.
d. Both a and c are correct.

____10.Sickle-cell disease illustrates
a. dominance.
b. recessiveness.
c. incomplete dominance.
d. multiple pairing.

____11.Two individuals with medium-brown skin color
could have children who are both darker and
lighter than they are.
a. true
b. false

____12.A female with light brown skin would be able to
have a child with very dark skin if she reproduces
with a very dark-skinned male, or a dark child if
she reproduces with a light-skinned male.
a. true
b. false

____13.Which children could not have parents both with
type A blood?
a. type A
b. type O
c. type AB
d. type B
e. Both c and d are correct.

____14.Which children could not have a parent with type
AB blood?
a. type A
b. type B
c. type AB
d. type O

____15. Inheritance by multiple alleles is illustrated by
the inheritance of
a. skin color.
b. blood type.
c. sickle-cell disease.
d. Both b and c are correct.

1
2

____ 4.The disorder is
a. X-linked.
b. dominant.
c. recessive.
d. not able to be determined.

____ 5. Individuals 1 and 2 are
a. AA × AA
b. aa × aa
c. Aa × Aa
d. Aa × aa
e. Aa × AA

____ 6. If a man is a carrier of Tay-Sachs disease, but a
woman is homozygous normal, what are the
chances of their child having Tay-Sachs?
a. none
b. 50%
c. 25%
d. 1:1
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____16.When may complications arise regarding a 
pregnancy?
a. Rh– woman and Rh+ man
b. Rh+ woman and Rhc man
c. Rh+ woman and Rh+ man
d. Rh– woman and Rh– man

For questions 17–23, match the following types of genetic
crosses to each of the examples listed below.

a.  multiple alleles e.  polygenic
b.  incomplete dominance f.  monohybrid cross
c.  disorder dominant g.  dihybrid cross
d.  disorder recessive

17. Rh+ × Rh–

18. AO × AB
19. neurofibromatosis
20. skin color
21. Tay-Sachs disease
22. YySs × YySs
23. wavy hair × straight hair

24. In horses, T = trotter, t = pacer, B = black, and
b = chestnut.  If a dihybrid in both traits is mated
with a chestnut pacer, the results will be

a. 1 black trotter : 1 chestnut pacer.
b. 3 black trotters : 1 chestnut pacer.
c. 1 black chestnut : 1 trotter pacer : 1 black pacer :

1 chestnut trotter.
d. 1 black trotter : 1 chestnut pacer : 1 black pacer :

1 chestnut trotter.
25. If Y = yellow seeds, y = green seeds, S = smooth

seed coat, s = rough seed coat, and a dihybrid is
crossed with a dihybrid, then 9 out of 16 off-
spring will most likely be
a. yellow, rough.
b. yellow, smooth.
c. green, rough.
d. green, smooth.

THOUGHT QUESTIONS

Answer in complete sentences.
26. To test whether an animal has a homozygous dominant genotype or a heterozygous genotype, it is customary to mate

them to the homozygous recessive animal rather than a heterozygote. Why?

27. Discuss the concept that chance has no memory.

Test Results: _______ number correct ÷ 27 = _________ × 100 = _______%
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STUDY EXERCISES

1. a.trait b. loci c. alleles 2. a. T b. NT c. T d. NT
e. T f. NT 3. a. Ww b. widow’s peak c. heterozygous
d. Ww e. W, w f. ww g. homozygous recessive h. w
4. a. 1:1 b. 50% c. 3:1 d. 25% 5. a. ww b. Ww c. ww
d. ww e. Ww 6. a. T b. NT c. NT d. T 7. a. widow’s
peak and short fingers b. widow’s peak and long fingers
c. straight hairline and short fingers d. straight hairline
and long fingers 8. a. WwSs b. widow’s peak and short
fingers
9. a.

b. 3 black trotters; 3 black pacers: 1 brown pacer: 1 brown
trotter 10. a. 2, Individual 2 is shaded and it is impos-
sible to tell if the individual is AA or Aa. b. 3, Individ-
ual 3 has to be Aa because one parent is unaffected. c. 1,
Individual 1 is not affected; therefore, the individual has
to be aa. d. affected 11. a. None, Individuals 1 and 2
are not shaded, but they are heterozygous because they
have an affected child. b. 1 and 2, They have to be het-
erozygous in order to have an affected child. c. This in-

BBTt

BBtt

BbTt

Bbtt

Bt

BT

Bt

bT

bt

BbTt

Bbtt

bbTt

bbtt

bt

dividual is shaded—only aa are shaded. d. unaffected
12. top: aa, Aa middle: Aa, Aa; aa; aa; A? A? bottom:
A? A? aa; aa, aa, aa; A?; A?, A? 13. top: Aa, Aa mid-
dle: aa, Aa; aa, A?; A?, A? bottom: aa, Aa, Aa; Aa, Aa;
A?, A?, A? 14. a. 1 b. 5 c. 7 d. 2 e. 6 f. 4 g. 3
15. 50% 16. a. aa b. Aa c. Aa 17. a. Aa b. aa
18. a. AaBb b. medium brown skin color 19. a. BB or
BO b. BB or BO c. AA or AO d. AB e. OO f. OO
g. Nancy belongs to the Roes. h. Richard belongs to the
Does. 20. incomplete 21. a. HH b. HH′ c. HH or
HH′ d. curly or wavy hair e. no, because one parent
must pass on an H. 22. both are heterozygous.

CHAPTER TEST

1. c 2. d 3. b, c, e 4. c 5. c 6. a 7. b 8. b
9. d 10. c 11. a 12. b 13. e 14. d 15. b
16. a 17. f 18. a 19. c 20. e 21. d 22. g
23. b 24. d 25. b 26. If a heterozygote is mated to
a heterozygote, there is a 25% chance for any offspring
to be recessive. If a heterozygote is mated to a homozy-
gous recessive, there is a 50% chance for any offspring
to be recessive. It is only when the animal is mated to a
homozygous recessive that its genotype can be deter-
mined. 27. The concept that chance has no memory
refers to the idea that each pregnancy has the same prob-
ability as the previous one. If two heterozygous parents
already have three children with a widow’s peak and they
are expecting a fourth child, this child still has a 75%
chance of a widow’s peak and a 25% chance of a continuous
hairline.

ANSWER KEY
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Humans inherit 22 autosomes from each parent. Nondis-
junction during meiosis can result in an abnormal num-
ber of autosomes to be inherited. Down syndrome results
when an individual inherits three copies of chromosome
21. Also, chromosomal mutations lead to phenotypic
abnormalities; for example, in cri du chat syndrome, one
copy of chromosome 5 has a deletion. 

The father determines the sex of a child because
the mother gives only an X chromosome while the father
gives an X or a Y chromosome. Males who inherit a frag-
ile X chromosome are subject to mental retardation.
Nondisjunction of the sex chromosomes can also cause
abnormal sex chromosome numbers in offspring. Fe-
males who are XO have Turner syndrome, and those who
are XXX are metafemales. Males with Klinefelter syn-
drome are XXY. There are also XYY males.

Females have an inactive condensed X chromo-
some in their nuclei called a Barr body. If heterozygous,

their cells differ in which allele is active. Sometimes this
allows them to be tested to see if they are a carrier for a
genetic disease.

Because males normally receive only one X chro-
mosome, they are subject to disorders caused by the in-
heritance of a recessive allele on the X chromosome.
For example, in a cross between a normal male and a
carrier female, only the male children could have the
X-linked disorder color blindness. Other well-known
X-linked disorders are hemophilia and Duchenne muscular
dystrophy.

All the genes on one chromosome form a linkage
group, which is broken only when crossing-over oc-
curs. Genes that are linked tend to go together into the same
gamete. If crossing-over occurs, a dihybrid cross gives
all possible phenotypes among the offspring, but the ex-
pected ratio is greatly changed. Crossing-over data have
not helped to any degree to map the human chromosomes. 

196

24
PATTERNS OF CHROMOSOMAL

INHERITANCE

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• Normally, humans inherit 22 pairs of autosomes and one pair of sex chromosomes for a total of 46
chromosomes.

• Abnormalities arise when humans inherit an extra autosome or an abnormal autosome.

24.1 INHERITANCE OF CHROMOSOMES (P. 488)

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


197

1. Match these terms with the descriptions. Karyotype, X and Y chromosomes, XX, homologous chromosomes,
autosomes, Down syndrome, XY
_____________ a. Name for this type of display of a person’s chromosome
_____________ b. Sex chromosomes
_____________ c. All chromosomes but the sex chromosomes
_____________ d. Pairs of chromosomes
_____________ e. Female
_____________ f. Male
_____________ g. Three of chromosome 21

2. Down syndrome arises when the egg has two copies of chromosome 21. Complete this diagram to illustrate
the occurrence of nondisjunction during meiosis I (left-hand side) and nondisjunction during meiosis II
(right-hand side).

a.

Following fertilization, if the zygote has one more chromosome than usual, a b.______________ has occurred. On
the other hand, if the zygote has one less than usual, a c.______________ has occurred.

3. Identify the types of chromosomal mutations shown in the following illustration.

Pair of 
homologous
chromosomes

Pair of 
homologous
chromosomes

Nondisjunction

Nondisjunction
Meiosis II

Normal meiosis I

Normal meiosis II

Abnormal gametes:
two gametes have one extra and two gametes 
have one less chromosome than normal.

Gametes have 
usual number of 
chromosomes.

One gamete has
one extra and the 
other has one less 
chromosome.

a.

a

b

c

d

e

f

g

a

b

e

f

g

d

c

c.

a

b

c

d

e

f

g

b

e

f

g

c

d

b.

a

b

c

d

e

f

g

l
m

n

o

p

q

r

a

b

c

d

e

q

r

l

n

o

p

m

f

g

d.

a

b

c

d

e

f

g

b

e

f

g

c

d

a

e

d

Cri du chat is due to which of these mutations? e.______________
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24.2 INHERITANCE OF SEX CHROMOSOMES (P. 492)

• Normally, males are XY and females are XX.
• Abnormalities arise when humans inherit an incorrect number of sex chromosomes.

4. Since males are XY and females are XX, the gender of the individual is normally determined by the
a.______________ parent depending on whether the offspring receives and b._______ or a c._______ chromosome.

5. Match the following conditions to each of the descriptions below. Terms can be used more than once.
1. Turner syndrome
2. Klinefelter syndrome
3. triplo-X individual
4. Jacobs syndrome
5. fragile X syndrome

a. female with no apparent physical abnormalities
b. hyperactive as children, protruding ears as adults, mentally retarded
c. male with some breast development, large hands
d. XYY male
e. XXY male
f. XXX female
g. XO female
h. X chromosome is nearly broken, leaving its tip hanging
i. female with no Barr body

24.3 SEX-LINKED INHERITANCE (P. 496)

• Certain traits, unrelated to the gender of the individual, are controlled by genes located on the sex
chromosomes.

• Males always express X-linked recessive disorders because they inherit only one X chromosome.

6. If XB = normal vision and Xb = color blindness, state the sex and the phenotype of each of these genotypes.

XBXB a. _________________________

XBXb b. _________________________

XbXb c. _________________________

XBY d. _________________________

XbY e. _________________________

7. Explain why more males than females have X-linked genetic disorders. a. ________________________________

sons inherit the disorder from their mothers. b. ________________________________________________________

8. Indicate the genotype of each person in the following pedigree chart. Use alleles A or a attached to an X
chromosome in each case.

a.

How do you know that this is a pedigree chart for an X-linked recessive trait? b.___________________________

9. Match the disorders in the key to the descriptions that follow: hemophilia, muscular dystrophy, color
blindness

a. muscle weakness
b. can’t see reds and greens
c. bleeder’s disease
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10. Use the Punnett square to show the expected outcome if a color-blind woman reproduces with a
man who has normal vision

What are the chances of a color-blind daughter? a.______________

What are the chances of a color-blind son? b.______________.

11. A son is color blind, but his mother and father are not color-blind. Give the genotype of all
persons involved.

son ___________________

mother ________________

father _________________

12. What is the genotype of a woman who is homozygous for widow’s peak and a carrier for color blindness? 
________________________________________________________________________________________

13. Some traits, such as patterned baldness, are influenced by the sex of the individual, although the genes for that
trait are found on a. __________________ chromosomes. Such traits are called b. __________________ traits.
Patterned baldness is believed to be influenced by the male sex hormone c. __________________. Therefore
more (males/females) d. __________________ have the characteristic.

199

• Alleles that occur in the same chromosome form a linkage group and tend to be inherited together.

14. All the genes on one chromosome form a linkage group and tend to be inherited together. Mendel’s law of

independent assortment ______________ (does/does not) hold for linked genes.

In questions 15–17, consider that, in humans, arched eyebrow (E) is dominant over curved eyebrow (e), and hitchhiker
thumb (T) is dominant over normal thumb (t). Imagine that these two genes are linked and that two dihybrids having
these gametes reproduce.

15. From the diagram, indicate the phenotype for the following offspring:
a.______________
b.______________
c.______________
d.______________

16. What is the phenotypic ratio among the offspring?
a.______________ What would the ratio have been if the

genes were on nonhomologous chromosomes,

according to Mendel? b.______________

17. What are the chances (percent) that the offspring will have the following? curved eyebrows and normal

thumbs a.______________, arched eyebrows and hitchhiker thumbs b.______________, arched eyebrows and

normal thumbs c.______________, curved eyebrows and hitchhiker thumbs d._______________. Is it correct to

say that linkage cuts down on the possible number of phenotypes? e.______________ If crossing-over between the

alleles occurs during meiosis, which of the genotypes would occur but in limited number? f.______________ and
g.______________

24.4 LINKED GENES (P. 500)
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CHAPTER TEST
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OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. Which phrase best describes the human karyotype?

a. 46 pairs of autosomes
b. one pair of sex chromosomes and 23 pairs of

autosomes
c. X and Y chromosomes and 22 pairs of auto-

somes
d. one pair of sex chromosomes and 22 pairs of

autosomes
2. The gene arrangement on a chromosome changes

from ABCDEFG to ABCDEDEFG. This is an ex-
ample of
a. deletion.
b. duplication.
c. inversion.
d. linkage.

3. Which of the following conditions is NOT an
example of a chromosomal mutation?
a. inversion
b. translocation
c. deletion
d. duplication
e. linkage

4. Which chromosomal mutation does NOT require
the presence of another chromosome?
a. translocation
b. duplication
c. inversion
d. All of these are correct.

5. Which type of chromosomal mutation occurs
when two simultaneous breaks in a chromosome
lead to the loss of a segment?
a. inversion
b. translocation
c. deletion
d. duplication

____ 6.Which of these is an autosomal abnormality?
a. Turner syndrome
b. Down syndrome
c. Klinefelter syndrome
d. triplo-X syndrome

____ 7.XYY (Jacob syndrome) males occur, due to
nondisjunction during
a. oogenesis.
b. spermatogenesis.
c. fertilization.
d. mitosis.

____ 8.Which condition is more likely to occur when
the mother is over age 40?
a. Turner syndrome
b. triplo-X syndrome
c. Down syndrome
d. Klinefelter syndrome

Questions 9 and 10 pertain to this pedigree chart.

____9. The allele for this disorder is
a. dominant.
b. recessive.
c. X-linked.
d. None of these is correct.

10. The genotype of the starred individual is
a. Aa
b. aa
c. XAXa

d. XAYa

11. A woman who is a carrier for color blindness re-
produces with a man who has normal color vi-
sion. What is the chance they will have a
color-blind daughter?
a. 50%
b. 25%
c. 100%
d. no chance

12. A color-blind woman reproduces with a man who
has normal color vision. Their sons will
a. be like the father because the trait is X-linked.
b. be like the mother because the trait is X-linked.
c. all have normal color vision.

13. A girl is color blind.
a. She received a color-blind allele from her

mother.
b. She received a color-blind allele from her

father.
c. All her sons will be color blind.
d. Her father is color blind.
e. All of the above are correct.

14. Which chromosome has genes to determine male
genital development?
a. chromosome 5
b. chromosome 10
c. chromosome 21
d. X chromosome
e. Y chromosome

grandfather

color blindnormal

normalnormal carrier

normal carriernormal color blind

daughter

grandson
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15. The ____ genotype indicates carrier female for
color blindness.
a. XBXB

b. XBXb

c. XbXb

d. XBY
e. XbY 

16. The cri du chat syndrome in which an infant’s cry
resembles a cat’s cry is due to a (an)
a. deletion.
b. duplication.
c. inversion.
d. translocation.
e. invocation.

17. Which of the following statements is NOT correct?
a. Females have an XX genotype.
b. Males have an XY genotype.
c. An egg always bears an X chromosome.
d. Each sperm cell has an X and Y chromosome.
e. The sex of the newborn child is determined by

the father.
18. Which of the following genotypes do NOT have

the correct number of Barr bodies?
a. XY — none
b. XO — one
c. XX — one
d. XXY — one
e. XXX -— two

19. Which of the following is NOT a characteristic
of an X-linked recessive disorder?
a. More males than females are affected.
b. An affected son can have parents who have

the normal phenotype.  
c. For a female to have the characteristic, her

father must also have it.
d. The characteristic often skips a generation

from the grandmother to the granddaughter.
e. If a woman has the characteristic, all of her sons

will have it.

20. Which of the following is NOT considered an
X-linked recessive disorder?
a. Tay-Sachs disease
b. color blindness
c. hemophilia
d. muscular dystrophy (some forms)
e. agammaglobulinemia

21. Which of the following statements is NOT true
about a linkage group?
a. It includes all alleles on one chromosome.
b. Traits controlled by linked genes tend to be in-

herited together.
c. If linkage is complete, a dihybrid produces

only two types of gametes in equal proportion.
d. Incomplete linkage can be due to crossing-

over between nonsister chromatids.
22. The X-linked disease prevalent among royal fam-

ilies of Europe at the turn of the century was
a. muscular dystrophy.
b. color blindness.
c. hemophilia.
d. fragile-X syndrome.
e. cri du chat syndrome.

201

THOUGHT QUESTIONS

Answer in complete sentences.
23. Why is it evident that a gene for maleness exists on the Y chromosome?

24. Why are color-blind women rare?

Test Results: ______ Number right ÷ 24 = ______ × 100 = ______ %
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STUDY EXERCISES

1. a. karyotype b. X and Y chromosomes c. autosomes
d. homologous chromosomes e. XX f. XY g. Down
syndrome 2. a. See Figure 24.2 in text. b. trisomy
c. monosomy 3. a. inversion b. translocation c. dele-
tion d. duplication e. deletion 4. a. male b. X c. Y
5.a . 3 b. 5 c. 2 d. 4 e. 2 f. 3 g. 1 h. 5 i. 1 6. a. fe-
male with normal vision b. female who is a carrier
c. female who is color blind d. male with normal vision
e. male who is color blind 7. a. If a male inherits the re-
cessive gene, he always has the disorder b. only moth-
ers pass on an X chromosome to their sons. 8. a. top:
XaY, XAXA middle: XAXA, XAY, XAXA, XAY, XAXa,
XAY bottom: XAY, XAY, XAY, XAXA ,  XAXA ,  XaY
b. only males have the disorder, and it passes from grand-
father to grandson by way of a female. 9. a. muscular
dystrophy b. color blindness c. hemophilia 10. a. none

b. 100% 11. son XbY, mother XBXb, father XBY
12. WWXBXb 13. a. autosomal b. sex-influenced
c. testosterone d. males 14. does not 15. a. arched
eyebrow and hitchhiker thumb b. curved eyebrow and nor-
mal thumb c. arched eyebrow and hitchhiker thumb
d. arched eyebrow and hitchhiker thumb 16. a. 3:1
b. 9:3:3:1 17. a. 25% b. 75% c. 0% d. 0% e. yes
f. curved eyebrow and hitchhiker thumb g. arched eye-
brow and normal thumb

CHAPTER TEST

1. d 2. b 3. e 4. c 5. c 6. b 7. b 8. c 9. b 10. c
11. d 12. b 13. e 14. e 15. b 16. a 17. d
18. b 19. d 20. e 21. d 22. c 23. Any individual
receiving a Y chromosome is male. 24. A color-blind
woman has to receive an allele for color blindness from
both parents. If she receives only one allele for color
blindness and one normal allele, she will not be color
blind.

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


203

DNA, the genetic material, is a double helix containing
the nitrogen bases A (adenine) paired with T (thymine)
and G (guanine) paired with C (cytosine). During repli-
cation, DNA “unzips,” and then a complementary strand
forms opposite to each original strand.

DNA specifies the synthesis of proteins because it
contains a triplet code: every three bases stand for one
amino acid. During transcription, mRNA is made com-
plementary to one of the DNA strands. mRNA, bearing
codons, moves to the cytoplasm, where it becomes associated
with the ribosomes. During translation, tRNA mole-
cules, attached to their own particular amino acids, travel
to a ribosome, and through complementary base pair-
ing between anticodons and codons, the tRNAs and
therefore the amino acids in a polypeptide are sequenced
in a predetermined way.

The following levels of control of gene expression
are possible in eukaryotes: transcriptional control, post-
transcriptional control, translational control, and post-
translational control. 

The prokaryote operon model explains how one
regulator gene controls the transcription of several struc-

tural genes, genes that code for proteins. In eukaryotes,
the chromosome has to decompact before transcription
can begin. Transcription factors attach to DNA and turn
on particular genes. 

In molecular terms, a gene is a segment of DNA,
and a mutation is a change in the normal sequence of
nucleotides of this segment. Frameshift mutations re-
sult when a base is added or deleted and the result is a
nonfunctioning protein. Point mutations can range in ef-
fect, depending on the particular codon change. Gene
mutation rates are rather low, because DNA polymerase
proofreads the new strand during replication and be-
cause there are repair enzymes that constantly monitor
the DNA. 

Cancer is characterized by a lack of control: the
cells grow uncontrollably and metastasize. Cancer de-
velopment is a multistep process involving the muta-
tion of genes. Proto-oncogenes and tumor-suppressor
genes are normal genes that bring on cancer when they
mutate because they code for factors involved in cell
growth.

25
MOLECULAR BASIS OF INHERITANCE

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• DNA is the genetic material, and therefore, its structure and functions constitute the molecular basis of
inheritance.

• DNA is able to replicate, and in this way genetic information is passed from one cell generation to the next.

25.1 DNA STRUCTURE AND REPLICATION (P. 506)
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1. The diagram of the Hershey and Chase experiment that follows shows that the two separate experiments used
32P to label a.______________ and 35S to label b.______________ of viruses. In each experiment, the viruses
were allowed to infect bacteria, and then a blender was used to separate the viral coats from the bacteria.
Radioactivity was found inside the cell only when c.______________ was labeled. Since replication of viruses
followed, the hypothesis that d.______________ is the genetic material was supported. 
Label the diagram.

2. Four different nucleotides are found in DNA. Check the way(s) these nucleotides differ.
a. They differ in their sugar content.
b. They differ in their phosphate content.
c. They differ in their base content.

3. What are the four different nucleotide bases in DNA? __________________________________________________

i. ________________ j. _______________

h. ______________

k. _____________

g. _______________

e. ________________ f. _______________

Viral DNA Labeled Viral Coat Labeled
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4. Examine the following diagram, which shows the ladder structure of
DNA:

DNA is a polymer of a.______________.

Draw a box around one nucleotide. b.

The molecules making up the sides of the ladder are c.______________.

Label a sugar and a phosphate. d.

What is meant by the phrase complementary base pairing?
e.______________

Fill in the bases that are complementary to those on the left. f.

What do you have to do to the ladder structure to have it match the

Watson and Crick model? g.______________

Explain what is meant by “double-stranded helix.” h. ___________________________________________________

_______________________________________________________________________________________________

Explain what is meant by “antiparallel strands.” i.______________________________________________________

_______________________________________________________________________________________________

5. Study the following diagram of replication:

The bases in parental DNA are held together by what type

of bond (not shown)? a.______________

What happens to these bonds for replication to take place?
b.______________

During replication, new nucleotides move into proper

position by what methodology? c.______________

Elongation of DNA is catalyzed by an enzyme called
d.______________.

When replication is finished there will be two DNA

molecules.

Each double helix consists of an e.______________ strand and a f.______________ strand. Therefore, the process is

called g.______________.

Each double helix has (the same, a different)  h. ______________ sequence of complimentary paired bases.

T

C

G

A

G

5' End 3' End

3' End 5' End
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DNA
double helix

DNA

a.

mRNA

polypeptide

codon 1 codon 2 codon 3
b.

25.2 GENE EXPRESSION (P. 510)

• DNA specifies the synthesis of proteins, a process that also requires the participation of RNA.

6. Place an x beside all those statements that are true concerning gene expression.
a. Inborn errors of metabolism are due to the inheritance of faulty enzymes.
b. Inborn errors of metabolism are due to the inheritance of faulty proteins.
c. A gene is a segment of DNA that specifies the sequence of amino acids in a protein.
d. A gene is a segment of DNA that specifies the sequence of amino acids in a polypeptide.

7. Since genes (DNA) reside in the a.______________ of the cell and polypeptide synthesis occurs in the
b.______________, they must have a go-between. The most likely molecule to fill this role is c.______________.

8. Indicate whether the following statements about differences between DNA and RNA are true (T) or false (F):
a. DNA is double stranded; RNA is single stranded.
b. DNA is a polymer; RNA is a building block of that polymer.
c. DNA occurs in three forms; RNA occurs in only one.
d. The sugar of DNA is ribose, which is absent in RNA.
e. Uracil, in RNA, replaces the base thymine, found in DNA.

9. Complete this table to describe the function of the various types of RNA involved in protein synthesis.

RNA Function

messenger RNA (mRNA) a. _______________________________________________

ribosomal RNA (rRNA) b. _______________________________________________

transfer RNA (tRNA) c. _______________________________________________

10. Label this diagram, which pertains to the central dogma of molecular biology.
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11. Study the following figure which lists the mRNA codons.

What does it mean to say that the genetic code is a triplet code? a. ________________________________________

What are the mRNA codons for leucine? b. ____________________________________________________________

_______________________________________________________________________________________________

12. Complete this paragraph to describe transcription.

During transcription, an RNA molecule is formed that has a sequence of bases a.______________ to a

portion of one DNA strand.

The bases pair in this manner: A in DNA pairs with b.______________ and G pairs with c.______________

(and vice versa) in the mRNA being formed. If the sequence of bases in DNA is CGA AGC TCT, then the

sequence in mRNA is d. __________________________________________________________________________

Why is there a space between every three bases? e.___________________________________________________

_________________________________________________________________________________________________

_________________________________________________________________________________________________

13. Which one, exons or introns, is spliced out when primary RNA is processed? a. ____________________________

Organic catalysts called b.______________________ do the splicing.

UUU
phenylalanine

UCU
serine

UAU
tyrosine

UGU
cysteine U

C

A

G

U

C

A

G

U

C

A

G

U

C

A

G

U

U C A G

G

A

C

UUC
phenylalanine

UCC
serine

UAC
tyrosine

UGC
cysteine

UUA
leucine

UCA
serine

UAA
stop

UGA
stop

UUG
leucine

UCG
serine

UAG
stop

UGG
tryptophan

CUU
leucine

CCU
proline

CAU
histidine

CGU
arginine

CUC
leucine

CCC
proline

CAC
histidine

CGC
arginine

CUA
leucine

CCA
proline

CAA
glutamine

CGA
arginine

CUG
leucine

CCG
proline

CAG
glutamine

CGG
arginine

AUU
isoleucine

ACU
threonine

AAU
asparagine

AGU
serine

AUC
isoleucine

ACC
threonine

AAC
asparagine

AGC
serine

AUA
isoleucine

ACA
threonine

AAA
lysine

AGA
arginine

AUG (start)
methionine

ACG
threonine

AAG
lysine

AGG
arginine

GUU
valine

GCU
alanine

GAU
aspartic acid

GGU
glycine

GUC
valine

GCC
alanine

GAC
aspartic acid

GGC
glycine

GUA
valine

GCA
alanine

GAA
glutamic acid

GGA
glycine

GUG
valine

GCG
alanine

GAG
glutamic acid

GGG
glycine

Second
Base

Third
Base

First
Base

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


208

14. Label the following diagram to describe translation.

U G G

U A G G C A C C A A A G

U
A

U

C
A

C
G

c.

d.

e.

b.

a.

15. Two types of RNA are seen in the previous diagram. Ribosomal RNA (rRNA) plus proteins make up the
ribosomes. Each ribosome is composed of a a. ______________ subunit and a b. ______________ subunit.
Transfer RNA is the second type of RNA in the diagram. At one end an c. ______________ attaches and at the
other end there is an d. ______________, which is complementary to a codon in mRNA.

16 The three steps in protein synthesis are a. ______________, when the ribosomal subunits b. __________; and
c. ______________, when a polypeptide is d. ______________; and e. ______________, when the last tRNA,
the mRNA, and the ribosome f. ______________.

17. During elongation, the sequence of a. ______________ in mRNA dictates the order of b. ______________ in
the polypeptide. For example, if the sequence of bases in mRNA is UUU UUA AUU GUC CCA, the sequence
of amino acids in the polypeptide according to the figure in question 18 will be c. _______________________.
Because several ribosomes called a d. ______________ can move along one mRNA molecule, (one/many)
e. ______________ polypeptides of the same type can be synthesized at a time.

25.3 CONTROL OF GENE EXPRESSION (P. 517)

• In prokaryotes, regulator genes control the activity (expression) of other genes.
• In eukaryotes, the control of gene expression occurs at all stages, from transcription to the activity of proteins.

18. Complete the following table:

Levels of Control of Gene Activity Affects the Activity of
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19. Label this diagram of a lac operon using the following terms:
mRNA
operator
promoter
regulator gene
repressor protein
structural genes
transcription is prevented

What type of cell utilizes operators? h.______________

20. What are transcription factors? a.________________________________________________________________________
_________________________________________________________________________________________________

What type of cell has transcription? b. ____________________________________________________________________

25.4 GENE MUTATIONS (P. 520)

• Gene mutations range from those that have little effect to those that have an extreme effect.

21. Match these terms to the statements following: frameshift, point, mutagen transposons
a. type of mutation (requires two)
b. environmental influence that causes mutations
c. DNA sequence that can move between chromosomes
d. The codons AAU GUA CCU GGU become AUG UAC CUG GU
e. The codons AAU GUA CCU GGU become AUU CUA CCU GGU

25.5 CANCER:A FAILURE OF GENETIC CONTROL (P. 522)

• Cancer develops when there is a loss of genetic control over genes involved in cell growth and/or cell
division.

22. Complete the following table:

Characteristics of Normal Cells Characteristics of Cancer Cells

controlled growth a.

contact inhibition b.

one organized layer in tissue culture c.

differentiated cells d.

normal nuclei e.

23. Instead of growing in a.______________ layer(s), as normal cells do, cancer cells grow in b.______________

layer(s), losing the property of c.______________ inhibition. Cancer cells divide to form a growth, or
d.______________. The cells of e.______________ tumors remain in one place. The cells of f.______________

tumors wander, a characteristic called g.______________.

a.

b. c. d.

e.

f.
g.
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24. Put an x beside those items that pertain to a regulatory network that controls the cell cycle in cells.
a. growth factor receptors in plasma membrane
b. signaling proteins within cytoplasm
c. various genes in nucleus
d. proteins that directly control the cell cycle
e. oncogenes and tumor-suppressor genes

25. Match the statements following with proto-oncogenes (P), oncogenes (O), tumor-suppressor genes (T), or
mutated tumor-suppressor gene (MT)

a. cell division is always promoted (requires two)
b. normal genes in cells that regulate cell division (requires two)
c. mutated genes that cause cancer (requires two)

Gene Expression Maze

Can you find your way through the maze to a polypeptide by identifying each of the components depicted?

a. _________________________________________

b. _________________________________________

c. _________________________________________

d. ______________________________________

e. _________________________________________

f. __________________________________________

a.

b.

c.

d.

h.

g.

i,

e.

f.
j.

g. _________________________________________

h. _________________________________________

i. ______________________________________

j. __________________________________________

If you identified all correctly, you have found
your way out.
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CHAPTER TEST

Do not refer to the text when taking this test.
1. Hershey and Chase found that

a. the entire virus enters bacteria, so determin-
ing whether the protein coat or the DNA con-
trols replication of viruses is difficult.

b. just the protein coat enters bacteria and con-
trols replication of viruses.

c. just the DNA enters bacteria and controls
replication of viruses.

d. the protein coat must be digested for DNA to
control replication of viruses.

2. In a DNA molecule, the sugar
a. bonds covalently to phosphate groups.
b. bonds covalently to nitrogen-containing bases.
c. is deoxyribose.
d. All of these are correct.

3. If the structure of DNA is compared to a ladder,
then the
a. sides of the ladder consist of phosphate and

sugar.
b. rungs of the ladder are hydrogen-bonded bases.
c. ladder is twisted.
d. All of these are correct.

4. Semiconservative replication means that
a. sometimes DNA can replicate and sometimes

it cannot—this accounts for aging.
b. sometimes daughter DNA molecules are exact

copies of parental molecules and sometimes
they are not, so that genetic variability may
occur.

c. DNA molecule consists of an old strand and
a new strand.

d. All of these are correct.
5. Which is(are) correct regarding DNA?

a. C is paired with G.
b. The sugar is deoxyribose.
c. Hydrogen bonds exist between the bases.
d. All of these are correct.

6. Before replication begins,
a. enzymes must be present.
b. the parental strands must unzip.
c. “free” nucleotides must be present.
d. All of these are correct.

7. Select the incorrect association.
a. mRNA—takes DNA message to the ribosome
b. mRNA—takes amino acids to the ribosome
c. rRNA—combines with protein in ribosomal

subunits
d. tRNA—has an anticodon

OBJECTIVE QUESTIONS

8. The base sequence of DNA is ATAGCATCC. The
sequence of RNA transcribed from this strand is
a. ATAGCATCC.
b. CCTACGATA.
c. CCUACGAUA.
d. UAUCGUAGG.

9. An mRNA base sequence is UUAGCA. The two
anticodons complementary to this are
a. AAT CGT.
b. AAU CGU.
c. TTA GCA.
d. UUA GCA.

10. A DNA base sequence changes from ATGCGG
to ATGCGC. This type of mutation is
a. deletion.
b. frameshift.
c. point.
d. translocation.

11. Which of the following pairs is NOT a valid com-
parison of DNA and RNA?

DNA RNA
a. double helix single stranded
b. replicates replicates
c. deoxyribose ribose
d. thymine uracil

12. Which of these is true of an anticodon but is not
true of a codon?
a. part of an RNA molecule
b. sequence of three bases
c. part of a tRNA molecule
d. part of a mRNA molecule

13. RNA nucleotides are joined during transcription
by
a. helicase.
b. DNA polymerase.
c. RNA polymerase.
d. ribozymes.

14. In the DNA double helix, if 20% of the bases are
A, then ______________ of the bases are G.
a. 10%
b. 20%
c. 30%
d. 80%

15. Which of these is happening when translation
takes place?
a. mRNA is still in the nucleus.
b. tRNAs are bringing amino acids to the 

ribosomes.
c. rRNA is exposing its anticodons.
d. DNA is being replicated.
e. All of these are correct.
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16. If the triplet code in DNA is TAG, what is the 
anticodon?
a. UTC
b. AUG
c. UAG
d. ATG

17. A drug prevents the exit of mRNA from the nu-
cleus. This control is
a. transcriptional.
b. posttranscriptional.
c. translational.
d. posttranslational.

18. Which of the following does NOT describe the
behavior of cells in a malignant tumor?
a. carry out metastasis
b. lose the ability of contact inhibition
c. multiply rapidly
d. remain in one site

19. Which of the following is NOT a suggested mea-
sure to prevent cancer?
a. Avoid foods of the cabbage family.
b. Cut down on salt-cured foods.
c. Eat more high-fiber foods.
d. Increase the intake of vitamins A and C.

20. A promoter
a. turns on and off the transcription of a set of

structural genes.
b. binds to RNA polymerase.
c. codes for the enzymes necessary for the tran-

scription of polypeptides.
d. is an intron that breaks up a structural gene.

STUDY EXERCISES

1. a. DNA b. protein coats c. DNA d. DNA e.–k. see
Figure 25.1 in text 2. c 3. adenine (A), guanine (G),
cytosine (C), thymine (T) 4. a. nucleotides b. see fig-
ure that follows c. sugar (deoxyribose) and phosphate
d. see figure that follows e. A binds with T, and G binds
with C. f. see figure that follows g. twist h. Each nu-
cleotide polymer is a strand; when the ladder twists, a
helix results. i. The strands run opposite to one another.

THOUGHT QUESTIONS

Answer in complete sentences.
21. Compare the Mendelian concept of a gene to the biochemical concept of a gene.

22. Cancer research shows that there is communication from cytoplasm to the nucleus and from the nucleus to the
cytoplasm. Explain.

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %

ANSWER KEY

T A

C G

G C

A T

G C

sugar

phosphate
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5. a. hydrogen bond b. They become unzipped. c. com-
plementary base pairing d. DNA polymerase e. old
f. new g. semiconservative h. the same. 6. a, b, c, d
7. a. nucleus b. cytoplasm c. RNA. 8. a. T b. F c. F
d. F e. T 9. a. takes a message from DNA in the nucleus
to the ribosomes in the cytoplasm b. is found in ribo-
somes, where proteins are synthesized c. transfers amino
acids to the ribosomes 10. a. transcription b.translation
11. a. Every three bases stands for an amino acid. b. UUA,
UUG, CUU, CUC, CUA, CUG 12. a. complementary
b. U c. C d. GCU UCG ACA e. The code is a triplet
code and each codon contains three bases. 13. a. in-
trons b. ribozymes 14. a. amino acid b. mRNA c. an-
ticodon d. codon e. ribosome 15. a. large b. small
c. amino acid d. anticodon 16. a. initiation b. associ-
ate c. elongation d. lengthened e. termination f. dis-
sociate 17. a. bases b. amino acids c. phenylalanine,
leucine, isoleucine, valine, proline d. polyribosome
e. many
18.

Levels of Control Affects the 
of Gene Activity Activity of

transcriptional DNA

posttranscriptional mRNA during formation
and processing

translational mRNA life span during
protein synthesis

posttranslational protein

19. a. regulator gene b. promoter c. operator d. struc-
tural genes e. repressor bound to operator f. repressor

213

protein g. mRNA h. prokaryotes 20. a. factors that
must bind to DNA before transcription can begin. b. eu-
karyotes 21. a. frameshift, point b. mutagen c. trans-
posons d. frameshift e. point 22. a. uncontrolled growth
b. no contact inhibition c. disorganized, multilayered
d. nondifferentiated cells e. abnormal nuclei 23. a. one
b. multiple c. contact d. tumor e. benign f. malignant
g. metastasis 24. a, b, c, d, e 25. a. O, MT b. P, T
c. O, MT

GENE EXPRESSION MAZE

a. DNA b. mRNA c. nuclear pore d. ribosomal sub-
units e. ribosome f. amino acids g. tRNA h. an-
ticodon i. codon j. peptide chain

CHAPTER TEST

1. c 2. d 3. d 4. c 5. d 6. d 7. b 8. d 9. b
10. c 11. b 12. c 13. c 14. d 15. b 16. c
17. b 18. d 19. a 20. b 21. According to the
Mendelian concept, genes are portions of a chromosome
that are passed from one generation to the next. Accord-
ing to the biochemical concept, a gene is a portion of a
DNA molecule that specifies the sequence of amino acids
in a protein. The biochemical concept explains how genes
control metabolism. 22. Growth factors received by
plasma membrane receptors set in motion a series of
events in the cytoplasm that ends when certain genes are
turned on in the nucleus. These genes in turn control pro-
teins in the cytoplasm, some of which are involved in the
cell cycle.
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To clone a gene, a vector is first prepared. To genetically
engineer a plasmid or virus, restriction enzymes are
used to cleave plasmid DNA and to cleave foreign DNA.
The “sticky ends” produced facilitate the insertion of
foreign DNA into vector DNA. The foreign gene is sealed
into the vector DNA by DNA ligase. When the plasmid
replicates or the virus reproduces, the foreign gene is
cloned. 

A genomic library can be used as a source of genes
to be cloned. A radioactive or fluorescent probe is used
to identify the location of a single gene among the cloned
fragment of an organism’s DNA.

Restriction enzymes are used to fragment DNA. If
the entire genome is used for fingerprinting, the use of
probes is necessary in order to see a pattern following gel
electrophoresis. If just a portion of the genome is of in-
terest or available, polymerase chain reaction (PCR) uses
the enzyme DNA polymerase to make multiple copies of
target DNA. Analysis of DNA segments following PCR
can involve gel electrophoresis to identify the DNA as be-
longing to a particular organism or can involve deter-
mining the base sequence of the DNA segment.

Transgenic organisms have also been made. Ge-
netically engineered bacteria, agricultural plants, and

farm animals now produce commercial products of interest
to humans such as hormones and vaccines. Transgenic bac-
teria also perform bioremediation, extract minerals, and
produce chemicals. Transgenic agricultural plants have
been engineered to resist herbicides and pests. Trans-
genic animals have been given bovine growth hormone.
Pigs have been genetically altered to serve as a source of
organs for transplant patients. Cloning of animals is now
possible.

The Human Genome Project has two goals: con-
structing a genetic map of the chromosomes and se-
quencing the DNA bases. This information will probably
be of assistance to carrying out gene therapy. Gene ther-
apy is used to correct the genotype of humans and to cure
various human ills.

Ex vivo therapy involves withdrawing cells from the
patient, inserting a functioning gene, usually via a retro-
virus, and then returning the treated cells to the patient.
Many investigators are trying to develop in vivo ther-
apy, in which viruses, laboratory-grown cells, or syn-
thetic chemicals will be used to carry healthy genes into
the patient.

26
RECOMBINANT DNA
AND BIOTECHNOLOGY

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• Using recombinant DNA technology, bacteria and viruses can be genetically altered to clone a gene.
• A genomic library contains bacteria or viruses that carry fragments of all the DNA of a particular organism.
• The polymerase chain reaction (PCR) makes multiple copies of a particular piece of DNA segments. Analysis

of the DNA usually follows.

26.1 CLONING OF A GENE (P. 530)
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1. In the diagram, write the numbers of the following descriptions in the appropriate blanks:
1 Cloning occurs when host cell reproduces.
2 Host cell takes up recombined plasmid.
3 DNA ligase seals human gene and plasmid.
4 Restriction enzyme cleaves DNA.

bacterium
restriction
enzyme

cleaves DNA

DNA ligase seals human gene and plasmid

recombinant DNA

cloning

cloned insulin gene insulin

host cell takes up recombined plasmid

human cell

insulin gene

plasmid

human
DNA

a.

b.

c.

d.

2. What is meant by the expression that restriction enzymes produce “sticky ends”? _________________________

_________________________________________________________________________________________________
3. Change the following false statements to true statements:

a. Only plasmids are used as vectors during genetic engineering experiments. Rewrite: ____________________

_______________________________________________________________________________________________

b. Recombinant DNA contains two types of bacterial DNA recombined together. Rewrite: _________________

_______________________________________________________________________________________________

c. Genetic engineering usually means that an organism receives genes from a member of its own species.

Rewrite: _______________________________________________________________________________________

_______________________________________________________________________________________________

d. Gene cloning occurs when a gene produces many copies of various genes. Rewrite: _____________________

_______________________________________________________________________________________________
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4. Use the following diagram to help you complete this paragraph.

radioactive
probe

perform
radiography

transfer clones
onto membrane
and add probe

The clones on the petri dish are from a genomic library. What is a genomic library? a. ______________________

If these clones are from a mammalian cell, the genes are accompanied by b.______________ regions that are

necessary for the expression of mammalian genes. If these clones have been made using reverse

transcriptase, then the cDNA contains the c.______________ but not the introns. In the diagram, a

radioactive probe is being added to the petri dish. What is a probe? d. __________________________________

5. Explain the polymerase chain reaction by telling what polymerase refers to: a.______________ ; and what chain

reaction means: b.______________. At the beginning of the reaction, very little DNA may be available, but at

the end of the reaction c.______________ copies of a segment of DNA are available.

6. In DNA fingerprinting, a.______________ enzymes digest the two samples to be compared. b.______________

separates the fragments, and their different lengths are compared. If the pattern is similar, the samples are

from c.______________.

• Bacteria, agricultural plants, and farm animals have been genetically engineered to produce commercially
available products.

• Agricultural plants and farm animals have been genetically engineered to improve their yield.
• Farm animals have been genetically engineered to serve as a source of organs for human transplant patients.
• It is now possible to clone animals, and cloning is used to produce multiple copies of farm animals that have

been genetically engineered.

7. Complete the following table on transgenic organisms:

Type of Organism Engineered for What Purpose

8. The advantage of using bacteria to produce a product is that a. __________________________________________.

The advantage of using plants to produce a product is that b. ____________________________________________.

The advantage of using farm animals to produce a product is that c. ______________________________________.

9. Which of these is true of xenotrasplantation?
a. Xenotransplantation uses humans as a source of organs for transplants.
b. Xenotransplantation uses other species such as the pig as a source of organs for transplants.
c. Pigs can be genetically altered to prevent rejection of their organs by humans.
d. Other species can possibly pass new and different viruses to humans.

26.2 BIOTECHNOLOGY PRODUCTS (P. 534)
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10. Put these statements in the proper sequence to describe the making of a transgenic female goat which will
produce a medicine needed by humans in its milk.

a. Development within a host animal
b. Remove egg from donor animal.
c. Isolate a human gene.
d. Microinject the human gene into the egg of the donor animal.
e. Trangenic goat is born.

11. Put these statements in the proper sequence to describe the cloning of the transgenic goat produced in question 10.
a. Birth of cloned transgenic goats
b. Remove nuclei from adult cells of transgenic goat.
c. Collect the milk which contains the medicine of interest.
d. Development within host goats
e. Microinject 2n nuclei into the donor eggs.
f. Remove eggs form donor animal.

26.3 THE HUMAN GENOME PROJECT (P. 538)

• The Human Genome project has two goals: to genetically map each chromosome and to sequence the DNA
bases of each chromosome.

12. The Human Genome project has two goals, which are (1) to make a a. _________________________ map of
the human chromosomes and (2) to make a b. _________________________ map of the human chromosome.

13. Which one of these is not a step in sequencing the base pairs of DNA?
a. Cut the DNA into fragments.
b. Use a computer program to put the fragments in the correct order.
c. Use a DNA sequencer to order the base pairs.
d. Put the DNA into bacteria for cloning the fragments.

14. After eliminating the incorrect step in the preceding question, put the others in the correct order.
________________________

15. State two benefits for human beings if we knew the sequence of the bases in the human genome.

a. _______________________________________________________________________________________

b. _______________________________________________________________________________________

26.4 GENE THERAPY (P. 539)

• Gene therapy is now being used to replace defective genes with healthy genes and to help cure various human ills.

16. Change these false statements to true statements.

a. Ex vivo methods of gene therapy require that the therapeutic gene be placed in the body either directly or

by using a viral vector. Rewrite: ____________________________________________________________

______________________________________________________________________________________

b. A common ex vivo method is to microinject normal genes into bone marrow stem cells removed from the

patient. Then the stem cells are returned to the patient. Rewrite: __________________________________

_______________________________________________________________________________________________

c. Gene therapy is currently restricted to curing genetic diseases and is not used to treat illnesses like cystic fibrosis or

cardiovascular diseases. Rewrite: ____________________________________________________________________

_______________________________________________________________________________________________

http://www.mhhe.com/biosci/genbio/maderinquiry9
http://www.mhhe.com/biosci/genbio/maderinquiry9/student/olc/index.htm
http://www.mhhe.com


CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. Select the incorrect description of a plasmid.

a. used as vector
b. consists of chromosomal DNA
c. found in some bacteria
d. small, ringlike structure

2. Restriction enzymes
a. cleave DNA into small fragments.
b. restrict the growth of eukaryotic cells.
c. seal pieces of DNA together.
d. serve as introns in cells.

3. The problem with using pigs as a source of human
organs is
a. it’s not possible to genetically alter pig cells

to avoid rejection.
b. their organs are too small in comparison to

human organs.
c. pig organs might carry viruses that would be

new to humans.
d. transplant patients would rather die than re-

ceive organs from a pig.
4. To clone a transgenic animal, you have to have

a. an egg donor.
b. special food to feed them.
c. a way to protect human beings from coming

in contact with transgenic animals.
d. a transgenic animal.
e. both a and d

5. A final step in the use of a plasmid to clone a
gene is
a. to insert a foreign gene into a bacterium.
b. to introduce a plasmid into a treated cell.
c. to remove a plasmid from a bacterium.
d. plasmids reproduce in a treated cell.

6. The bacteriophage lambda is used as a
a. cleavage agent for DNA in a virus.
b. cleavage agent for RNA in a virus.
c. vector to carry rDNA into bacterial cells.
d. vector to carry rDNA into eukaryotic cells.

7. A transgenic organism is
a. free-living and receives a foreign gene.
b. free-living and transmits a foreign gene.
c. parasitic and receives a foreign gene.
d. parasitic and transmits a foreign gene.

8. The Human Genome Project
a. will probably take about 50 more years more

to complete.
b. has no usefulness to humans.
c. will result in knowing the base pair sequences

of all the DNA in a human.
d. must be carried out by government employ-

ees because the results are top secret.

9. Gene therapy is
a. on the back burner because human genes are

so different from one another.
b. going full speed ahead despite its being still

investigative.
c. the use of foreign genes to cure a human ill.
d. both a and c
e. both b and c

10. Genetically engineered plants have been or will
be used to
a. resist insects.
b. resist herbicides.
c. produce protein-enhanced beans, corn, and

wheat.
d. produce animal neuropeptides, blood factors,

and growth hormones.
e. All of these are correct.

11. ______ is a protein that activates an enzyme to dis-
solve blood clots.
a. tPA
b. Clotting factor VIII
c. Atrial natriuretic factor
d. bGH
e. DNA ligase

12. Genetically engineered bacteria can be used to
a. protect plants from frost.
b. clean up oil spills on beaches.
c. produce organic chemicals.
d. extract copper and gold from low-grade

sources.
e. All of these are correct.

13. A DNA probe will seek out and bind to any
complementary
a. DNA.
b. RNA.
c. plasmid.
d. organoid.
e. restriction enzyme.

14. Which of these would you NOT expect to be a
biotechnology product produced by a bacterium?
a. steroid sex hormones
b. sex hormones
c. nucleic acids
d. both b and c

15. If a cell is altered while outside the human body
for gene therapy, it is considered ______________
therapy.
a. ex vivo
b. in vivo
c. in vitro
d. extraneous
e. intravenous
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16. Which of the following is NOT needed to make
a recombinant DNA molecule?
a. foreign DNA
b. vector DNA
c. restriction enzymes
d. DNA ligase
e. DNA polymerase

17. Foreign DNA can be inserted into vector DNA
because both DNA molecules
a. have the same genes.
b. have the same bases.
c. have “sticky ends.”
d. are not complementary to each other.

18. Which enzyme is used to seal breaks in a DNA
molecule?
a. DNA polymerase
b. RNA polymerase

c. restriction enzymes
d. DNA ligase
e. RNA ligase

19. Possible uses for biotechnology include
a. production of vaccines.
b. production of drugs for health.
c. altered bacteria to clean up oil spills.
d. study how mammalian genes function.
e. All of these are correct.

20. The gene for ______________ will result in in-
creased milk production in cows.
a. bGH
b. tPA
c. insulin
d. erythropoietin
e. interferon
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THOUGHT QUESTIONS

Answer in complete sentences.
21. How do studies of genetic engineering prove that the genetic code is nearly universal?

22. What do you think are some objections our society may have regarding genetic engineering?

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %
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STUDY EXERCISES

1. a. 4 b. 3 c. 2 d. 1 2. Cleavage results in unpaired
bases. 3. a. Both plasmids and viruses are used . . .
b. contains DNA from two different sources c. . . . from
a member of a different species d. . . . many copies of
the same gene 4. a. a collection of clones that carry all
the genes of an organism b. regulatory c. exons d. sin-
gle-stranded DNA or mRNA that hybridizes (pairs) with
a gene of interest 5. a. DNA polymerase, the enzyme in-
volved in DNA replication b. the reaction occurs over
and over again c. many 6. a. restriction b. gel elec-
trophoresis c. from the same individual
7.

Type of Organism Engineered for What 
Purpose

bacteria to protect plants, for
bioremediation, to produce
chemicals, and to mine
metals

plants to resist insects, pesticides
and herbicides, and to make
products

animals to have improved qualities
and to make products

8. a. They will take up plasmids. b. They will grow from
single cells (protoplasts). c. The product is easily ob-
tainable in milk. 9. b, c, d 10. c, b, d, a, e 11. b, f,
e, d, a, c 12. a. genetic b. base sequence 13. d 14. a,
c, b 15. a. would be able to acquire normal genes for
gene therapy b. would be able to determine the genetic
illnesses of individuals 16. a. In vivo b. . . . use a viral
vector to carry normal genes. . . c. . . . is not restricted to
curing genetic disease and is used to treat illnesses. . .

CHAPTER TEST

1. b 2. a 3. c 4. e 5. d 6. c 7. a 8. c 9. b 
10. e 11. a 12. e 13. a 14. a 15. a 16. e
17. c 18. d 19. e 20. a 21. Genes transmitted to
new cells through vectors and other means are still tran-
scribed and translated by the same process and with the
same accuracy. 22. Some people may object to genetic
engineering on religious grounds because we are now
able to change the inherited characteristics of organisms,
including human beings. Some scientists have concerns
because a disease-causing transgenic bacterium may be
produced for which humans have no immunity or a trans-
genic bacterium, plant, or animal may be produced which
could wreak havoc in the environment.

ANSWER KEY
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The primitive atmosphere was a reducing atmosphere; it
had no free oxygen gas. In the presence of an outside en-
ergy source, such as ultraviolet radiation, the primitive
atmospheric gases reacted with one another to produce
small organic molecules.

Next, macromolecules evolved and interacted. 
The RNA-first hypothesis is supported by the discovery
of ribozymes, RNA enzymes. The protein-first hypoth-
esis is supported by the observtion that amino acids poly-
merize abiotically when exposed to dry heat. The
Cairns-Smith hypothesis suggests that macromolecules
could have originated in clay. The protocell must have
been a heterotrophic fermenter living on the preformed
organic molecules in the organic soup. Eventually the
DNA —> RNA —> protein self-replicating system
evolved, and a true cell came into being. 

The fossil record and biogeography, as well as com-
parative anatomy, development, and biochemistry, all
give evidence of evolution. The fossil record gives us
the history of life in general and allows us to trace the de-
scent of a particular group. Biogeography shows that
the distribution of organisms on earth is explainable by
assuming organisms evolved in one locale. Comparing the
anatomy and the development of organisms reveals a
unity of plan among those that are closely related. All
organisms have certain biochemical molecules in com-
mon, and similarities indicate the degree of relatedness.  

Evolution is described as a process that involves a
change in gene frequencies within the gene pool of a sex-
ually reproducing population. The Hardy-Weinberg law

states that the gene pool frequencies arrive at an equilibrium
that is maintained generation after generation unless dis-
rupted by mutations, genetic drift, gene flow, nonran-
dom mating, or natural selection. Any change from the
initial allele frequencies in the gene pool of a population
signifies that evolution has occurred.

Speciation is the origin of species. This usually re-
quires geographic isolation, followed by reproductive
isolation.

The evolution of several species of finches on the
Galápagos Islands is an example of adaptive radiation,
because each species has a different way of life, but all
species came from one common ancestor. 

Currently, there are two hypotheses about the pace
of speciation. Traditionalists support phyletic gradualism—
slow, steady change leading to speciation. A new model,
punctuated equilibrium, says that a long period of sta-
sis is interrupted by speciation.

Macroevolution concerns the relationship between
groups of organisms above species. Organisms are clas-
sified into species, genus, family order, class, and phy-
lum (division in the plant kingdom) and kingdom. The text
recognizes five kingdoms: Monera, Protista, Fungi,
Plantae and Animalia. Some investigators have sug-
gested that there should be a higher grouping called a
domain. There are three domains: the Archaea, the Bac-
teria, and the Eukarya. The Archaea and the Bacteria are
both prokaryotes, and all the eukaryotes are in the domain
Eukarya.
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PART VI EVOLUTION AND DIVERSITY

27
ORIGIN AND EVOLUTION OF LIFE

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

27.1 ORIGIN OF LIFE (P. 548)

• A chemical evolution proceeded from atmospheric gases to small organic molecules to macromolecules to
protocell(s).

• The first cell was bounded by a membrane and contained a replication system, that is, DNA, RNA, and
proteins.
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1. In the top half of the diagram, place the following labels next to the correct arrows: cooling, energy capture,
and polymerization. Then place the following labels in the boxes: gases, macromolecules, plasma membrane,
primitive earth, and small organic molecules.
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e. _______________

protocell

c. _______________

a. _______________

b. _____________

f. ____________
C

h
em
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al

 E
vo
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ti

o
n

B
io

lo
g
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al
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vo
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o
n

g. ___________

photosynthesis aerobic respiration

d. ______________

cell

h. ___________

2. A student decides to reproduce Miller’s experiment, and she assembles all the necessary tubing and adds the

proper gases. What is still needed and why? __________________________________________________________

                                                                                                 

3. A student decides to reproduce Fox’s experiment, and he puts a solution of amino acids on heated rocks. What

is still needed and why?                                                                      

                                                                                        

4. What is the evidence for suggesting that it was an “RNA world” some 4 billion years ago?                 

                                                                                        

5. Indicate whether the following statements about the protocell are true (T) or false (F):
a. carried on aerobic respiration
b. was a heterotrophic fermenter
c. contained a self-replication system that allowed it to reproduce
d. had a plasma membrane

6. To be a true cell, which statement, labeled as false in question 5, must be fulfilled? a.______________ Add the
label self-replication system to the diagram in question 1. b.______________

7. Why does it seem logical that the protocell was heterotrophic? a._________________________________________

Why would the protocell have been a fermenter? b. _____________________________________________________

8. Rearrange the letters to indicate the order of events in the evolution of a self-replication system, assuming that

it was an “RNA world” at the time. __________________________________________________________________
a. replication of RNA
b. reverse transcription of DNA
c. RNA → proteins
d. DNA → RNA → proteins
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9. Label each of the following as describing the primitive (P) atmosphere of the earth or the current (C)
atmosphere of the earth:

a. It exists without the ozone shield.
b. It favors the polymerization of organic molecules.
c. It is a reducing atmosphere.
d. It is an oxidizing atmosphere.
e. It tends to break down organic molecules.
f. Oxygen-producing autotrophs made it.
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• Many fields of biology provide evidence that common descent has occurred.

10. Earth is about 4.6 billion years old, life evolved in the form of prokaryotes about a. _______ billion years ago,
and eukaryotic cells arose about 2.1 billion years ago.  Evolution explains the unity and the b. _____ of life.
All living things share the same fundamental characteristics because they descended from a common
c. ______________. d. _____________ are the remains and traces of past life and are found embedded in
e. ____________________ rock. f. _____________________ are biologists who discover and study the fossil
record. g. _____________________ is a transitional link between reptiles and birds.Fossils allow us to deduce
that h. ___________ preceded amphibians, which preceded reptiles, which preceded both birds and
i. ________________ .  

11. Fossils can be dated by the a. ___________ dating method, which determines the relative order of fossils and
strata based on their position, or by the b. ____________ dating method, which relies on radioactive dating
techniques to assign an actual date to a fossil. Mass c. ________________ are times when a large percentage
of existing species becomes extinct within a relatively short period of time.  The Cretaceous extinction of the
dinosaurs may be due to an asteroid falling to earth, leaving high levels of d. _________ .

12. a. _____________________ evidence for evolution refers to the study of the distribution of plants and animals
throughout the world.  Such distributions are consistent with the hypothesis that related forms evolve in one
locale and then b. __________ out into other regions. Continental c. __________ is a hypothesis that states that
the continents are not fixed but change over time. The d. ________________ biological diversity of today’s
world is the result of isolated evolution on separate continents.

13. A common descent hypothesis offers a plausible explanation for a. _______________ similarities among
organisms. b. ________________ structures are similar in structure (not function) because they were inherited
from a common ancestor, such as the forelimbs in birds, whales, horses, and monkeys. The wing of a bird and
insect are c. ______________ structures; they are all adaptations for flying that are structurally unrelated.
Anatomical features that are fully developed in one group of organisms but are reduced and may have no
function in similar groups are called d. ___________________ structures. During embryological development,
all vertebrates have a e. _________________ and paired pharyngeal pouches. In fishes the pouches develop
into gills, but in humans, other structures are formed. Organisms share a f. __________ of plan when they are
closely related because of common descent.

14. Almost all living organisms use the same basic a. _______________ molecules, including DNA,  ATP, amino
acid sequences of proteins, etc. Their similarity can be explained by b. ____________ from a common
ancestor.

In questions 15–19, match each of the following statements to the type of evidence supporting evolution:
a. The succession of life-forms is revealed through preserved remnants.
b. Organisms have similarities and differences in structures.
c. Closely related organisms have high correlations in DNA base sequences.
d. Organisms arise and disperse from place of origin.
e. In their early phases of development, vertebrates show a plan of unity.

15. biogeography
16. comparative anatomy
17. comparative biochemistry
18. comparative embryology
19. fossil record

27.2 EVIDENCE OF EVOLUTION (P. 551)
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g. The percentage of homozygous dominant (normal) fruit flies is ____________ .
h. The percentage of heterozygous dominant (normal) fruit flies is ____________ .
i. The percentage of homozygous recessive (vestigial) fruit flies is _____________ .

23. Label the statements with the correct agents of evolutionary change: gene flow, genetic drift, mutations,
natural selection, nonrandom mating

Investigators have discovered that multiple alleles are common in a population. a.______________

Populations are subject to new alleles entering by the migration of organisms between populations.
b.______________

Female birds of paradise choose mates with the most splendid feathers. c.______________

Investigators discovered that if they randomly picked out a few flies from each generation to start the next

generation, gene pool frequency changes appeared. d.______________

Giraffes with longer necks get a larger share of resources and tend to have more offspring. e.______________

24. Match the following descriptions to one of the agents of evolutionary change listed in question 23 (some
agents are used more than once):

Dwarfism is common among the Amish of Lancaster County, Pennsylvania. a.______________

Cheetahs are homozygous for a larger proportion of their genes. b.______________

This tends to make the members of a population dissimilar to one another. c.______________

This tends to make the members of a population similar to one another. d.______________

Certain members of a population are more fit than other members. e.______________

Bacteria and insects become resistant to agents that formerly killed them. f.______________

27.3 PROCESS OF EVOLUTION (P. 556)

• Evolution is defined in terms of population genetic changes.
• There are several agents of evolutionary change, one of which is natural selection.
• Only natural selection results in adaptation to the environment.

20. When the gene frequency within the gene pool of a population changes, then a. ________________ is said to
have occurred.  The Hardy-Weinberg law states that the frequencies of alleles in a sexually reproducing
population will remain the same in each succeeding generation as long as there is

b. ___________________________________ e. ________________________________________
c. ___________________________________ f. ________________________________________
d. ___________________________________  

21. The Hardy-Weinberg law uses the binomial expression p2 + 2 pq + q2 to calculate the genotypic and
a. _________ frequencies of a population. P2 represents the genotype in a population that is
b. ____________________ phenotype, 2pq represents the c. ____________________ phenotype, and q2

represents the d. ______________.

22. Assuming a Hardy-Weinberg equilibrium, 1% of a population of fruit flies had the homozygous recessive trait
of vestigial wings (v). Answer the following questions.
a. What is the frequency of the recessive allele v?  ____________
b. What is the frequency of the dominant normal allele V?  ____________  

Fill in the following Punnett square using the allele frequencies that you calculated above to determine the
genotypic frequencies in the offspring of this population:

____ V ____ v

____ V c. d.

____ v e. f.
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25. Natural selection can now be understood in terms of genetics. Many of the variations that exist between
members of a population are due to differences in a.______________. Some of these genotypes result in
b.______________ that are better adapted to the environment. Individuals that are better adapted to the
environment reproduce to a(n) c.______________ extent, and therefore, these genotypes and phenotypes
become more prevalent in the population.

26. Label the observations with the correct type of natural selection at work: directional selection, disruptive
selection, stabilizing selection

Trees in a windy area tend to remain the same size each year. a.______________

The brain size of hominids steadily increases. b.______________

The same species of moths tends to have blue stripes in open areas and orange stripes in forested areas.
c.______________

27. Match the types of natural selection listed in question 26 with the following diagrams:
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a.

b.

c.

28. Variation is maintained in a population despite directional and stabilizing selection when members have
a.______________ alleles for every trait. That’s because the b.______________ allele is hidden by the
c.______________ allele. In instances such as sickle-cell disease, in which the d.______________ genotype is

more fit, the two e.______________ genotypes are maintained due to the reproductive process, which involves

meiosis and fertilization.

27.4 SPECIATION (P. 565)

• New species come about when populations are reproductively isolated from other, similar populations.
• Species are classified into seven hierarchical categories according to shared characteristics. At each level

above species, there are more and more types of species in the category.

29. Bush babies (a type of primate) living higher in the tropical canopy are a different species from those living
lower in the canopy. Answer the following yes or no:

Would the two species of bush babies reproduce with each other? a.______________

Would a premating mechanism separate the two species of bush babies? b.______________

Could the two species of bush babies eat the same food? c.______________

Would the two species of bush babies have to look dissimilar enough to be distinguishable by the naked eye?
d.______________
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30. Match the following numbered statements to the letters in the diagram (some numbers are used more than
once):

1 A newly formed barrier comes between the populations.
2 The barrier is removed.
3 A species contains one population or several interbreeding populations.
4 Reproductive isolation has occurred.
5 Two species now exist.
6 Reproductive isolation has occurred without benefit of a barrier.
7 Drift alone can cause gene pools to become dissimilar.
8 Divergent evolution occurs.
9 Allopatric speciation.

10 Sympatric speciation.
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a. _______

b. _______

c. _______     

d. _______

f. _______

g. _______

h. _______

gene

flow
population 1 population 2

variant type variant type

environment 1 environment 2
individual of
species 1

e. _______ i. _______

individual of
species 2

ge
og

ra
ph

ic
ba

rri
er

ge
og

ra
ph

ic
ba

rri
er individual of

species 1
individual of
species 2

31. Label each of these with pre for premating isolating mechanism or post for postmating isolating mechanism.
a. Zygote mortality exists.
b. Species reproduce at different times.
c. Species have genitalia that are unsuitable to each other.

32. Explain the adaptive radiation of Darwin’s finches on the Galápagos Islands.___________________________
________________________________________________________________________________________
________________________________________________________________________________________

33. Indicate whether the following comparisons between the phyletic gradualism and punctuated equilibrium
models of evolutionary change are true (T) or false (F):

Phyletic Gradualism Punctuated Equilibrium

a. Speciation occurs gradually. Speciation occurs rapidly.
b. Transitional links are expected. Transitional links may not be found.

_____ c. New species are easily recognizable in the New species cannot be recognized.
fossil record.

_____ d. An ancestral species can gradually A subpopulation usually becomes a new
become a new species. species.

e. Speciation is always occurring. Speciation occurs sporadically.
f. Stasis is rare. Stasis is common.
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34. The branch of biology concerned with identifying and naming organisms is called ____________________.

35. The a.___________________ system of naming species contains two parts. The first part of the name is the
b.___________________. The second part of the name is the c. ___________________________________________. 

Both names together form the d.___________________ name. The e.___________________ name can be used

alone to refer to a group of related species.

36. Create a saying that will help you remember the order of the classification categories. a. ___________________

_________________________________________________________________________________________________

Which category is just below family? b. ______________________________________________________________

Which category is just above class? c. ________________________________________________________________

Which category is just below class? d. _______________________________________________________________

Which two categories are used in a binomial name? e.____________________ , f.___________________

37. Which taxonomic category has the most general characters in common? a._________

Which category has the most specific characters in common? b._________

38. Match the five kingdoms to the proper description.
1 Monera
2 Protista
3 Fungi
4 Plantae
5 Animalia

a. eukaryotic, multicellular, motile, and ingest their food
b. eukaryotic, unicellular or multicellular, absorb, ingest, or photosynthesize their food
c. prokaryotic, unicellular, usually absorb or photosynthesize their food, motile or nonmotile
d. eukaryotic, multicellular, absorb food, nonmotile

39. Using the same listing of kingdoms as in question 38, match the five kingdoms to these organisms.
a. includes algae, protozoa, water molds, and slime molds
b. includes bacteria
c. includes yeasts, mushrooms, and molds
d. includes trees, grasses, and vines

40. The three domains of life are a. ____________, ____________, ____________. Why are Archaea placed in their 

own domain? b. __________________________________________

CHAPTER TEST
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OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. Each of the following was present in the primi-

tive atmosphere of the earth EXCEPT
a. carbon dioxide.
b. carbon monoxide.
c. molecular nitrogen.
d. molecular oxygen.

2. Miller’s experiments produced
a. coacervate droplets from macromolecules.
b. inorganic substances from organic molecules.
c. organic molecules from inorganic substances.
d. protocell(s) from macromolecules.

3. Select the correct sequence that occurred on the
primitive earth.
a. gases, small molecules, macromolecules, 

protocell(s)
b. macromolecules, small molecules, protocell(s),

gases
c. protocell(s), macromolecules, small mole-

cules, gases
d. small molecules, gases, macromolecules, 

protocell(s)
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4. Microspheres formed from the polymerization
of
a. amino acids.
b. nucleotides.
c. sugars.
d. water.

5. Protocell(s) exhibited each of the following 
EXCEPT
a. the ability to separate from water.
b. a lipid-protein membrane.
c. conduction of energy metabolism.
d. means of self-replication.

6. Vertebrate forelimbs are most likely to be stud-
ied in
a. biogeography.
b. comparative anatomy.
c. comparative biochemistry.
d. ecological physiology.

7. Biochemical evidence supporting evolution would
show that
a. there are more base differences between yeasts

and humans than between horses and humans.
b. there are more base differences between apes

and humans than between horses and humans.
c. apes and humans have almost the same se-

quence of bases.
d. Both a and c are correct.

8. Comparative anatomy demonstrates that
a. each species has its own structures, indicat-

ing no relationship with any other species.
b. different vertebrates have widely different

body plans.
c. different species can have similar structures

that are traceable to a common ancestor.
d. fossils bear no anatomical similarities to mod-

ern-day species.
9. The study of biogeography shows that

a. the same species of plants and animals are
found on different continents whenever the
environment is the same.

b. one species can spread out and give rise to many
species, each adapted to varying environments.

c. the structure and function of organisms bear
no relationship to the environment.

d. barriers do not prevent the same species from
spreading around the world.

10. Which is NOT true of fossils?
a. They are evidences of life in the past.
b. They look exactly like modern-day species, re-

gardless of their age.
c. In general, the older the fossil, the less it re-

sembles modern-day species.
d. They indicate that life has a history.

11. Each is a condition of the Hardy-Weinberg law
EXCEPT that
a. gene flow is absent.
b. genetic drift does not occur.

c. mutations are lacking.
d. random mating does not occur.

12. Establishment of polydactylism among the Amish
is an example of
a. artificial selection.
b. natural selection.
c. the bottleneck effect.
d. the founder effect.

13. Industrial melanism is an example of selection
that is
a. directional.
b. disruptive.
c. sexual.
d. stabilizing.

14. Each factor contributes to the maintenance of
variation from a recessive allele EXCEPT
a. diploidy.
b. heterozygosity.
c. homozygosity.
d. sexual reproduction.

15. Select the premating isolating mechanism.
a. F2 fitness
b. gamete mortality
c. habitat type
d. hybrid sterility

16. Select the postmating isolating mechanism.
a. behavior
b. mechanical differences in genitalia
c. temporal factors
d. zygote mortality

17. During the usual process of speciation, a species
is first isolated
a. behaviorally.
b. geographically.
c. reproductively.
d. mechanically.
e. genetically.

18. Which of the following sequences is in correct
order, starting from the most specific but fewest
in number of species?
a. class, family, kingdom, order, phylum
b. family, order, class, phylum, kingdom
c. order, family, kingdom, class, phylum
d. phylum, order, kingdom, family, class

19. In the scientific name Elaphe obsoleta, which is
the genus name?
a. Elaphe
b. obsoleta
c. bairdi
d. Elaphe obsoleta

20. In which kingdom are the members unicellular
and without a nucleus?
a. Monera
b. Protista
c. Fungi
d. Plantae
e. Animalia
f. Both b and e are correct. 
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STUDY EXERCISES

1. a. primitive earth b. cooling c. gases d. energy e. small
organic molecules f. energy capture g. plasma mem-
brane h. macromolecules 2. an energy source, because
amino acids do not react unless energy is provided 3. To
obtain microspheres, proteinoids must be placed in
water. 4. discovery of ribozymes, which are nucleotides
with enzymatic properties 5. a. F b. T c. F d. T
6. a. must contain a self-replication system b. add self-
replication system between protocell and cell 7. a. The
ocean contained organic molecules that could serve as
food. b. The atmosphere did not contain any oxygen.
8. a, c, b, d 9. a. P b. P c. P d. C e. C f. C 10. a. 3.5
b. diversity c. ancestor d. Fossils e. sedimentary f. Pa-
leontologists g. Archaeopteryx h. fishes i. mammals
11. a. relative b. absolute c. extinctions d. iridium
12. a. Biogeographical b. spread c. drift d. mammalian
13. a. anatomical b. Homologous c. analogous d. ves-
tigial e. notochord f. unity 14. a. biochemical b. de-
scent 15. d 16. b 17. c 18. e 19. a 20. a. evolution
b. no mutation c. no genetic drift d. no gene flow e. no
natural selection f. random mating 21. a. allele b. ho-
mozygous dominant c. heterozygous dominant d. ho-
mozygous recessive 22. a. 0.1 b. 0.9 (p +q = 1) c. 0.81
VV d. 0.09 Vv e. 0.09 Vv f. 0.01 vv g. 81% h. 18% (9%
+ 9%) i. 1.0% 23. a. mutations b. gene flow c. non-
random mating d. genetic drift e. natural selection
24. a. genetic drift (founder effect) b. genetic drift (bot-
tleneck effect) c. genetic drift d. gene flow e. natural
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THOUGHT QUESTIONS

Answer in complete sentences.
21. In a sample of geological strata, where are the oldest life-forms most likely to be found? Where are the most re-

cent life-forms?

22. A dominant allele produces a desirable coloration pattern in a fish species. A pond owner stocks a pond with a
small number of heterozygous members showing this desirable trait, hoping to maintain it. Will this approach
work?

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %

ANSWER KEY

selection f. mutations 25. a. genotype b. phenotypes
c. greater 26. a. stabilizing b. directional c. disrup-
tive 27. a. directional b. stabilizing c. disruptive
28. a. two b. recessive c. dominant d. heterozygous
e. homozygous 29. a. no b. yes c. yes d. no 30. a. 3
b. 1 c. 8 d. 2, 4, 5 e. 9 f. 3 g. 6, 5 h. 4, 7 i. 10
31. a. post b. pre c. pre 32. Populations of finches
were geographically isolated from one another on islands
where the environments were different. Each population
of finches evolved to suit its particular environment.
33. a. T b. T c. F d. T e. T f. T 34. taxonomy
35. a. binomial b. genus c. specific epithet d. species
e. genus 36. a. Example: Karen Pushed Cans Off Friendly
Grandmother’s Stove (kingdom, phylum, class, order,
family, genus, species) b. genus c. phylum d. order
e. genus f. species 37. a. kingdom b. species 38. a. 5
b. 2 c. 1 d. 3 39. a. 2 b. 1 c. 3 d. 4 40. a. Bacteria,
Archaea, Eukarya b. The Archaea have nucleotide sequences
that are unique and do not match those of Eukarya or
Bacteria.

CHAPTER TEST

1. d 2. c 3. a 4. a 5. d 6. b 7. d 8. c 9. b
10. b 11. d 12. d 13. a 14. c 15. c 16. d
17. b 18. b 19. a 20. a 21. The oldest forms are in
the deepest strata. The most recent life-forms are in the
more recently added strata, which are not as deep. 22. It
may not work because of genetic drift—the population
may diverge to homozygous forms through random events.
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Viruses are noncellular obligate parasites that have a pro-
tein coat called a capsid and a nucleic acid core.  Viral DNA
must enter a host cell before reproduction is possible.  In
the lytic cycle, a bacteriophage immediately reproduces,
and in the lysogenic cycle, viral DNA integrates into the
host genome but may eventually reproduce.

The kingdom Monera includes bacteria. Most bac-
teria are saprotrophs (heterotrophic by absorption), and
along with fungi, fulfill the role of decomposers in ecosys-
tems. The cyanobacteria are photosynthetic in the same
manner as plants. Reproduction of bacteria is by binary
fission, but sexual exchange occasionally takes place.
Some bacteria form endospores, which can survive the harsh-
est of treatment except sterilization.

Kingdom Protista includes eukaryotic unicellular or-
ganisms and some multicellular forms. Algae are aquatic
autotrophs by photosynthesis; protozoa are aquatic het-
erotrophs by ingestion. Slime, molds which are terrestrial,
and water molds, which are aquatic, have some charac-
teristics of fungi.

Algae are classified according to their pigments
(colors). Green algae are diverse: some are unicellular or
colonial flagellates, some are filamentous, and some are
multicellular sheets.  Diatoms and dinoflagellates are uni-

cellular producers in oceans; brown and red algae are
seaweeds; euglenoids are unicellular with both plant and
animal characteristics.  Every type of life cycle is seen
among the algae.

Protozoa are classified according to the type of lo-
comotor organelle.  The amoebas phagocytize, the ciliates
are very complex, and sporozoa are all animal parasites.
Malaria is a significant disease caused by a sporozoan.

Slime molds have an amoeboid stage and then form
fruiting bodies, which produce spores that are dispersed
by the wind. Water molds have threadlike bodies.

Kingdom Fungi includes eukaryotic multicellular
organisms that are saprotrophs. Fungi are composed of hy-
phae, which form a mycelium. Along with heterotrophic
bacteria, they are decomposers. The fungi produce wind-
blown spores during both sexual and asexual reproduction.
The major groups of fungi are distinguished by type of sex-
ual spore and fruiting body. Zygospore fungi produce
spores in sporangia; sac fungi produce ascospores in
asci; and club fungi form basidiospores in basidia.

Fungi form two symbiotic associations of interest.
Lichens contain both a fungus and an alga; mycorrhizae
is a symbiotic relationship of mutual benefit between
soil fungi and the roots of plants.
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28
MICROBIOLOGY

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• Viruses are noncellular. Whether they should be considered living organisms is questionable.
• Viruses are obligate intracellular parasites they must reproduce inside host cells.

1. Fill in the following table to describe viruses.

Viruses

Structure

Life Cycle, Where?

Parasitic?

28.1 VIRUSES (P. 574)
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2. a. Label the diagram, which describes how bacteriophages replicate, with the following terms:
attachment
biosynthesis
integration
lysogenic cycle
lytic cycle
maturation
penetration
release
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prophage

 _________________

 _____________

 _____________

 _______________

bacterial
chromosome

bacterial
cell wall

capsid
nucleic acid

 ________________

__________

 ____________

 _______________

Which cycle produces bacteriophages? b.____________________

Which cycle is dormant? c.____________________

Which cycle kills, or lyses, the host? d.____________________
3. Associate these portions of a retrovirus with the statements below: envelope, capsid, viral genome,

transcriptase, cDNA
a. integrated into host genome
b. composed of RNA
c. allows the virus to adhere to plasma membrane receptors
d. carries out RNA
e. enters the host cell (choose two)

4. Describe these additional steps needed for the virus to reproduce.
a. biosynthesis ______________________________________________________________________
b. maturation _______________________________________________________________________
c. release __________________________________________________________________________

5. Indicate whether the following statements are true (T) or false (F):
a. Antibiotics are helpful for viral infections.
b. Antiviral drugs act by interfering with viral replication.
c. There are no vaccines for viral infections.
d. Prions are neither viruses nor bacteria; they are protein particles.
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28.2 KINGDOM MONERA (P. 577)

• The monera are prokaryotes of small size but are very diverse metabolically.
• Most bacteria are heterotrophic by absorption but the cyanobacteria are important photosynthesizers.

6. Label this diagram of a bacterial cell with the following terms:
capsule
cell wall
cytoplasm
fimbriae
flagellum
nucleoid
plasma membrane
plasmid
ribosome
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d.

e.

c.

b.

h.

i.

g.

f.

a.

7. Based on the diagram you labeled in question 6, which of these structures are present in eukaryotic
animal/plant cells but are not in a bacterial cell?

a. plasma membrane
b. nucleus
c. ribosomes
d. mitochondria
e. cell wall
f. chloroplasts
g. flagella

8. Based on the diagram you labeled in question 6, what three structures are present in a bacterial cell but absent
from a eukaryotic cell? What are their functions?

Structure Function
a. ____________________________ ____________________________

b. ____________________________ _______________________________

c. ____________________________ ____________________________
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9. Match the descriptions with the following organisms:
1 chemosynthetic bacteria
2 cyanobacteria
3 obligate anaerobes
4 saprotrophic bacteria

a. decomposers
b. O2 given off
c. NH3 → NO3

-

d. cannot survive in O2 environment
10. Match the relationships with the following terms:

1 commensalism
2 mutualism
3 parasitism
4 symbiotic

a. includes all the others
b. bacteria living in nodules of legumes
c. bacteria living on your skin
d. bacteria that cause strep throat

11. Label the three shapes of bacteria in the following diagram:

a.

b.

c.

12. Place a check next to all characteristics that are typical of cyanobacteria.
a. many forms of nutrition
b. always photosynthetic
c. have flagella
d. form lichens
e. associated with algal bloom
f. nitrogen fixing

13. Match the descriptions with the following terms pertaining to the reproduction of bacteria.
1 binary fission
2 conjugation
3 transformation
4 transduction
5 endospores

a. bacteria picks up free pieces of DNA
b. a means of survival
c. asexual division
d. male passes DNA to female
e. bacteriophages carry DNA from one cell to the next
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28.3 KINGDOM PROTISTA (P. 583)

• The protists include eukaryotic unicellular organisms and some related multicellular forms.
• Among protists, algae are the plantlike protists; protozoa are the animal-like protists; slime molds and water

molds are the funguslike protists.

Algae (p. 583)

14. Green algae are believed to be related to plants because they have a cell wall that

contains a.____________________, they possess chlorophylls b.____________________

and c.____________________, and they store reserve food as d.____________________.

15. Complete the table describing the algae by placing the following terms in the appropriate columns (some
terms are used more than once):

I II
unicellular isogametes
filamentous heterogametes
colonial conjugation
multicellular alternation of generations

daughter colonies
zoospores

Algae I. II.

Volvox

Chlamydomonas

Spirogyra

Ulva
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16. Label this diagram of the life cycle of Chlamydomonas with the following terms: fertilization, meiosis,
zoospores, and zygote.

Which portions of this life cycle are haploid? e. _____________________________________________________________

Which portion is diploid? f. _________________________________________________________________________________

What type of life cycle is this? g. ____________________________________________________________________________
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17. Label this diagram of the life cycle of Ulva with the following terms: fertilization, gametophyte, meiosis, and
sporophyte.
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18. Match the traits with the following algae (some numbers are used more than once):
1 brown algae
2 diatoms
3 euglenoids
4 dinoflagellates

a. are numerous photosynthesizers in ocean
b. have animal-like and plantlike characteristics
c. have chlorophylls a and c, and carotenoid pigment
d. have silica-impregnated valves
e. are used as filtering agents and scouring powders
f. cause red tide
g. have a symbiotic relationship with corals
h. are seaweeds

19. Label each of the following descriptions as identifying brown algae (B) or red algae (R):
a. Fucus, a rockweed
b. Laminaria, a kelp
c. adapted to cold, rough water
d. adapted to warm, gentle water
e. economically important as source of agar

Protozoans (p. 588)

20. Protozoans are typically a.____________________, b.____________________, and c.____________________

organisms. Some protozoans d.____________________ and engulf their food; others are e.______________________

and absorb nutrients; others are f.____________________ and cause disease.
21. Complete the following table, classifying the protozoans by means of locomotion and giving an example

organism of each:

Classes Organelle of Locomotion Example

amoeboids

ciliates

zooflagellates

sporozoa
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22. Label this diagram of Paramecium with the following terms:
anal pore
contractile vacuole
food vacuole
macronucleus
micronucleus
oral groove
pellicle
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��
��
��
��
��

f.

e.

b.

a.

d.

c.

g. 

23. Ciliates, such as Paramecium, have hundreds of a.____________________ that extend through a pellicle. 
Beneath the pellicle are numerous oval capsules that contain b.____________________, which are used for

defense. Food is swept down a(n) c.____________________, at the end of which food vacuoles form. Ciliates

have two nuclei: a large d.____________________ that controls normal metabolism and one or more micronuclei

used during conjugation.

24. Concerning the life cycle of Plasmodium, 

Where does sexual reproduction occur? a. ___________________________________________________________________

Where does asexual reproduction occur? b. __________________________________________________________________

What causes the cycle of recurring chills and fever? c. ________________________________________________________

_____________________________________________________________________________________________________________
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25. Complete this table to describe slime molds and water molds.

Type of Mold Body Organization Nutrition Reproduction

plasmodial slime molds

cellular slime molds

water molds

28.4 KINGDOM FUNGI (P. 591)

• Fungi are multicellular eukaryotes with a filamentous body.
• Fungi are the most complex organisms to rely on saprotrophic nutrition.

26. Indicate whether the following statements about fungi are true (T) or false (F):
a. usually multicellular
b. usually unicellular
c. composed of hyphae
d. saprotrophic
e. can be parasitic
f. can be photosynthetic
g. cell wall contains cellulose
h. cell wall contains chitin
i. have flagella at some time in their life cycle
j. do not have flagella at any time in their life cycle
k. form spores only during asexual reproduction
l. form spores during both asexual and sexual reproduction

27. Fungi are mostly a.____________________ decomposers that assist in the recycling of nutrients in ecosystems.

The bodies of most fungi are made up of filaments called b.____________________, a collection of which are

called a(n) c.____________________. They reproduce in accordance with the d.____________________ life cycle.

Classification is largely based on the mode of e.____________________.
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28. Label this diagram of the life cycle of black bread mold with the following terms (some are used more than
once):

asexual reproduction
gametangia fuse
meiosis
mycelium
nuclear fusion
sexual reproduction
sporangiophore
sporangium
spores
zygospore
zygote
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suspensor

diploid (2n)

haploid (n)

germination
of spores

sporangium

cytoplasmic
fusion

suspensors

+ mycelium

– mycelium

stolon

rhizoid

– mating type + mating type

5 µm

a.

b.

c .

d.

f.

j.

k.

l.

m.

h.

g.

e.

i.
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29. Label each of the following as describing a free-living sac fungi (F) or a parasitic sac fungi (P):
a. powdery mildew that grows on leaves
b. red mold that grows on bread
c. cup fungi that grows on the forest floor
d. chestnut blight that grows on chestnut trees
e. ergot that grows on rye plants
f. unicellular yeasts 

30. Why are all these fungi classified as sac fungi? ______________________________________________________________

_____________________________________________________________________________________________________________

31. Explain what is happening in each of the following sequential drawings of asci:
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a. b. c. d.

32. What do mushrooms, puffballs, bird’s nest fungi, stinkhorn fungi, and bracket fungi have in common? 

_____________________________________________________________________________________________________________
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33. Label this diagram of the life cycle of a mushroom with the following terms:
basidiospores gill (portion of)
basidium meiosis
cap monokaryotic
cytoplasmic fusion nuclear fusion
dikaryotic (n+n) nuclei
dikaryotic mycelium spore germination
diploid (2n) spore release
fruiting body stalk
gill zygote
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a. ________________ n. _________

q. ____________

r. ___________

m. __________

l. ____________

k. _____________

j. ______________

   ______________h. _____________

    _____________

i. __________

   __________
g. ________

f. ________

e. 

c. __________

b. ___________

p. ____________ o. ____________

d. __________

34. Complete the following table concerning imperfect fungi.

Fungus Significance Associated Disease

Penicillium

Aspergillus

Candida albicans
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35. Like sac fungi, imperfect fungi reproduce asexually by producing spores called a.____________________. Unlike

sac and club fungi, however, sexual reproduction b.____________________ in imperfect fungi.

36. Label this diagram of a lichen with the following terms: algal cells and hyphae of fungus.

37. Match the type of lichen with the following descriptions:
1 compact
2 leaflike
3 shrublike

a. crustose
b. fruticose
c. foliose

38. a.____________________ (fungus roots), which are b.____________________ relationships between

a(n) c.____________________ and d.____________________ roots, help plants acquire e.____________________

nutrients.

CHAPTER TEST

241

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. In the lytic cycle, the term maturation refers to

the
a. translation of RNA.
b. integration of cDNA.
c. assembly of parts into new viruses.
d. All of these are correct.

2. Which of the following is NOT a form of genetic
recombination in bacteria?
a. binary fission
b. conjugation
c. transduction
d. transformation

3. The function of the bacterial endospore is to
a. increase the rate of anaerobic respiration.
b. promote asexual reproduction.
c. protect against attack from immune systems.
d. withstand harsh environmental conditions.

4. A bacterium that can exist in the presence or ab-
sence of oxygen is a(n)
a. autotroph.
b. facultative anaerobe.
c. obligate anaerobe.
d. saprotroph.

5. Viruses are not in the classification system 
because
a. they are obligate parasites.
b. they are noncellular.
c. they can integrate into the host genome.
d. All of these are correct.

6. Chemosynthetic bacteria
a. give off oxygen just like plants do.
b. are exemplified by the nitrifying bacteria that

oxidize ammonia (NH3) to nitrites (NO2
-).

c. are decomposers like all bacteria.
d. Both b and c are correct.
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7. Why can’t cyanobacteria be classified with the
eukaryotic algae?
a. They fix atmospheric nitrogen.
b. They form a symbiotic relationship with fungi.
c. They cause disease.
d. They do not have a nucleus.

8. Classification of algae according to color
a. can no longer be justified.
b. is based on the type of pigments they contain.
c. suggests that they do not have chlorophyll.
d. means that some algae are colorless.

9. Volvox is a colonial alga that
a. does not reproduce.
b. produces heterogametes.
c. produces daughter colonies.
d. Both b and c are correct.

10. Diatoms
a. reproduce sexually.
b. have a cell wall impregnated with cellulose.
c. are flagellated.
d. resemble a pill box.

11. Which is (are) true of euglenoids?
a. They have flagella.
b. Some have chloroplasts.
c. They reproduce asexually.
d. All of these are correct.

12. Both red algae and brown algae
a. have the same pigments.
b. are delicate in appearance.
c. are seaweeds.
d. are economically unimportant.

13. Amoebas
a. have pseudopods.
b. never have a shell.
c. always live in fresh water.
d. All of these are correct.

14. Ciliates
a. have a macronucleus and a micronucleus.
b. do not move.
c. are parasitic.
d. are usually saprotrophic.

15. A trypanosome causes
a. malaria.
b. trichinosis.
c. an intestinal infection.
d. African sleeping sickness.

16. In the life cycle of Plasmodium vivax, a cause of
malaria,
a. sexual reproduction occurs in a mosquito.
b. red blood cells burst causing chills and fever.
c. spores and gametes form.
d. All of these are correct.

17. Slime molds
a. are exactly like fungi.
b. have a body composed of hyphae.
c. produce spores.
d. All of these are correct.

18. Club fungi
a. include the mushrooms.
b. have a basidiocarp that looks like a cup.
c. include more parasites than all the other types

of fungi.
d. All of these are correct.

19. In fungi, the gametes are
a. heterogametes.
b. flagellated.
c. the ends of hyphae.
d. produced by meiosis.

20. Which of the following is NOT characteristic of
lichens?
a. soil formers
b. algal cells and fungal hyphae
c. form a type of moss
d. can live in extreme conditions

21. A fruiting body is
a. a special type of vacuole found in fungi.
b. a symbiotic relationship between algae and

bacteria.
c. a reproductive structure found in fungi.
d. always the same shape.

22. Sexual reproduction in a bread mold involves
the production of
a. a sperm and an egg.
b. flagellated zoospores.
c. zygospores.
d. fruiting bodies.

23. In a mushroom, the _______ is (are) analogous to
the asci of a sac fungus.
a. stalk
b. cap
c. basidia
d. spores
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THOUGHT QUESTIONS

STUDY EXERCISES

1.

Viruses

capsid plus nucleic 
acid core

in host cell

always

2. a. See Figure 28.2, page 575, in text. b. lytic c. lyso-
genic d. lytic 3. a. cDNA b. viral genome c. enve-
lope d. transcriptase e. capsid, viral genome 4. a. Viral
components are synthesized. b. assembly of viral com-
ponents c. Budding gives virus an envelope 5. a. F
b. T c. F d. T 6. a. cytoplasm b. ribosome c. nucleoid
d. plasmid e. flagellum f. capsule g. cell wall h. plasma
membrane i. fimbriae 7. b, d, f 8. a. plasmid, ac-
cessory ring of DNA b. fimbriae, attachment to a sub-
stratum c. capsule, protection 9. a. 4 b. 2 c. 1 d. 3
10. a. 4 b. 2 c. 1 d. 3 11. a. spirillum b. coccus
c. bacillus 12. b, d, e, f 13. a. 3 b. 5 c. 1 d. 2 e. 4
14. a. cellulose b. a c. b d. starch

15.

I. II.

colonial heterogametes, daughter colonies

unicellular isogametes, zoospores

filamentous conjugation

multicellular isogametes, alternation of
generations, zoospores

16. a. fertilization b. zygote c. meiosis d. zoospores
e. zoospores, adult, gametes f. zygote g. haplontic
17. a. meiosis b. gametophyte c. fertilization d. sporo-
phyte 18. a. 2, 4 b. 3 c. 1, 2 d. 2 e. 2 f. 4 g. 4 h. 1
19. a. B b. B c. B d. R e. R 20. a. heterotrophic
b. unicellular c. motile d. capture e. saprotrophic f. par-
asitic 21. See page 588 in text. 22. See Figure 28.19,
page 589, in text. 23. a. cilia b. trichocysts c. gul-
let d. macronucleus 24. a. in the mosquito b. in the
human c. Toxins, or poisons, enter the blood when red
blood cells release spores.

Answer in complete sentences.
24. Algae and protozoa are in the same kingdom. Do they seem closely related? Why or why not?

25. How do you think the earth would change ecologically if fungi were not present?

Test Results: ______ Number right ÷ 25 = ______ × 100 = ______ %

ANSWER KEY

25.

Body Organization Nutrition Reproduction

2n plasmodium phagocytosis sporangium produces spores by meiosis, which
produce flagellated haploid cells that fuse

individual amoeboid cells phagocytosis sporangium produces spores

2n filamentous, cell walls are cellulose parasitism meiosis produces haploid gametes; otherwise
asexual by zoospores
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26. a. T b. F c. T d. T e. T f. F g. F h. T i. F j. T
k. F l. T 27. a. saprotrophic b. hyphae c. mycelium
d. haplontic e. sexual reproduction 28. See Figure
28.23, page 592, in text. 29. a. P b. F c. F d. P e. P
f. F 30. because they form asci during sexual repro-
duction 31. a. Ascus with two nuclei is forming. b. Nu-
clei have fused, and zygote has formed. c. Meiosis has
occurred. d. A mitotic division has resulted in eight as-
cospores 32. They are all basidiomycetes. 33. See
Figure 28.25, page 594, in text.
34.

Significance Associated Disease

makes penicillin none

makes various chemicals none

yeastlike vaginal infections

244

35. a. conidiospores b. has never been observed
36. a. algal cells b. hyphae of fungus 37. a. 1 b. 3
c. 2 38. a. Mycorrhizae b. symbiotic c. fungus
d. plant e. mineral

CHAPTER TEST

1. c 2. d 3. d 4. b 5. b 6. b 7. d 8. b 9. d
10. d 11. d 12. c 13. a 14. a 15. d 16. d
17. c 18. a 19. c 20. c 21. c 22. c 23. c
24. They do not seem related in that algae are photo-
synthetic and protozoa are heterotrophic. They do seem
related in that some of the algae are motile in the same
way protozoa are. 25. Recycling would be reduced and
organic waste would accumulate. Without efficient recycling,
the carrying capacities of ecosystems would diminish.
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Plants are multicellular, photosynthetic organisms adapted
to a land existence. Among the various adaptations, all
plants protect the developing embryo from drying out. Plants
have an alternation of generations life cycle, but some
have a dominant gametophyte (haploid generation) and
others have a dominant sporophyte (diploid generation).

Vascular plants have vascular tissue, that is, xylem
and phloem. In the life cycle of vascular plants, the sporo-
phyte is dominant.

The nonvascular plants, which include the liver-
worts and the mosses, lack true roots, stems, and leaves.
In the moss life cycle, spores disperse the species, the ga-
metophyte is dominant, and external moisture is required
for flagellated sperm to swim to the egg. 

Whisk ferns, club mosses, horsetails, and ferns are
the seedless vascular plants that were prominent in swamp
forests during the Carboniferous period. In the life cycle
of seedless plants, spores disperse the species, and the sep-
arate gametophyte produces flagellated sperm. Vegeta-
tive (asexual) reproduction is used to a degree to disperse
ferns in dry habitats. 

Seed plants have a life cycle in which there are mi-
crogametophytes (male gametophytes) and megagame-
tophytes (female gametophytes). The microgametophyte
is the pollen grain, which produces nonflagellated sperm,
and the megagametophyte, which is located within an
ovule, produces an egg. The pollen grain replaces the
flagellated sperm of seedless vascular plants.

Gymnosperms produce seeds that are uncovered.
In gymnosperms the microgametophytes develop in pollen
cones. The megagametophyte develops within an ovule
located on the scales of seed cones.  Following pollina-
tion and fertilization, the ovule becomes a winged seed
that is dispersed by wind.

Angiosperms produce seeds that are covered by
fruits. The petals of flowers attract pollinators, and the
ovary develops into a fruit, which aids the dispersal of seeds.
Angiosperms provide most of the food that sustains ter-
restrial animals, and they are the source of many products
used by humans. Table 29.1 is an adaptation summary. 

29
PLANTS

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• Plants, unlike algae, protect the embryo. This is an adaptation that facilitates a land existence.
• The presence of vascular tissue and reproductive strategy are used to compare plants.

1. Indicate whether the following statements about plants are true (T) or false (F):
a. adapted to living on land
b. diploid sporophyte produces diploid spores
c. haploid gametophyte, which produces sex cells
d. photosynthetic organisms

2. Match the plants to the following plant categories (the categories can be used more than once):
1 nonvascular plants 2 seedless vascular plants
3 gymnosperms 4 angiosperms

a. club mosses
b. conifers
c. mosses
d. division Magnoliophyta
e. ferns
f. cycads

29.1 CHARACTERISTICS PLANTS (P. 600)
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• The nonvascular plants, which are low-growing, lack a means of water transport and internal support.

3. Label this diagram of part of a moss life cycle with the following terms: antheridium, archegonium, egg, and
sperm.

29.2 NONVASCULAR PLANTS (P. 602)

4. In the diagram in question 3, the antheridium and archegonium are part of what

generation? a.____________________

Do mosses have flagellated sperm? b.____________________

Do mosses protect the zygote? c.____________________

5. Is the sporophyte generation dependent on the gametophyte generation in the moss? a.____________________

Do either of these generations have vascular tissue? b.____________________ The capsule contains the

sporangium where the cellular process of c.____________________ occurs during the production

of d.____________________. The latter disperse the species. When they germinate,

a(n) e.____________________ forms to begin the f.____________________ generation.

6. The a.____________________ anchor the moss gametophyte plant in the soil while absorbing minerals and

water. There must be an external source of b.____________________ for the sperm to move from

the c.____________________ to the eggs found in the d.____________________.
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7. Label this diagram of part of the moss life cycle with the following terms: capsule, gametophyte generation,
rhizoids, and sporophyte generation.

8. In all vascular plants, the a.____________________ generation is the dominant generation, and it

is b.____________________ (haploid/diploid). c.____________________ vascular tissue conducts water and

minerals up from the soil. d.____________________ vascular tissue transports organic nutrients from one part

of the body to another. An advantage of a diploid plant is that a functional gene can e.____________________ a

faulty gene.
9. Indicate whether the statements that follow are true (T) or false (F). Rewrite the false statement(s) to be true.

a. All vascular plants produce pollen grains and seeds. Rewrite:                         

                                                                                 

b. Spores disperse seedless vascular plants, while seeds disperse seed plants. Rewrite:          

                                                                                 

c. In all vascular plants, the gametophyte generation is dependent on the sporophyte. Rewrite:     

                                                                                 

10. Indicate whether the following descriptions of rhyniophytes are true (T) or false (F):
a. had true stem, roots, and leaves
b. spores were produced without benefit of sporangia
c. had a forked stem, no roots or leaves

29.3 SEEDLESS VASCULAR PLANTS (P. 604)

• Vascular plants have a system that not only transports water but also provieds internal support.
• In nonseed plants, spores disperse the species, and in seed plants, seeds disperse the species.
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b.

a.

c.

d.

13. In the diagram in question 12, this entire structure is called the a.____________________. This structure has

a(n) b.____________________ shape and represents the c.____________________ generation.

It d.____________________ (does/does not) have vascular tissue and e.____________________ (does/does not)

have flagellated sperm. The sporophyte f.____________________ (is/is not) the dominant

generation. g.____________________ disperse the species.
14. Label this diagram of part of the life cycle of a fern with the following terms: fiddlehead, frond, rhizome, and

sorus.

c.

a.

b.

11. Match the descriptions to the following plants:
1 whisk ferns 2 club mosses
3 horsetails 4 ferns

a. Scalelike leaves cover stems and branches; there are terminal strobili.
_____ b. Whorls of slender branches form at the nodes of the stem, where the leaves are; they are sometimes

called scouring rushes.
c. These plants, alive today, best resemble Rhynia.
d. Large fronds subdivide into leaflets.

12. Label this diagram of part of the fern life cycle with the following terms: antheridium, archegonium, and rhizoid.
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15. The frond is part of the a.____________________ generation in the fern, and it b.____________________

(does/does not) have vascular tissue. This generation is c.____________________ (diploid/haploid).
16. Label the following as a bryophyte (B) or fern (F):

a. peat moss
b. ornamental
c. Native Americans used this during childbirth

• In seed plants, a germinating pollen grain transports sperm to the egg.

17. Label the following diagram, showing the alternation of generations in seed plants with the notation n or 2n:

29.4 SEED PLANTS (P. 608)

18. Is the gametophyte generation dependent on the sporophyte generation in seed plants?
a.____________________ Does the sporophyte generation have vascular tissue? b.____________________ What

structure in seed plants replaces flagellated sperm in nonseed plants? c.____________________ What structure

disperses the species in seed plants? d.____________________
19. Match the descriptions with the following types of gymnosperms:

1 conifer
2 cycad
3 ginkgo

a. stout, unbranched stem with large, compound leaves
b. fan-shaped leaves shed in autumn; planted in parks
c. pine trees, hemlocks, spruces
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20. Study this diagram of the life cycle of a pine tree and then describe the numbered events.

seed
1

2

3

4

7

6

5

meiosisfertilization

zygote

wing

seed:
stored food
seed coat
embryo

sporophyte

diploid (2n)

haploid (n)

microsporangium

microsporocyte

cross section
of sporophyll

pollen
cones

ovule

seed cone

ovule:
megasporangium
megasporocyte
integument

cross section of
seed cone scale

pollen tube

archegonium

megagametophyte

microgametophyte
(pollen grain)

sperm

micro-
gametophyte

integument

pollination

microspores

megaspores

(1) ______________________________________________________________________________________________

______________________________________________________________________________________________

(2) ______________________________________________________________________________________________

______________________________________________________________________________________________

(3) ______________________________________________________________________________________________

______________________________________________________________________________________________

(4) ______________________________________________________________________________________________

______________________________________________________________________________________________

(5) ______________________________________________________________________________________________

______________________________________________________________________________________________

(6) ______________________________________________________________________________________________

______________________________________________________________________________________________

(7) ______________________________________________________________________________________________

______________________________________________________________________________________________
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21. Gymnosperms have an alternation of generations life cycle. Which structure in the diagram in question 20 is
described in each of the following?

is the sporophyte a.____________________

produces the microspore b.____________________

produces the megaspore c.____________________

is the microgametophyte d.____________________

contains the megagametophyte e.____________________

contains the sperm f.____________________

contains the egg g.____________________

contains the embryonic sporophyte h.____________________

Angiosperms (p. 612)

22. Label each of the following statements as describing either a monocot (M) or a dicot (D):
a. almost always herbaceous
b. either woody or herbaceous
c. flower parts in fours or fives
d. flower parts in threes
e. net-veined leaves
f. parallel-veined leaves
g. vascular bundles arranged in a circle in the stem
h. vascular bundles scattered in the stem

23. Label this diagram of the structures of a flower with the following terms: anther, ovary, and ovule.
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Seed:

seeds
(mature ovules)

Stamen: Pistil (carpel):

Ovule:

megasporangium

megasporocyte

integument

cross
section
of ovary

stigma
style
ovary
ovule 

filament

anther

endosperm (3n)

embryo

seed coat

polar
nuclei

Double fertilization:
one sperm unites with polar nuclei
one sperm unites with egg

sperm
tube cell

generative
cell

mitosis

megaspore

degenerating
megaspores

mitosis

polar nuclei

mature
microgametophyte

sperm
pollen tube

pollen tube
egg

fruit
(mature ovary)

egg

megagametophyte
(embryo sac)

microspores

pollen sac

cross section
of anther

diploid (2n)

mature sporophyte

haploid (n)

microgametophyte
(pollen grain)

pollination

microsporocyte

fertilization meiosis

antipodals

synergids

1

5

4

3

2

6

24. Study this diagram of the life cycle of a flowering plant and then describe the numbered events.
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(1) ______________________________________________________________________________________________

______________________________________________________________________________________________

(2) ______________________________________________________________________________________________

______________________________________________________________________________________________

(3) ______________________________________________________________________________________________

______________________________________________________________________________________________

(4) ______________________________________________________________________________________________

______________________________________________________________________________________________

(5) ______________________________________________________________________________________________

______________________________________________________________________________________________

(6) ______________________________________________________________________________________________

______________________________________________________________________________________________
25. Flowering plants have an alternation of generations life cycle. Which structure in the diagram in question 24

is described in each of the following?

is the sporophyte a.____________________

produces the microspore b.____________________

produces the megaspore c.____________________

is the microgametophyte d.____________________

contains the megagametophyte e.____________________

contains the sperm f.____________________

contains the egg g.____________________

contains the embryonic sporophyte h.____________________

matures to become a fruit i.____________________

26. The color and arrangement of flower parts are designed to a.______________________________________________.

A flower, which is necessary to the reproduction of flowering plants, contains b.____________________________

_________________________________________________________________________________________________.

A flower produces seeds enclosed by c.____________________, which helps d.____________________.

27. Complete the following table to compare the different plants:

Plant Vascular Tissue Dominant Generation Spores or Seeds Fruit
(yes or no) Disperse Species (yes or no)

mosses

ferns

gymnosperms

angiosperms
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Classification Tiddledywinks

1. Players are given a set of cups of different colors and sizes.
a. Sort these cups according to size as quickly as you can. Each different size represents a category in the

classification system.
b. Sort the cups according to color as quickly as you can. The different colors represent the different

kingdoms (and the organisms within) of the classification system.

Cups
plants cyanobacteria slime mold
protozoa algae protists
viruses mosses bacteria
flowers nonvascular plants vascular plants
monera fungi fern
pine

2. Players are given disks and required to flip them into the correct cup. A small disk goes into a small cup, and a
large disk goes into a large cup. (More than one disk can go into a cup.)

Disks
a. toxins
b. red, brown, golden brown, green, multicolored
c. single cell, motile, food vacuoles
d. live on the land
e. trees
f. vascular tissue
g. lack nucleus
h. protect the embryo
i. saprotrophic
j. photosynthesis
k. alternation of generations
l. haplontic cycle

m. alive?
n. malaria
o. bacteriophage
p. Amoeba, Paramecium, Euglena
q. zygospore, sac, club, imperfect
r. heterospores
s. fruit
t. fruiting body
u. hyphae
v. rhizoids, shoot, leaflets
w. zoospores
x. naked seeds
y. pollen carried by insects
z. endospores

aa. plasmodium
bb. monocot and dicot
cc. fronds
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CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. Select the incorrect association.

a. gametophyte—diploid generation
b. gametophyte—produces sex cells
c. sporophyte—diploid generation
d. sporophyte—produces haploid spores

2. Select the nonvascular plant.
a. bryophyte
b. cycad
c. fern
d. rosebush

3. The antheridium is part of the
a. megagametophyte.
b. megasporophyte.
c. microgametophyte.
d. microsporophyte.

4. Rhyniophytes are significant because they
a. are currently the most successful conifers.
b. are currently the most successful flowering

plants.
c. were the first to evolve flowers.
d. were the first to evolve vascular tissue.

5. Xylem and phloem are
a. the covering tissues on roots, stems, and leaves.
b. the male and female parts of a flower.
c. two kinds of flowering plants.
d. two types of vascular tissue.

6. Ferns are plants that are
a. nonvascular with seeds.
b. nonvascular without seeds.
c. vascular with seeds.
d. vascular without seeds.

7. Which structure develops into a pollen grain?
a. antheridium
b. archegonium
c. megaspore
d. microspore

8. Select the characteristic NOT descriptive of
conifers.
a. can withstand cold winters
b. can withstand hot summers
c. needlelike leaves
d. reproduce through flowers

9. Select the incorrect statement about angiosperms.
a. contain only tracheids in their vascular tissue
b. did not diversify until the Cenozoic era
c. include tiny plants living on pond surfaces
d. the most successful group of plants

10. Select the incorrect association.
a. dicot—woody or herbaceous
b. dicot—vascular bundles arranged in a circle

within the stem
c. monocot—almost always herbaceous
d. monocot—net-veined leaf

11. In comparing alternation of generations for non-
seed and seed plants, it is apparent that seed
plants have
a. flowers only.
b. heterospores.
c. flagellated sperm.
d. megagametophytes and microgametophytes.
e. Both b and d are correct.

12. The fern is a nonseed plant and
a. is a bryophyte.
b. has flagellated sperm.
c. lacks vascular tissue.
d. All of these are correct.

13. The dominant generation in the seed plants is
the
a. sporophyte.
b. gametophyte.
c. green leafy shoot.
d. flower only.

14. Ferns are restricted to moist places because
a. of the sporophyte generation called the frond.
b. of a sensitive type of chlorophyll.
c. of the water-dependent gametophyte 

generation.
d. they never grow very tall.

15. In the life cycle of seed plants, meiosis
a. produces the gametes.
b. produces microspores and megaspores.
c. does not occur.
d. produces spores.

16. Double fertilization refers to the fact that in an-
giosperms
a. two egg cells are fertilized within an ovule.
b. a sperm nucleus fuses with an egg cell and

with polar nuclei.
c. two sperm are required for fertilization of one

egg cell.
d. a flower can engage in both self-pollination

and cross-pollination.
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17. Identify the correct order of life cycle stages in
a moss.
a. gametophyte—sporophyte—spores—zygote—

protonema
b. sporophyte—spores—protonema—gametes—

zygote
c. g a m e t o p h y t e — s p o r e s — s p o r o p h y t e —

gametes—zygote
d. zygote—sporophyte—gametophyte—spores—

protonema
18. The sporangia of a fern is generally

a. at the tips of the rhizomes.
b. on the bottom surface of the prothallus.
c. inside the fiddleheads.
d. at the point where leaves join the stem.
e. on the undersides of fronds.

19. In which of these groups is the gametophyte nu-
tritionally dependent upon the sporophyte?
a. ferns
b. angiosperms
c. gymnosperms
d. Both b and c are correct.
e. All of these are correct.

20. In pine trees, ______ develop in separate types of
cones.
a. microgametophytes and megagametophytes
b. pollen and ovules
c. microspores and megaspores
d. Both a and b are correct.
e. All of these are correct.

THOUGHT QUESTIONS

Answer in complete sentences.
21. What do you think will be the impact on human life if there is a major extinction of plants during the next

century?

22. Should algae be considered plants? Offer reasons why they should and should not be classified this way.

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %

ANSWER KEY

STUDY EXERCISES

1. a. T b. F c. T d. T 2. a. 2 b. 3 c. 1 d. 4 e. 2
f. 3 3. a. antheridium b. egg c. archegonium
d. sperm 4. a. gametophyte b. yes c. yes 5. a. yes
b. no c. meiosis d. spores e. protonema f. gameto-
phyte 6. a. rhizoids b. water c. antheridia d. archego-
nia 7. a. capsule b. sporophyte generation
c. gametophyte generation d. rhizoids 8. a. sporo-
phyte b. diploid c. Xylem d. Phloem e. mask
9. a. F. Only gymnosperms and angiosperms produce
pollen grains and seeds. b. T c. F. In most seed vascu-
lar plants, the gametophyte generation is dependent on
the sporophyte. 10. a. F b. F c. T 11. a. 2 b. 3
c. 1 d. 4 12. a. archegonium b. antheridium c. rhi-
zoid 13. a. prothallus b. heart c. gametophyte d. does
not e. does f. is g. Spores 14. a. frond b. sorus
c. fiddlehead d. rhizome 15. a. sporophyte b. does
c. diploid 16. a. B b. F c. F 17. a. 2n b. 2n c. 2n
d. n e. n f. n g. n h. n i. n j. 2n 18. a. yes b. yes
c. pollen grain d. seed 19. a. 2 b. 3 c. 1 20. (1) Sporo-

phyte is dominant. (2) pollen cones and seed cones (3) mi-
crosporangia on lower surface of pollen cone; megaspo-
rangia on upper surface of seed cone inside ovule
(4) Meiosis produces microspores/megaspores. (5) Each
microspore develops in a microgametophyte (pollen
grain); one megaspore develops into a megagametophyte.
(6) Pollen tube delivers sperm to egg. (7) Ovule becomes
seed. 21. a. tree b. microsporangium on scale of pollen
cone c. megasporangium inside ovule on scale of seed
cone d. pollen grain e. ovule f. mature microgametophyte
(pollen grain) g. megagametophyte inside ovule
h. seed 22. a. M b. D c. D d. M e. D f. M g. D h. M
23. a. anther b. ovary c. ovule 24. (1) Flower con-
tains stamens and pistil. (2) Megasporocyte produces
four haploid megaspores; microsporocyte produces four
haploid microspores. (3) One functional megaspore sur-
vives and divides mitotically; microgametophyte con-
tains generative cell nucleus and tube cell nucleus.
(4) Megagametophyte results and consists of eight hap-
loid nuclei; pollen grain germinates and produces a pollen
tube. (5) Double fertilization occurs; one sperm fertil-
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izes the egg, and the other joins with the polar nuclei.
(6) Seed contains endosperm, embryo, and seed
coat. 25. a. flowering plant b. pollen sac c. megas-
porangium inside ovule d. pollen grain e. ovule f. pollen

tube g. megagametophyte (embryo sac) h. seed i. ovary
26. a. attract pollinators b. micro- and megasporangia
where microspores and megaspores are produced c. fruit
d. disperse the species

27.

Vascular Tissue Dominant Spores or Seeds Fruit
(yes or no) Generation Disperse Species (yes or no)

no gametophyte spores no

yes sporophyte spores no

yes sporophyte seeds no

yes sporophyte seeds fruit

CLASSIFICATION

TIDDLEDYWINKS

1. a. Size: largest: kingdoms = monera, protists, plants
next: groups = bryophytes, vascular plants; next: organ-
isms = all the rest b. Colors: 1. monera: bacteria, in-
cluding cyanobacteria 2. protists: algae, protozoa, slime
mold 3. fungi 4. plants: nonvascular plants (mosses), vas-
cular plants (includes all others) 2. a. bacteria b. algae
c. protozoa d. plants e. pine, flower f. vascular plants
g. monera h. plants i. fungi j. plants, algae k. plants
l. protists m. viruses n. protozoa o. viruses p. protozoa
q. fungi r. pine, flower s. flower t. fungi u. fungi
v. mosses w. algae x. pine y. flower z. bacteria aa. slime
mold bb. flower cc. fern

CHAPTER TEST

1. a 2. a 3. c 4. d 5. d 6. d 7. d 8. d 9. a
10. d 11. e 12. b 13. a 14. c 15. b 16. b
17. b 18. e 19. d 20. e 21. The ecologic and eco-
nomic contributions of plants will be lost. Examples in-
clude loss of food production and inability to maintain a
balance of gases in the atmosphere. 22. They are pho-
tosynthetic producers, so in this way they should be con-
sidered plants. However, they lack the adaptations for
terrestrial life, so in this way they should not be consid-
ered plants.
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Animals are multicellular, locomote by contracting fibers,
and ingest their food. They all have the diplontic life
cycle, but differ in a number of ways by which they are
classified. Many animals, such as those discussed in this
chapter,  are invertebrates.

Sponges have the cellular level of organization and
lack tissues and symmetry. Sponges are sessile filter
feeders and depend on a flow of water through the body
to acquire food, which is digested in vacuoles within
color cells that line a central cavity.

Cnidaria and comb jellies have two tissue layers
and are radially symmetrical. Cnidaria have a sac body
plan and exist as either polyps (e.g., Hydra) or medusae,
(e.g., jellyfishes) or they can alternate between the two
(e.g., Obelia).

Flatworms and ribbon worms have bilateral sym-
metry and the organ level of organization. Flatworms
may be free living or parasitic. Freshwater planaria have
muscles, a ladder-type nervous organization, and cephal-
ization consistent with a predatory way of life. Parasitic
flatworms, namely, tapeworms and flukes, lack cephal-
ization and are otherwise modified for a parasitic lifestyle.

Roundworms and rotifers are pseudocoelomates
and have a tube-within-a-tube body plan. Many round-
worms, ranging from pinworms to Ascaris and Trichinella
are parasitic.

The protostomes (and deuterostomes) have a coelom
completely lined with mesoderm. In protostomes, the
mouth appears at or near the blastopore, the first embry-
onic opening. The body of a mollusk is composed of a
foot, a visceral mass, and a mantle cavity. Mollusks are adapted
to various ways of life; for example, clams are sessile fil-
ter feeders, squids are active predators of the open ocean,
and snails are terrestrial. Annelids are the segmented
worms. Polychaetes (e.g., clam worms, tube worms) are
marine animals with parapodia for gas exchange; earthworms
live on land; and the leech is parasitic. In the earthworm,
the coelom and the nervous, excretory, and circulatory
systems all provide evidence of segmentation.

Arthropods have a ventral nerve cord and an ex-
ternal exoskeleton made of chitin, which is periodically
shed by molting; this is different from the internal skele-
ton of vertebrates. Like vertebrates, however, arthro-
pods are segmented and have jointed appendages. This
combination has led to specialization of parts, and in
some arthropods, the body is divided into special regions,
each with its own particular type of appendages. Whereas
the crayfish, a crustacean, is adapted to a marine exis-
tence, the grasshopper, an insect, is adapted to a terres-
trial existence. Insects have wings and breathe by means
of air tubes called trachea. Their circulatory system does
not contain a respiratory pigment.

30
ANIMALS: PART 1

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

30.1 EVOLUTION AND CLASSIFICATION OF ANIMALS (P. 618)

• Animals are multicellular heterotrophs exhibiting as least some mobility.
• Animals are grouped according to level of organization, symmetry, body plan, pattern of embryonic

development, and presence or absence of segmentation.
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1. Place a check in front of those phrases that correctly describe animal characteristics.
a. autotrophic nutrition
b. haplontic life cycle
c. ingest food
d. meiosis produces gametes
e. multicellular organisms

2. Match the definitions with the following types of symmetry: asymmetry, bilateral symmetry, and radial
symmetry.
_____ a. A definite right and left half; one longitudinal cut down the center of the animal produces two equal

halves.
b. Animal has no particular symmetry.

_____ c. Animal is organized circularly; two identical halves are obtained no matter how the animal is sliced
longitudinally.

3. The three germ layers are called a.__________________, b.__________________, and c.__________________.

4. Animals with the tissue level of organization have a.__________________ germ layers. Animals with

the b.__________________ level of organization have three germ layers.

5. Match the definitions with the following terms: acoelomate, pseudocoelomate, protostome, and deuterostome.
a. A cavity is incompletely lined with mesoderm.
b. The blastopore becomes the mouth.
c. A coelom is lacking.
d. The blastopore becomes the anus, and a second opening becomes the mouth.

6. The evolutionary tree of animals shows that all animals are believed to have evolved

from a.__________________ ancestors, most likely b.__________________.
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7. Write the names of the animal phyla depicted in the arrows and fill in the ovals with these terms: 

acoelmates
bilateral symmetry
deuterostomes
multicellularity
protostomes
pseudocoelomates
radial symmetry
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• Sponges are multicellular with limited mobility and no symmetry.
• Cnidarians are radially symmetrical with true tissue layers.
• Planarians are bilaterally symmetrical with a definite head region.
• Roundworms have a pseudocoelom and the tube-within-a-tube body plan.

Sponges (p. 621)
8. Label the cells in this diagram of the body wall of the sponge with the following terms: amoeboid cell, collar

cell, epidermal cell, pore, and spicule. Write the function of each cell next to its label.

30.2 INTRODUCING THE INVERTEBRATES (P. 621)

a.

flagellum

collar

e.

c.

b.

sponge
wall

central
cavity

d.

9. Sponges are the only animals to have the a._________________ level of organization. Their bodies are

perforated by many b._________________; the phylum name Porifera means c._________________. The beating

of the flagella of d._________________ creates water currents, which flow through the pores into the central

cavity and out through the e._________________. Food particles brought in by water are digested in food

vacuoles and f._________________ cells. The result of sexual reproduction is a ciliated larva that moves

(disperses) by g._________________. The two methods of asexual reproduction of sponges are

called h._________________ and fragmentation. If a sponge fragments, it can grow whole again by a process

called i._________________. The classification of sponges is based on the type of j._________________ they

have.

Cnidarians (p. 622)

10. Embryonic comb jellies and cnidaria have a._________________ germ layers, the b._________________ and
the c._________________. Because of this, they are said to be d._________________. They
exhibit e.____________________ symmetry.

11. What is the function of a nematocyst? ________________________________________________________________
12. Label this diagram with the following terms: hydra, jellyfish, medusa, and polyp.
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Hydra Planarian

body plan

cephalization

number of germ layers

organs

symmetry

19. The condition schistosomiasis is caused by a(n) a.____________________. The Chinese liver fluke requires two

hosts, the snail and the fish. Humans contract liver flukes when they eat b.____________________.

20. The body of the tapeworm is made up of a head region called a(n) a.____________________ and numerous

segments called b.____________________. Each segment is a(n) c.____________________ factory and produces

many fertilized d.____________________.
21. Label this diagram of the life cycle of a human tapeworm with the following terms: humans, meat, and

pigs/cattle.

262

13. In cnidaria, which demonstrate the alternation of generations life cycle, the polyploid stage is sessile and

produces a._________________. The medusan stage is motile and produces b._________________.

14. The hydra is a solitary a.____________________ that lives in b.____________________. Because they contain

muscle fibers, the cells of the epidermis of the hydra are called c.____________________. Cells capable of

becoming other types of cells, allowing the animal to regenerate, are called d.____________________.
e.____________________ secrete digestive juices. The main type of gastrodermal cell is the
f._________________ cell. Hydras can reproduce either asexually by g._________________ or sexually.

15. The cnidarians whose calcium-carbonate skeletons provide a major ocean habitat for thousands of other

animals are the _________________.

Flatworms (p. 624)

16. Animals with three germ layers are said to be a.____________________, and they
exhibit b.____________________ symmetry.

17. Flatworms have the a.____________________ body plan; ribbon worms have a b.____________________ body
plan.

Of the two types of body plans, which is the more advanced? c. _________________________________________

Why? d. __________________________________________________________________________________________

_________________________________________________________________________________________________

18. Complete the following table to compare a hydra and a planarian:
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22. Complete the following table to compare the structure of the parasitic tapeworm with that of the planarian:

Body Structure Tapeworm Planarian

eyes

nervous system

digestive system

reproductive system

Roundworms (p. 626)

23. Two animal phyla that consist of pseudocoelomates are a.____________________ and b.____________________.

24. Complete the following table to compare the structure of flatworms and roundworms:

Flatworms Roundworms

number of germ layers

organs

sexes separate

pseudocoelom

body plan

25. Trichinosis is a condition humans get by eating rare a.____________________

containing b.____________________.

26. Complete the following table to compare the four animal phyla discussed in this chapter:

Sponges Cnidaria Flatworms Roundworms

symmetry

body plan

number of germ layers

level of organization

body cavity

30.3 MOLLUSKS (P. 628)

• Mollusks have a muscular foot (variously modified), and a visceral mass enveloped by a mantle.

27. All mollusks have a(n) a.____________________, a(n) b.____________________, and a(n) c.___________________.

Another feature often present is a(n) d.____________________, an organ that bears rows of teeth. The nervous

system is one of e.____________________ connected by nerve cords. Slow-moving mollusks tend to lack

a(n) f.____________________, but the active ones do undergo g.____________________.
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28. Give an example of each of the following animals:

bivalve a.____________________

cephalopod b.____________________

gastropod c.____________________
29. State the manner in which a clam, a squid, and a snail are adapted to their way of life.

clam a. ___________________________________________________________________________________________

                                                                                                 

squid b. __________________________________________________________________________________________

                                                                                                 

snail c.____________________________________________________________________________________________

                                                                                                 

                                                                                                 

                                                                                                 
30. Complete the following table to compare the clam and the squid.

Characteristic Clam Squid

skeleton

food procurement

locomotion

cephalization

reproduction

30.4 ANNELIDS (P. 631)

• Annelids are segmented with a well developed, true coelom.

31. Annelids are the a.____________________ worms. The tube-within-a-tube body plan has resulted in a digestive

system with b.____________________ parts. Annelids have an extensive c.____________________ circulatory

system. The nervous system is a brain and d.____________________ nerve cord.

Paired e.____________________ in each segment collect and excrete waste.

32. Complete the following table to compare annelids:

Type Representative Organism Setae Parapodia

marine worms

earthworms

leeches

33. Describe the following systems to show that an earthworm is segmented:

nervous system a.__________________________________________________________________________________

excretory system b. ________________________________________________________________________________

circulatory system c. _______________________________________________________________________________
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34. Place a check in front of the item(s) that pertain(s) to earthworm reproduction.
a. Worms are hermaphroditic.
b. Worms have separate sexes.
c. Glands in every segment provide mucus.
d. The clitellum provides mucus.
e. Worms exchange sperm and eggs.
f. Worms exchange sperm.
g. The embryo develops externally.

30.5 ARTHROPODS (P. 634)

• Arthropods have jointed appendages and an exoskeleton that must be periodically shed.

35. Like the annelids, arthropods are a.____________________, but there is specialization of parts. The segments

are fused into three regions: b.____________________, c.____________________, and d.____________________.

The arthropods have an exoskeleton that contains e.____________________, and there

are f.____________________ appendages. Because they have an external skeleton, arthropods have

to g.____________________ to grow larger. Arthropods have a(n) h.____________________ nerve

cord; i.____________________ is apparent, and the head bears sense organs, including j.____________________

eyes in most species.
36. Label these diagrams of the grasshopper with the following terms (some are used more than once):

antenna
compound eye
crop
Malpighian tubules
spiracle(s)
tracheae
tympanum

g. h.

air sac

d.

a.

b.
c.

simple eye

f.e.
aorta ovary

heart
rectum

vagina

seminal
receptacle

intestinenerve
ganglionstomachgastric

ceca
salivary
gland oviduct

37. Give the function of each of the following structures:

crop and gizzard a. ________________________________________________________________________________

Malpighian tubules b. ______________________________________________________________________________

tracheae c. ________________________________________________________________________________________

hemocoel d._______________________________________________________________________________________

ovipositor e. ______________________________________________________________________________________
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38. Complete the following table to compare the crayfish to the grasshopper, indicating how each is adapted to its
way of life:

System Crayfish Grasshopper

locomotion

excretion

digestion

reproduction

respiration

39. To demonstrate a knowledge of arachnids,
a. circle the arachnids: snails, chiggers, rotifers, spiders, millipedes
b. circle the appendages of arachnids: walking legs, chelicerae, pedipalps, swimmerets
c. circle the internal organs of arachnids: Malpighian tubules, green glands, salt glands, book lungs
d. circle where you expect to find an arachnid: Marine waters only, on land, in the frozen tundra, 

in the tropics

CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test. 
In questions 1–5, match each description with the fol-
lowing animals:

a. sponges
b. cnidaria
c. flatworms
d. roundworms

1. tube-within-a-tube body plan
2. two germ layers present
3. pseudocoelom present
4. include planaria
5. feed by filter feeding

6. The gastrovascular cavity functions for
a. digestion only.
b. transport only.
c. digestion and transport.
d. neither digestion nor transport.

7. In cnidaria, the epidermis is separated from the
cell layer lining the internal cavity by
a. mesoderm.
b. mesoglea.
c. a coelom.
d. a pseudocoelom.
e. endoderm.

8. In contrast to cnidaria, flatworms have
a. a complete digestive tract.
b. sexual reproduction.
c. a mesoderm layer that gives rise to organs.
d. a nervous system.
e. specialized tissues for gas exchange.

9. A fluke is responsible for the condition of
a. pinworms.
b. schistosomiasis.
c. trichinosis.
d. elephantiasis.

10. A true coelom differs from a pseudocoelom in that
it
a. has a body cavity for internal organs.
b. is lined completely by mesoderm.
c. is incompletely lined by mesoderm.
d. is found only in segmented worms.

11. Humans may become infected with Ascaris by
a. soil that contains eggs.
b. consuming muscle tissue that contains a cyst.
c. drinking water contaminated with eggs.
d. Both a and c are correct.

12. The digestive and reproductive systems of a mol-
lusk are located within the
a. mantle cavity.
b. visceral mass.
c. gastrovascular cavity.
d. highly branched coelom.
e. water vascular cavity.

13. Earthworms cannot live above ground because
a. their reproduction takes place in the water.
b. they have to exchange gases with water.
c. they tend to dry out if exposed to dry air.
d. their setae have to be kept wet.
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14. The ______ in the earthworms secretes mucus
for deposition of eggs and sperm.
a. typhlosole
b. nephridia
c. clitellum
d. setae
e. gizzard

15. What do a scallop, a chambered nautilus, and a
chiton have in common?
a. cephalization
b. vertebrate-type eyes
c. a mantle cavity
d. a jointed external skeleton

16. Molting by arthropods means that they
a. circulate blood through a closed system.
b. move with jointed appendages.
c. reproduce sexually.
d. shed their exoskeletons.

17. What do a crab, an insect, and a spider have in
common?
a. cephalization
b. external skeleton
c. molting
d. All of these are correct.

18. Which of these is mismatched?
a. insect—scorpion
b. arachnid—spider
c. crustacea—crab
d. insect—grasshopper

19. Which is NOT generally true of arthropods?
a. exoskeleton contains chitin
b. breathe with tracheae
c. have jointed appendages
d. have compound eyes

20. Which of these is mismatched?
a. annelid—earthworm
b. mollusk—spider
c. arthropod—grasshopper
d. annelid—clam worm, Nereis

21. Which is NOT a general feature of insects?
a. body divided into head, thorax, and abdomen
b. three pairs of legs
c. respiration typically by book lungs
d. one or two pairs of wings

22. Which of these is NOT a characteristic of mollusks?
a. body in three parts—head, thorax, and abdomen
b. a foot modified in various ways
c. a visceral mass that contains the internal 

organs
d. usually an open circulatory system

23. What do an earthworm, a clam worm, and a leech
have in common?
a. a clitellum
b. parapodia
c. a closed circulatory system
d. All of these are correct.

THOUGHT QUESTIONS

Answer in complete sentences.
24. A loss of body complexity accompanies parasitism among flatworms. What evidence supports this?

25. The arthropods are considered the most successful animal phylum inhabiting the earth. What justifies this claim?

Test Results: ______ Number right ÷ 25 = ______ × 100 = ______ %
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STUDY QUESTIONS

1. c, d, e 2. a. bilateral symmetry b. asymmetry c. ra-
dial symmetry 3. a. ectoderm b. mesoderm c. endoderm
4. a. two b. organ 5. a. pseudocoelomate b. proto-
stome c. acoelomate d. deuterostome 6. a. protistan
b. protozoa 7. See Figure 30.2, p, 620 in text. 8. a. col-
lar— produces water currents and captures food
b. spicule—internal skeleton c. epidermal—protection
d. pore—entrance of water e. amoeboid—distributes nu-
trients and produces gametes 9. a. cellular b. pores
c. pore bearing d. collar cells e. osculum f. amoeboid
g. swimming h. budding i. regeneration j. skeleton
10. a. two b. ectoderm c. endoderm d. diploblasts
e. radial 11. to trap or paralyze prey 12. a., b. polyp,
hydra c., d. medusa, jellyfish 13. a. medusae b. eggs
and sperm 14. a. polyp b. freshwater c. epithe-
liomuscular cells d. interstitial (embryonic) e. Gland
cells f. nutritive-muscular g. budding 15. corals
16. a. triploblasts b. bilateral 17. a. sac b. tube-
within-a-tube c. tube-within-a-tube d. With a one-way
flow of contents, each part can take on a particular 
function.
18.

Hydra Planarian

sac sac

no yes

two three

no yes

radial bilateral

19. a. blood fluke b. raw fish 20. a. scolex b. proglot-
tids c. reproductive d. eggs 21. a. meat b. humans
c. pigs/cattle
22.

Tapeworm Planarian

no yes

much reduced extensive

not present branches

well developed present

23. a. Nematoda (roundworms) b. Rotifera (rotifers)  
24.

Flatworms Roundworms

three three

yes yes

no yes

no yes

sac tube-within-a-tube

25. a. pork b. encysted roundworm larvae 26. See Table
30.2, page 640, in text. 27. a. mantle b. visceral mass
c. foot d. radula e. ganglia f. head g. cephalization
28. a. clam, oyster, mussel, scallop b. squid, cuttlefish,
octopus, nautilus c. snail, whelk, conch, periwinkle, sea
slug 29. a. A clam has a hatchet foot for burrowing in
the sand and is a sessile filter feeder that lacks cephal-
ization. b. A squid has a head-foot—that is, tentacles
about the head with vertebrate-type eyes that help the
squid actively capture food. c. A snail has a broad, flat
foot for moving over flat surfaces and a head with a radula
for scraping up food from a surface.
30.

Clam Squid

external shell no external 
skeleton

filter feeder active predator

hatchet foot jet propulsion 
and fins

no yes

separate separate 
sexes sexes
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31. a. segmented b. specialized c. closed d. ventral
e. nephridia
32.

Representative 
Organism Setae Parapodia

clam worm many yes

earthworm few no

leech no no

33. a. ganglia and lateral nerves in every segment
b. paired nephridia in every segment c. branched blood
vessels in every segment 34. a, d, f, g 35. a. seg-
mented b. head c. thorax d. abdomen e. chitin
f. jointed g. molt h. ventral i. cephalization j. com-
pound 36. See Figure 30.18, page 637, in text.
37. a. crop stores food, and gizzard grinds it b. excretory
tubules that concentrate nitrogenous waste c. air tubes
that deliver oxygen to muscles d. cavity where blood is
found e. special female appendage for depositing eggs
in soil
38.

Crayfish Grasshopper

swimmerets hopping legs, wings

liquid solid

gastric mill crop

male uses swimmeret  male uses penis to pass 
to pass sperm sperm

gills trachea

39. a. chiggers, spiders b. walking legs, chelicerae, pedi-
palps c. Malpighian tubules, book lungs d. on land, in
the tropics

CHAPTER TEST

1. d 2. b 3. d 4. c 5. a 6. c 7. b 8. c 9. b
10. b 11. d 12. b 13. c 14. c 15. c 16. d
17. d 18. a 19. b 20. b 21. c 22. a 23. c
24. Organ systems are lost partially or completely in flat-
worm parasites. Only the reproductive system remains well
developed. The head region bears hooks and/or suckers
instead of sense organs. 25. They are the most diver-
sified phylum, with a wide variety of species filling nu-
merous ecological niches. Insects far outnumber any
other type of animal.
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In deuterostomes, the blastopore develops into an anus.
Cleavage is radial, and an enterocoelom develops.

The echinoderms have evolved radial symmetry,
an internal skeleton, gills, a nerve ring, and a water vas-
cular system. The sea star is a major echinoderm show-
ing these specializations.

Chordates have evolved a notochord, a dorsal hol-
low nerve cord, and pharyngeal pouches at some point in
their life history. Only lancelets show all of these char-
acteristics as adults. The vertebrates develop a verte-
bral column in place of a notochord.

Vertebrates are divided into superclasses: the ag-
nathans (jawless fishes) and the gnathostomes (jawed
vertebrates). There are six classes of jawed vertebrates:
cartilaginous fishes (e.g. shark); bony fishes (e.g. trout,
cod, tuna); amphibians (e.g. frogs and salamanders); rep-
tiles (e.g. snakes, lizards, turtles); aves (birds); mam-
mals (e.g. dogs, cats, humans).

The evolution of vertebrates is still being studied.
The hagfishes and lampreys are descendants of the orig-
inal jawless fishes. Sharks are modern representatives
of the cartilaginous fishes. The original bony fishes di-
verged into two groups: the ray-finned fishes and the
lobe-finned fishes.

Amphibians, which evolved from lobe-finned fishes
during the Devonian period, reached their greatest size and
diversity in the swamp forests of the Carboniferous pe-
riod. Most amphibians return to the water to reproduce.

Reptiles, which are believed to have evolved from
the amphibians, have a shelled amniote egg. A shelled egg
along with extraembryonic membranes makes repro-
duction on land possible. Stem reptiles gave rise to di-

nosaurs and birds. The mammals trace their ancestry to
another reptilian line of descent.

While amphibians and reptiles are ectothermic—their
body temperature is the same as that of the environment—
both birds and mammals are homeothermic—they meta-
bolically produce a constant body temperature. Adaptations
of birds include feathers and hollow bones, both adap-
tations for flight. Mammals have evolved hair and mam-
mary glands. Monotremes are egg-laying mammals, and
marsupials are pouched mammals which give birth to very
immature young. While the young of placental mammals
are more developed at birth, they still require parental
care to survive.

Among mammals, primates—prosimians, mon-
keys, apes, and humans—are adapted for living in trees.
Monkeys leap but apes swing from limb to limb. This
may have been an adaptation that led to bipedalism in
hominids. The first hominid (humans and immediate an-
cestors) was A. afarensis, which could walk erect but had
only a small brain. Later-appearing australopithecines
may have manufactured stone tools, but H. habilis cer-
tainly did. H. erectus was the first fossil to have a brain
size of more than 1,000 cc. H. erectus migrated from
Africa into Europe and Asia. They used fire and may
have been big-game hunters. 

Most likely, H. sapiens evolved in Africa but then
migrated to Europe and Asia, where this species sup-
planted the archaic humans living there. One of these
species was H. sapiens neanderthalensis. The Nean-
derthals did not have the physical traits of modern humans,
but they did have culture.

31
ANIMALS: PART II

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

31.1 ECHINODERMS (P. 644)

• Echinoderms (e.g., starfish) and chordates (e.g., vertebrates) are both deuterostomes.
• In deuterostomes, the second embryonic opening becomes the mouth, and the coelom develops by

outpocketing from the primitive gut.
• Echinoderms have radial symmetry and a unique water vascular system for locomotion.
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1. Complete the following table to describe the characteristics of echinoderms:

Characteristic Description

type of symmetry

skeletal system

respiration

nervous system

water vascular system

2. Label this diagram of a sea star with the following terms (some are used more than once):

ampulla
anus
arm
cardiac stomach
central disk
coelomic cavity
digestive gland
endoskeletal plates
eyespot
gonads
pyloric stomach
radial canal
sieve plate
skin gill
spine
tube feet

3. Trace the path of water in the water vascular system: sieve plate to a.____________________canal

to b.____________________canal to radial canal to c.____________________feet. Each of these feet has

a(n) d.__________________. The function of the water vascular system is e.__________________.

4. A sea star has a two-part stomach. Describe how the sea star feeds on a clam, mentioning both parts of the

stomach.                                                                                  

                                                                                        

31.2 CHORDATES (P. 646)

• All chordates have a notochord, a dorsal hollow nerve cord, and pharyngeal pouches sometime during their
life history; in vertebrates, the notochord is replaced by the vertebral column.
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e.

f.

g.
h.

d.

c.

b.

a.

r.

q. p.

o.

n.

m.
l.

k.

j.

i.
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5. Label this diagram with the three primary chordate characteristics, plus another that also distinguishes
chordates.

272

c.

d.

a.

b.

6. Which two chordate characteristics do hemichordates have? a._____________________________

and b._____________________________

What evidence suggests that hemichordates and echinoderms are related? c.                           

8. Complete the following table to describe the invertebrate chordates:

Name Chordate Characteristics Appearance

tunicates
(subphylum Urochordata)

lancelets
(subphylum Cephalochordata)
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8. Complete this evolutionary tree of the chordates by filling in the name of the subphylum/class in the
arrowheads. Place these terms in the ovals: limbs, mammary glands and hair, jaws, lungs, amnion, feathers,
vertebrae
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31.3 VERTEBRATES (P. 649)

• There are three groups of fishes. One group is jawless, but the other two groups—the cartilaginous and bony
fishes (ray-finned and lobe-finned)—have jaws.

• Amphibians (e.g., frogs and salamanders) evolved from lobe-finned fishes and have limbs, an adaptation for
locomotion on land.

• The shelled egg of reptiles, which contains extraembryonic membranes, is an adaptation for reproduction on
land.

• Both birds, which can fly, and mammals, which have hair and mammary glands, evolved from reptiles and are
able to maintain a constant body temperature.

9. Place a check in front of the characteristics that distinguish the vertebrates.
a. bilaterial symmetry in all
b. radial symmetry in some
c. tube-within-a-tube plus coelom
d. segmented
e. vertebral column replaces embryonic notochord
f. open/closed circulatory system
g. cephalization with compound eyes
h. living endoskeleton

Fishes (p. 950)

10. Associate each statement below with the three living classes of fishes: jawless fishes (JF), 
cartilaginous fishes (CF), and bone fishes (BF)

a. have jaws (choose two)
b. are parasitic
c. sharks, rays, and skates 
d. hagfishes and lampreys 
e. ray-finned and lobe-finned 

11. In bony fishes, what is the purpose of

a. lateral line system _______________________________________________________________________________

b. swim bladder ___________________________________________________________________________________

c. gills ___________________________________________________________________________________________

d. single circulatory loop ___________________________________________________________________________

e. paired fins _____________________________________________________________________________________

Amphibians (p. 651)

12. Describe each of these features of amphibians.

skin a.__________________________________________

lungs b.__________________________________________

body temperature c.__________________________________________

life cycle d.__________________________________________

heart e.__________________________________________

13. Describe each of these features of reptiles.

skin a.                                                                                           

lungs b.                                                                                          

body temperature c.                                                                                

type of egg d.                                                                                     

heart e.                                                                                          
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14. How do the following characteristics of birds contribute to their ability to fly?

feathers a.                                                                                        

horny beak b.                                                                                     

keel c.                                                                                           

four-chambered heart d.                                                                            

one-way flow of air in lungs e.                                                                      

15. Match the types of mammals to the following descriptions (some descriptions are used more than once):
1 All have hair and mammary glands.
2 All lay eggs.
3 All have pouches.
4 All have internal development to term.

a. monotremes
b. marsupials
c. placental mammals

16. Name a type of mammal adapted to each of the following:

flying in air a.                                                                                      

running on land b.                                                                           

swimming in the ocean c.                                                                     

preying on other animals d.                                                                   

living in trees e.                                                                            

31.4 HUMAN EVOLUTION (P. 659)

• Primates (e.g., prosimians, monkeys, apes, and humans) are mammals adapted to living in trees.
• Human evolution diverged from ape evolution in Africa about four million years ago. The australopithecines

were the first hominids.
• Homo habilis could make tools, Homo erectus migrated out of Africa and was a big game hunter.
• Cro-Magnon is the name given to modern humans who made sophisticated tools and definitely had a culture.

17. List an adaptation for arboreal life in relation to the following:

vision a.                                                                                                                                                                                                                                                                                                                                                                                                                                                       

digits b.                                                                                           

brain size c. _______________________________________________________________________________________

birth number d. ____________________________________________________________________________________

Hominids (p. 660)

18. Australopithecines were the first a.______________. The oldest one, dated about 4.4 MYA in the fossil record

and known as b.______________, represents a transitional stage between c.______________ and
d.______________. Australopithecines walked e.______________, but their brain was f.______________. They

exhibit mosaic evolution, meaning that their g.                                                   

                                                                                        .

The next australopithecine in the fossil record is h.______________, who was a common ancestor for the rest of

the australopithecines and i.______________. A. afarensis and A. africanus are termed gracile because they are

slight in appearance. j.______________ and k.______________ are termed l.______________ because they had

larger facial bones, most likely due to larger teeth and chewing muscles.
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OFFICE BUILDING ONE

A  fourteen story office building is possible.
Key One

a. Protozoa
b. Porifera
c. Cnidaria
d. Platyhelminthes
e. Nematoda
f. Annelida
g. Mollusca
h. Arthropoda
i. Echinodermata

1. sea star (starfish)
2. clitellum
3. flame cells
4. egg—nymph—adult
5. organ system level of organization
6. ampulla
7. fluke
8. jellyfish
9. leech

10. octopus
11. jointed appendages

19. Match the Homo species with the following phrases that describe their way of life (numbers can be used more
than once):

1 brain size less than 1,000 cc
2 brain size 1,000 cc or larger
3 more likely scavenged meat
4 more likely hunted animals
5 certainly had speech and culture
6 most likely had speech and culture
7 perhaps had speech and culture
8 made tools
9 had upright posture

Homo habilis a.______________

Homo erectus b.______________

Neanderthals c.______________

Cro-Magnons d.______________

20. Which hypothesis—the out-of-Africa hypothesis or the multiregional continuity hypothesis—states that H.

erectus and then, later on, humans left Africa? a.______________ Which hypothesis states that H. erectus left

Africa and that then modern humans simultaneously arose in Europe, Asia, and Africa? b.______________ With

which hypothesis would you expect more similarity between fossils dated between 300,000 BP and 100,000

BP? c.______________ The fossil record shows several varieties of humans in Asia and Europe dated prior to

100,000 BP. These are called d. “______________ H. sapiens.” One example of an “archaic H. sapiens” is
e.______________.

Constructing Office Buildings

The object of this game is to construct an office building by matching the numbered terms with the organisms in the
key (some numbers should be matched to more than one letter). Five correct answers in a row gives you one story.
Any wrong answer is a natural disaster that forces you to start from the ground again.

12. tube feet
13. elephantiasis
14. soft body
15. five hearts
16. bilateral symmetry
17. muscles
18. water vascular system
19. medusa
20. cellular level of organization
21. muscular foot
22. five arms
23. earthworm
24. nerve net
25. clam
26. setae
27. Trichinella
28. ladder-type nervous organization
29. horseshoe crab
30. stone canal
31. pseudocoelom
32. coelom
33. mesoglea
34. pore bearers
35. polychaete
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36. squid
37. segmentation
38. closed circulatory system
39. open circulatory system
40. mesoderm
41. collar cells
42. trachea
43. trochophore larva
44. hydra
45. Hirudo
46. Malpighian tubules
47. mantle
48. Dirofilaria—filarial worm
49. nematocysts
50. metamorphosis
51. gills
52. typhlosole
53. Ascaris
54. sieve plate (madreporite)
55. hermaphroditic
56. acoelomate
57. pseudocoelomate
58. pyloric stomach
59. worms
60. molting
61. nephridia
62. visceral mass
63. cephalization
64. spicules
65. green gland
66. exoskeleton
67. wings
68. sessile
69. sac body plan
70. tube-within-a-tube

How many stories is your building? _______

OFFICE BUILDING TWO

An eight-story office building is possible.
Key Two

a. sponge
b. hydra
c. planarian
d. Ascaris
e. clam
f. earthworm
g. lobster
h. sea star
i. grasshopper
j. Obelia

1. diploblastic
2. coelomate
3. segmented
4. nematocyst
5. sac body plan

6. tube-within-a-tube body plan
7. bilateral symmetry
8. radial symmetry
9. organs

10. closed circulatory system
11. insect
12. belong to the same phylum
13. flame cells
14. Malpighian tubules
15. green gland
16. nephridia
17. tracheal tubes
18. gills
19. body wall for respiration
20. skin gills
21. spicules
22. shell
23. carapace
24. “spiny skin”
25. planula larva
26. metamorphosis
27. nymph
28. molt
29. ovipositor
30. asexual reproduction
31. alternation of generations
32. clitellum
33. bilateral larva but radial adult
34. nerve ring
35. ganglia in foot and visceral mass
36. dorsal hollow nerve cord
37. ventral solid nerve cord
38. no nervous system
39. nerve net
40. ladder-type nervous organization

How many stories is your building? _______

OFFICE BUILDING THREE

A ten-story office building is possible.
Key Three

a. jawless fishes
b. cartilaginous fishes
c. bony fishes
d. amphibians
e. reptiles
f. birds
g. mammals

1. four-chambered heart
2. frogs and salamanders
3. air sacs
4. lampreys and hagfish
5. infant dependency
6. Chondrichthyes
7. hair
8. smooth, nonscaly skin
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9. ectothermic
10. two-chambered heart
11. differentiated teeth
12. some are parasitic
13. highly developed brain
14. feathers
15. fish, but no operculum
16. evolved from amphibians
17. homeothermic
18. snakes, lizards
19. primates
20. epidermal placoid (toothlike) scales
21. shelled egg
22. whales and dolphins
23. class Aves
24. lateral line system
25. mammary glands
26. some are filter feeders
27. metamorphosis
28. sharks, rays, and skates
29. marsupials
30. Osteichthyes

31. ray-finned fishes
32. monotremes
33. scales of bone
34. dinosaurs
35. operculum
36. evolved from reptiles
37. lobe-finned fishes
38. double circulatory loop
39. paired pelvic and pectoral fins
40. one-way path through lungs
41. three-chambered heart
42. lungs
43. expandable rib cage
44. gills as an adult
45. wings
46. single circulatory loop
47. molt
48. usually four limbs
49. amniote egg
50. cartilaginous skeleton

How many stories is your building? _______

278

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. Each is a vertebrate characteristic EXCEPT

a. bilateral symmetry.
b. coelom development.
c. open circulatory system.
d. segmentation.

2. The earliest vertebrate fossils came from the
a. amphibians.
b. bony fishes.
c. cartilaginous fishes.
d. jawless fishes.

3. Modern humans are more closely related to
a. monkeys than apes.
b. African apes than Asian apes.
c. Neanderthals than Cro-Magnon.
d. whales than prosimians.

4. The skin of amphibians functions mainly for
a. circulation.
b. excretion.
c. reproduction.
d. respiration.

5. The extraembryonic membrane in the reptile egg
promotes
a. additional reinforcement from drying out.
b. complete independence from the water for re-

production.
c. enhanced elimination of wastes from the 

embryo.
d. increased hardness to prevent breakage.

6. Bird feathers are modified
a. fish fins.
b. mammalian hair.
c. reptilian scales.
d. vertebrate teeth.

7. The hair of mammals is an adaptation for
a. camouflage in all species.
b. control of body temperature.
c. faster locomotion.
d. regulation of waste elimination.

8. The most successful mammals are the
a. marsupials.
b. monotremes.
c. lancelets.
d. placentals.
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9. Which is true of echinoderms?
a. contain a dorsal hollow nerve cord
b. have internal organs in a visceral mass
c. move by a water vascular system
d. All of these are true.

10. Which is found only among echinoderms?
a. deuterostome developmental pattern
b. radial symmetry
c. exoskeleton
d. tube feet
e. ventral mouth

11. Which feature is NOT found among fishes?
a. endoskeleton
b. closed circulatory system
c. warm blood
d. dorsal hollow nerve cord

12. The most important reason amphibians are in-
completely adapted to life on land is that 
a. they depend on water for external

fertilization.
b. they must reproduce in water.
c. the skin is more important than the lungs for

gas exchange.
d. their means of locomotion is poorly 

developed.
13. A four-chambered heart is seen among

a. fishes.
b. amphibians.
c. birds.
d. mammals.
e. Both c and d are correct.

14. Which pair of statements correctly contrasts birds
and mammals?
a. Birds are cold-blooded. Mammals are warm-

blooded.
b. Birds are egg-laying. No mammals are egg-

laying.
c. Birds have air sacs in addition to lungs. Mam-

mals have no such sacs.
d. Birds lack a septum between the ventricles.

Mammals have such a septum.
15. What do echinoderms and chordates have in 

common?
a. radial symmetry
b. pharyngeal pouches
c. second embryonic opening is the mouth
d. All of these are correct.

16. Extraembryonic membranes 
a. are found during the development of all 

vertebrates.
b. are found during the development of reptiles,

birds, and mammals.
c. have exactly the same function in all vertebrates.
d. Both a and c are correct.
e. Both a and b are correct.
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17. Which is NOT a distinguishing feature of ver-
tebrates?
a. dorsal notochord
b. jointed internal skeleton
c. extreme cephalization
d. open circulatory system
e. efficient respiration

18. The type of mammal that lays eggs while nour-
ishing its young with milk is called
a. a monotreme.
b. a marsupial.
c. placental.
d. hermaphroditic.

19. Which is NOT true of echinoderms?
a. external skeleton
b. tube feet
c. skin gills
d. gonads in arms

20. Which is NOT an echinoderm?
a. sea lily
b. sea urchin
c. sea cucumber
d. sea horse

21. Australopithecines
a. were apelike below the waist and humanlike

above the waist.
b. were humanlike below the waist and apelike

above the waist.
c. were generally apelike.
d. were generally humanlike.

22. The out-of-Africa hypothesis says that
a. Homo etectus migrated out of Africa and re-

placed archaic human species in Europe and
Asia.

b. no interbreeding took place between different
types of humans.

c. modern humans arose in Africa in several dif-
ferent places.

d. Neanderthals, and also H. erectus, migrated
out of Africa.

e. all of these
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STUDY EXERCISES

1. 

Description

radial

spine-bearing, calcium-rich plates in an
endoskeleton

gas exchange across skin gills and tube feet

central nerve ring plus radial nerves

a series of canals that ends at tube feet; a means of
locomotion

2. See Figure 31.2b, page 645, in text. 3. a. stone b. ring
c. tube d. ampulla e. locomotion 4. The sea star everts
its cardiac stomach, puts it in the shell, and secretes en-
zymes; partly digested food is taken up, and digestion is
completed in the pyloric stomach. 5. See page 646 in
text. 6. a. dorsal nerve cord in collar and trunk
b. gill slits in pharynx c. The larvae of hemichordates and
echinoderms are similar.
7.

Chordate Characteristics Appearance

all three (larva); gill slits  thick-walled, squat 
(adult) sac

all three lancet

8. 2. See Figure 31.3, page 647, in text. 9. a, c, d, e, h
10. a. CF, BF b. JF c. CF d. JF e. BF 11. a. senses pres-
ence of other organisms b. buoyancy c. respiration
d. movement of blood to gills first e. balancing and pro-

pelling body in water 12. a. smooth, nonscaly, and used
for respiration b. small and poorly developed c. ec-
tothermic d. undergo metamorphosis from tadpole to
adult e. three chambers 13. a. thick, dry, scaly b. more
developed than in amphibians c. ectothermic d. am-
niote e. nearly or completely four chambered 14. a. pro-
vide broad, flat surfaces b. reduces weight c. attaches
flight muscles d. provides good delivery of oxygenated
blood to muscles e. provides good oxygenation of blood
15. a. 1, 2 b. 1, 3 c. 1, 4 16. a. bat b. horse c. whale
d. lion e. monkey 17. a. eyes forward with stereoscopic
vision b. nails, not claws, and opposable thumb c. large,
well developed d. single offspring at a time 18. a. hominids
b. A. ramidus c. apes d. humans e. erect f. small g. body
parts evolved at different rates h. A. afarensis i. humans
j. A. robustus k. A. boisei l. robust 19. a. 1, 3, 7, 8, 9 b. 2,
4, 6, 8, 9 c. 2, 4, 6, 8, 9 d. 2, 4, 5, 8, 9 20. a. out-of-
Africa b. multiregional continuity c. multiregional con-
tinuity d. archaic e. Neanderthal

OFFICE BUILDING ONE

1. i 2. f 3. d 4. h 5. d, e, f, g, h 6. i 7. d 8. c
9. f 10. g 11. h 12. i 13. e 14. c, d, f, g
15. f 16. d, e, f, g, h 17. d, e, f, g, h, i 18. i
19. c 20. a, b 21. g 22. i 23. f 24. c 25. g
26. f 27. e 28. d 29. h 30. i 31. e 32. e, f, g,
h, i 33. c 34. b 35. f 36. g 37. f, g, h 38. f
39. g, h, i 40. d, e, f, g, h, i 41. b 42. h 43. f, g, h
44. c 45. f 46. h 47. g 48. e 49. c 50. h
51. g, h, i 52. f 53. e 54. i 55. d, f 56. b, c
57. e 58. i 59. d, e, f 60. h 61. f 62. g 63. d, h
64. b 65. h 66. g, h 67. h 68. b, c 69. c, d 
70. e, f, g, h, i

THOUGHT QUESTIONS

Answer in complete sentences.
23. Compare the success of chordate evolution to arthropod evolution. What are the similarities and differences?

24. Compare the adaptations of amphibians and reptiles to a land existence.

Test Results: ______ Number right ÷ 24 = ______ × 100 = ______ %
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OFFICE BUILDING TWO

1. b, j 2. d, e, f, g, h, i 3. f, g, i 4. b 5. b, c 6. d,
e, f, g, h, i 7. c, d, e, f, g, i 8. b, h, j 9. c, d, e, f, g,
h, i 10. f 11. i 12. b and j; g and i 13. c 14. i
15. g 16. f 17. i 18. e, g, h 19. f 20. h 21. a
22. e 23. g 24. h 25. b 26. i 27. i 28. g, i
29. i 30. b 31. j 32. f 33. h 34. h 35. e
36. none 37. f, g 38. a 39. b, j 40. c

OFFICE BUILDING THREE

1. e, f, g 2. d 3. f 4. a 5. g 6. b 7. g 8. a, d
9. a, b, c, d, e 10. a, b, c 11. g 12. a 13. g
14. f 15. a, b 16. e 17. f, g 18. e 19. g
20. b 21. e, f 22. g 23. f, g 24. b, c 25. g
26. b, g 27. d 28. b 29. g 30. c 31. c 32. g
33. c 34. e 35. c 36. f, g 37. c 38. c, d, e, f, g
39. c 40. f 41. d 42. d, e, f, g 43. e, f, g 44. a, b, c
45. f 46. a, b, c 47. e 48. d, e, f, g 49. e, f
50. a, b

CHAPTER TEST

1. c 2. d 3. b 4. d 5. b 6. c 7. b 8. d 9. c
10. d 11. c 12. a 13. e 14. c 15. c 16. b
17. d 18. a 19. a 20. d 21. b 22. a 23. Each
phylum contains numerous diversified species adapted to
a variety of environments. Arthropods have more species.
24. Amphibians reproduce in the water and have a larval
stage that develops in the water. The skin must be kept
moist because it supplements the lungs for gas exchange.
Reptiles reproduce on land because they lay a shelled
egg with extraembryonic membranes. The skin can pre-
vent desiccation because it is dry and scaly. The lungs are
moderately developed, and a rib cage helps ventilate the
lungs.
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An animal is organized to carry out behaviors that help
it survive and reproduce. Hybrid studies with warblers show
that behavior has a genetic basis. The nervous and endocrine
systems control behavior, as shown by garter snake ex-
periments and snail (Aplysia) DNA studies.

A behavior sometimes undergoes development after
birth, as exemplified by improvement in laughing gull
chick begging behavior. Learning occurs when a be-
havior changes with practice. Experiments teaching male
birds to sing in their species dialect show that various
factors—such as social experience—influence whether
or not learning takes place.

Since genes influence behavior, it is reasonable to
assume that adaptive behavioral traits will evolve. Both
sexes are expected to behave in a manner that will raise
their reproductive success. Females who produce only
one egg a month are expected to choose the best mate, and
males who produce many sperm are expected to insem-
inate as many females as possible. Sexual selection is nat-
ural selection due to mate choice by females and
competition among males. Do females choose mates who
have the best traits for survival or simply the ones to
whom they are attracted? Or are these hypotheses one

and the same? Experiments with satin bowerbirds and
birds of paradise were inconclusive. Food sources can
influence reproductive behavior, however, as shown by
observations of birds of paradise.

A cost-benefit analysis is particularly applicable
to male competition. A dominance hierarchy, as seen in
baboons, and establishment of a territory, as seen in red
deer, are two ways in which strong males get to reproduce
more than weaker males. Do the nonmating males re-
ceive a benefit? And are the costs within reason for the
mating males? Experiments are still being conducted.

Communication between animals consists of chem-
ical, auditory, visual, and tactile signals. Social living
can help an animal avoid predators, rear offspring, and
find food. Disadvantages include fighting among mem-
bers, spread of a contagious disease, and the possibility
of subordination to others.

Altruistic behavior seems self-sacrificing until we
consider the concept of inclusive fitness, which includes
personal reproductive success and the reproductive suc-
cess of relatives. Among social insects, sisters share 75%
of their genes rather than 50%. This makes it more likely
that they will help raise siblings.

PART VII BEHAVIOR AND ECOLOGY

32
ANIMAL BEHAVIOR

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• Behaviors have a genetic basis but can also be influenced by environmental factors.
• The nervous and endocrine systems have immediate control over behaviors.

1. Describe an experiment and results concerning Cape Verde blackcap warblers (those that do not migrate) and
German blackcap warblers (that migrate to Africa).

experiment a. ______________________________________________________________________________________

results b. __________________________________________________________________________________________

conclusion c. ______________________________________________________________________________________

32.1 GENETIC BASIS OF BEHAVIOR (P. 672)
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2. Inland garter snakes eat frogs, and coastal garter snakes eat slugs. Arnold discovered that inland snakes do not

respond to the smell of slugs, and hybrids generally have only an intermediate ability to respond to the smell

of slugs. What did he conclude?                                                               

3. Egg-laying behavior of Aplysia involves a set sequence of movements. Investigators found that the gene that

controls behavior codes for hormones. What is the conclusion?                                      

32.2 DEVELOPMENT OF BEHAVIOR (P. 674)

• Behaviors sometimes undergo development after birth, as when learning affects behavior.

4. Indicate whether the following statements about Hailman’s experiment with laughing gull chicks are true (T)
or false (F):

a. Laughing gull chicks seek their own food.
b. Motor development helps explain why the pecking behavior of chicks improves.
c. Operant conditioning—a form of learning—helps explain why older chicks choose a model that

looks more like the parent.

5. Explain question 4c here.                                                                    

                                                                                        
6. Due to imprinting, chicks follow the first moving object they see. In relation to this observation, explain the

following:

sensitive period a. __________________________________________________________________________________

                                                                                                 

need for social interaction b. ________________________________________________________________________

                                                                                                 
7. The following diagram illustrates experiments studying how birds learn to sing:
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Explain each of the frames.

first a. ____________________________________________________________________________________________

second b.__________________________________________________________________________________________

third c.____________________________________________________________________________________________

What conclusion is appropriate? d. ___________________________________________________________________

32.3 ADAPTIVENESS OF BEHAVIOR (P. 676)

• Natural selection influences such behaviors as methods of feeding, selecting a home, and reproducing.
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8. Indicate whether the following statements about the adaptive nature of behavior are true (T) or false (F):
a. Behavior has a genetic basis.
b. Certain behaviors can improve reproductive success.
c. The nervous and endocrine systems control behavior.

9. With reference to the reproductive behavior of satin bowerbirds, females chose males with well-kept bowers

that contained blue objects. Why might this be supportive of the good genes hypothesis?                  

                                                                                        

10. With reference to the reproductive behavior of birds of paradise, perhaps females choose the males with

spectacular plumes because it signifies a.______________ or because their sons will be b.______________ to

females also. It was also found that raggiana offspring are fed a more c.______________ food than those of the

related species, the trumpet manucode. This seems to correlate with the fact that the birds of paradise are
d.______________, while the trumpet manucode birds are e.______________. Birds are monogamous when it

takes two parents to f.______________ the offspring.
11. In terms of a cost-benefit analysis, what is the benefit to dominant males in a baboon troop? a.             

                                                                                        

What are the costs? b. ______________________________________________________________________________

                                                                                        

What is the benefit to subordinate males in a baboon troop? c. ___________________________________________

What are the costs? d. ______________________________________________________________________________

Why do you predict that the benefits for each must outweigh the costs? e. _________________________________

32.4 ANIMALS SOCIETIES (P. 680)

• Animals living in societies have various means of communicating with one another.

12. Match the descriptions with the following terms:
1 chemical communication
2 auditory communication
3 visual communication
4 tactile communication

a. Honeybees do a waggle dance in dark hive.
b. Male raggiana birds of paradise do spectacular courtship dances.
c. Birds sing songs.
d. Cheetahs spray a pheromone onto a tree.

32.5 SOCIOBIOLOGY AND ANIMAL BEHAVIOR (P. 683)

• Apparently, altruistic behavior only occurs if it actually benefits the animal.

13. Indicate whether the statements that follow are true (T) or false (F). Change all false statements to true
statements.

a. Subordinate males have less chance to mate, but group living may help them survive. Rewrite:     

                                                                                 

b. Animals that live alone may have to spend less time grooming. Rewrite:                       

                                                                                 

c. Animals that capture large prey tend to live alone. Rewrite:                                 

                                                                                 

d. The cost of social living outweighs the benefits, but animals like being with others. Rewrite:       
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14. Match the statements with the following terms (multiple answers are possible):
1 altruism
2 inclusive fitness
3 helpers at the nest
4 reciprocity

a. Males do not prevent receptive female chimpanzees from copulating with several members of a group.
b. A behavior seems to be self-sacrificing.
c. Older siblings take care of younger siblings.
d. Worker bees do not reproduce and instead help raise siblings.
e. A younger bird helps an older bird raise its young but takes over the territory when the older bird dies.

CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. Which of these pertain(s) to behavior?

a. The heart pumps blood into the arteries.
b. Ants lay a pheromone trail to guide other ants.
c. Birds have warning calls.
d. Both b and c are correct.

2. A mechanistic question
a. is the same as a survival value question.
b. pertains to a mechanism of behavior.
c. pertains to behavior that results from evolution.
d. Both b and c are correct.

For questions 3–7, match the statements to the following
descriptions of behavior:

a. Behavior has a genetic basis.
b. The nervous and endocrine systems control

behavior.
c. Behavior undergoes development.

3. Hybrid studies with warblers reveal this.
4. Garter snakes differ in their ability to smell slugs.
5. Laughing gull chicks improve in their ability to

recognize their parent.
6. Egg-laying behavior in Aplysia reveals this.
7. Caged birds can learn to sing their species’ song

if they hear a recording of it during a sensitive
period.

8. The pecking improvement of laughing gull chicks
a. can be explained by operant conditioning.
b. correlates with improved motor skills.
c. is a form of learning.
d. All of these are correct.

9. A sensitive period for learning was observed
when
a. hybrid garter snakes were intermediate in their

ability to smell slugs.
b. captive birds learned to sing a more devel-

oped song by hearing a recording.
c. imprinting occurred.
d. Both b and c are correct.

10. The adaptiveness of behavior may be associated
with which statement(s)?
a. Behavior has a genetic basis.
b. The nervous and endocrine systems control

behavior.
c. Behaviorists ask causal questions.
d. All of these are correct.

11. Which of these is NOT consistent with repro-
duction in females?
a. selecting the best mate possible
b. having a higher potential to produce many

offspring
c. nurturing offspring until they can care for

themselves
d. producing few eggs over a lifetime

12. Male competition leads to
a. dominance hierarchies and reduction in 

fighting.
b. defense of a territory.
c. neglect of the young.
d. Both a and b are correct.

13. A cost-benefit analysis can explain
a. why subordinate males remain in a group.
b. why red deer males are large despite the

chances of it shortening their life span.
c. why older siblings take care of younger 

siblings.
d. All of these are correct.

14. Inclusive fitness explains
a. seemingly altruistic behavior.
b. why older siblings help raise younger 

siblings.
c. the benefit of being a worker bee.
d. All of these are correct.
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THOUGHT QUESTIONS

Answer in complete sentences.
15. What evidence shows that behavior is inherited?

16. According to the tenets of sociobiology, is the behavior of animals altruistic?

Test Results: ______ Number right ÷ 16 = ______ × 100 = ______ %

ANSWER KEY

STUDY EXERCISES

1. a. Mate the two types of warblers. b. Hybrids show mi-
gratory restlessness. c. Hybrids inherit genes from both
parents and therefore show behavior intermediate be-
tween the two. 2. The nervous system controls the eat-
ing behavior of garter snakes. 3. Hormones also control
behavior. 4. a. F b. T c. T 5. Due to operant condi-
tioning, chicks learn to peck correctly (i.e., only at mod-
els that closely resemble the parent) because in that way
they are rewarded with food. 6. a. Behavior is best
learned during a sensitive period immediately after birth.
b. Clucking by a hen that has recently had chicks can
bring about the behavior even outside the sensitive pe-
riod. 7. a. Isolated bird sings but does not learn to sing
the species’ song. b. Bird learns to sing the song if a
recording is played during a sensitive period. c. Bird
learns to sing the song of a social tutor of another species
outside a sensitive period. d. Social interactions help
learning take place. 8. a. T b. T c. T 9. Aggressive
males are able to have well-kept bowers, and this be-
havior, which may be inherited, may lead to reproductive
success. 10. a. health b. attractive c. nutritious d. polyg-
amous e. monogamous f. feed 11. a. first chance to

mate b. might be injured protecting the troop c. pro-
tection d. less frequent chance to mate e. because the be-
havior evolved through natural selection 12. a. 4 b. 3
c. 2 d. 1 13. a. T b. T c. F; . . . tend to live in a group
d. F; The benefits of social living outweigh the costs or
else animals would not live in a group. 14. a. 2 b. 1, 3
c. 1, 2, 3 d. 1, 2, 3 e. 4

CHAPTER TEST

1. d 2. d 3. a 4. b 5. c 6. b 7. c 8. d 9. d 10. a
11. b 12. d 13. d 14. d 15. Experimentation has
shown that behavior has a genetic basis. Hybrid warblers
show migratory restlessness, a trait intermediate to both
parents, indicating that behavior is inherited. Hybrid
garter snakes generally have an intermediate ability to smell
slugs. Since behavior has a genetic basis, it has to be in-
herited. 16. It may appear to be altruistic but may be ex-
plainable by inclusive fitness—which depends not only
on the number of direct descendants due to personal re-
production but also on the number of offspring produced
by relatives that the individual has helped nurture.
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Ecology is the study of the interactions of organisms
with other organisms and with the physical environment.
Ecology encompasses several levels of study: organism,
population, community, ecosystem, and finally, the
biosphere. The interactions of organisms with the abi-
otic and biotic environment affect their distribution and
abundance.

Populations have a certain size that depends, in
part, on their net reproductive rate (r). There are two pat-
terns of population growth: exponential growth results
in a J-shaped growth curve, and logistic growth results
in an S-shaped growth curve. Exponential growth can
only occur when resources are abundant; otherwise, lo-
gistic growth occurs. When population size reaches the
carrying capacity of the environment, environmental
resistance opposes biotic potential.

A survivorship curve describes the mortality (deaths
per capita) of a population. There are three idealized sur-
vivorship curves: with type I, most individuals survive
well past the midpoint of the life span; with type II, sur-
vivorship decreases at a constant rate throughout the life
span; and with type III, most individuals die young. Age
structure diagrams tell what proportion of the population
is prereproductive, reproductive, and postreproductive.

Density-dependent and density-independent fac-
tors regulate population size. Density-independent fac-

tors, such as weather and fire, and density-dependent
factors, such as predation and competition, are both ex-
trinsic factors. Intrinsic factors such as territoriality may
also be involved.

Life history patterns have been related to the lo-
gistic growth curve. The opportunistic pattern occurs in
unpredictable environments (density-independent fac-
tors regulate population size) and favors small adults that
reproduce early and do not invest in parental care. The equi-
librium pattern occurs in stable environments (density-
dependent factors regulate population size) and favors
large adults that reproduce repeatedly during a long life
span and invest much energy in parental care.

The human population is currently in the exponen-
tial part of its growth curve. MDCs (more-developed
countries) experienced demographic transition some time
ago, and the populations of most are either not growing
or are decreasing. LDCs (less-developed countries) are
only now undergoing demographic transition but will
still experience much growth because of their pyramid-
shaped age structure diagram. To preserve the environ-
ment and the human population, a sustainable world
philosophy is a necessity. Control of population size in
developing countries while meeting economic needs and
protecting the environment are all components of this
philosophy.

33
POPULATION ECOLOGY

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• Ecology is the study of the interactions of organisms with each other and with the physical environment.
• The scope of ecology encompasses the individual, the population, the community, the ecosystem, and the

biosphere.

33.1 SCOPE OF ECOLOGY (P. 688)
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1. Match the statements to the following levels of ecological study:
1 community
2 population
3 ecosystem
4 biosphere

a. a group of populations interacting in an area
b. a community interacting with its physical environment
c. all the individuals of the same species in an area
d. portion of earth’s surface where living things exist
e. focus of ecological study is growth and regulation of size
f. focus of ecological study is interactions such as predation and competition between populations

2. To describe patterns of distribution of individuals within a population, place the words uniform, random, or
clumped beneath the following diagrams:

a.

b.

c.

3. Which pattern of distribution is most common? ______________

4. a.______________ factors determine where an individual organism can live. Temperature is an example of a(n)
b.______________ factor, and availability of prey is an example of a(n) c.______________ factor that can limit

where types of organisms are found.

33.2 CHARACTERISTICS OF POPULATIONS (P. 690)

• Population size depends on births, deaths, immigration, and emigration.
• Two patterns of population growth (exponential and logistic) have been developed.
• Mortality within a population is often illustrated by a survivorship curve.

5. Calculate the per capita rate of increase for a population that has a size of 1,000 individuals and the birth rate
is 20 per year and the death rate is 10 per year.

6. What is biotic potential?_____________________________________________________________________
________________________________________________________________________________________
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7. Place an x beside all those factors that could contribute to an increase in a population’s biotic potential.
a. a reduction in the usual number of offspring per reproduction
b. an increase in the chances of survival until age of reproduction
c. a reduction in how often each individual reproduces
d, an increase in the age at which reproduction begins

Questions 8–13 pertain to the following two population growth curves:

8. Place the label ep for exponential growth pattern or lg for logistic growth pattern beneath the appropriate

figure.

9. Which of these two growth curves has a lag phase? ______________ Place this label where appropriate on the

curves.

10. Which of these two growth curves has an exponential growth phase? ______________ Place this label where

appropriate on the curves.

11. During the lag phase, growth is a.______________; during the exponential growth phase, growth is
b.______________.

12. Which of these two growth curves has a deceleration phase? ______________ Place this label where

appropriate on the curves.

13. Which of these two growth curves has a stable equilibrium phase? ______________ Place this label where

appropriate on the curves.

14. Which of the phases of a growth curve (lag, exponential, deceleration, or stable equilibrium) best represents

the biotic potential of a population?                                                                  

15. Which of these phases (lag, exponential, deceleration, or stable equilibrium) best represents environmental

resistance? a.                                                                                      

What is environmental resistance? b.                                                                 

                                                                                        

At what point will the stable equilibrium phase occur? c.                                           
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Which curve shows that the members of a cohort die at a constant rate? a.______________

Which curve shows that the members of a cohort tend to die early in life? b.______________

Which curve shows that the members of a cohort usually live through their entire allotted life span?
c.______________

17. What is a cohort? _________________________________________________________________________________

33.3 REGULATION OF POPULATION SIZE (P. 692)

• Factors that limit population size are classified as density-independent and density-dependent.

18. In general, density-independent factors are a.______________ (abiotic or biotic), such as b.______________, and

density-dependent factors are c.______________ (abiotic or biotic), such as d.______________. Intrinsic factors

such as e.______________ may also be involved in regulating population size.

33.4 LIFE HISTORY PATTERNS (P. 694)

• Life history patterns range from one in which many young receive little care to one in which few young
receive much care.

For questions 19–22, match the phrases to the following types of environments:
1 unpredictable environment and density-independent regulation of population size
2 stable environment and density-dependent regulation of population size

19. large adults, long life span, slow to mature, repeated reproduction, and much care of offspring ______________

20. opportunistic pattern ______________

21. equilibrium pattern ______________

22. small adults, short life span, fast to mature, many offspring during a burst of reproduction, and little or no care

of offspring ______________

33.5 HUMAN POPULATION GROWTH (P. 695)

• The human population is still growing exponentially, and how long this can continue is not known.

Survivorship

16. Study the following diagram of survivorship curves and then answer the questions:
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23. If the human population outstrips its carrying capacity, what will happen to the size of the population?       

                                                                                        

24. If the human population is curtailed by environmental resistance, what will happen to the size of the

population?                                                                               

For the short answers in questions 25–28, use the following:
1 MDCs (More developed countries)
2 LDCs (Less developed countries)

25. Which type of country has a pyramid-shaped age structure diagram? a.______________ With such an age

distribution, growth is expected for some time. Why? b.                                            

                                                                                        

26. Which type of country overconsumes resources and thus does not follow the sustainable world philosophy?   

                                                                                        

27. Which type of country has undergone demographic transition? a.______________ What is demographic

transition? b.                                                                              

28. Which type of country has a high net reproductive rate and thus does not follow the sustainable world

philosophy?                                                                               

CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. Which of these is mismatched?

a. population—all the members of a species in
same area

b. community—populations interacting with the
physical environment

c. biosphere—surface of the earth where or-
ganisms live

d. ecosystem—energy flow and chemical cy-
cling occur

2. Distribution of organisms tends to be
a. clumped.
b. determined by limiting factors.
c. the same as the population density.
d. Both a and b are correct.

3. If the birthrate is 10 per 1,000 and the death rate
is 10 per 1,000, then the net reproductive rate is
a. 0.
b. 10.
c. 20.
d. 100.

4. If the per capita rate of increase is positive, then
a. population growth will occur.
b. the size of the population will increase.
c. environmental resistance is likely to come

into play.
d. All of these are correct.

5. Which is true of a J-shaped growth curve?
a. represents the logistic growth pattern
b. does not usually occur for long in nature
c. is seen in populations that have an equilib-

rium life history pattern
d. Both b and c are correct.

6. Ways to reduce poverty and bring about a sus-
tained population in LDCs may include all of
the following but ____.
a. strengthening family planning programs
b. using better birth control methods
c. reduce desire for large families
d. increase child mortality rates
e. delay onset of childbearing

7. During exponential growth,
a. growth remains steady.
b. growth is accelerating.
c. growth is declining.
d. growth depends on the environment.

8. A demographic transition takes place when
a. decreased death rate is followed by decreased

birthrate.
b. decreased birthrate is followed by decreased

death rate.
c. decreased death rate is followed by increased

birthrate.
d. increased death rate is followed by decreased

death rate.
e. Republicans lose control of the House and

Senate.
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9. Which sentence is most appropriate?
a. Environmental resistance encourages biotic

potential.
b. If population size is at carrying capacity,

growth is unlikely.
c. Environmental resistance consists only of 

density-independent factors.
d. Exponential growth can usually occur 

indefinitely.
10. Which is true of an S-shaped growth curve?

a. represents the exponential growth pattern
b. represents the logistic growth pattern
c. does not usually occur in nature
d. Both b and c are correct.

11. Survivorship in a population is related to
a. age of death.
b. biotic potential.
c. age structure diagram.
d. All of these are correct.

12. If the survivorship curve is a straight diagonal line,
then
a. the rate of death is constant, regardless of age.
b. most individuals live out the expected life

span.
c. most individuals die early.
d. environmental resistance has occurred.

13. Select the density-dependent effect.
a. climate
b. predation
c. natural disaster
d. weather

14. Density-dependent effects
a. increase as density increases.
b. tend to be biotic factors.
c. tend to be abiotic factors.
d. Both a and b are correct.

15. Populations with an equilibrium life history pat-
tern tend to have a(n) ______________ growth
curve.
a. J-shaped
b. S-shaped

16. Select the characteristic that is NOT consistent
with the opportunistic life history pattern.
a. large body size
b. many offspring
c. short life span
d. fast to mature

17. The countries in Asia and Africa are
a. MDCs that are experiencing rapid growth.
b. LDCs that are experiencing rapid growth.
c. MDCs that are experiencing slow growth.
d. LDCs that are experiencing slow growth.

18. The doubling time for the world’s population
will most likely
a. always remain the same.
b. become longer because of demographic

transition.
c. become shorter and shorter regardless.
d. fluctuate because of depressions.

19. The world population increases by the number of
people found in a medium-sized city (200,000)
every
a. year.
b. six months.
c. month.
d. day.

THOUGHT QUESTIONS

Answer in complete sentences.
20. Under what conditions could the growth of a population be infinite?

21. How is the exponential growth of a population similar to the effect of compound interest on money saved in a
bank?

Test Results: ______ Number right ÷ 21 = ______ × 100 = ______ %
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ANSWER KEY

STUDY EXERCISES

1. a. 1 b. 3 c. 2 d. 4 e. 2 f. 1 2. a. uniform b. random
c. clumped 3. clumped 4. a. Limiting b. abiotic c. bi-
otic 5. 1% 6. The highest possible per capita rate of
increase 7. b 8. a. ep b. lg 9. both; see Figures
33.4a and 33.4b, page 690, in text 10. both; see Figure
33.4a, b page 690, in text 11. a. slow b. accelerating
12. b; see Figure 33.4b, page 690, in text 13. b; see Fig-
ure 33.4b, page 690, in text 14. exponential 15. a. de-
celeration b. encompasses all environmental factors that
oppose biotic potential c. when biotic potential and en-
vironmental resistance are equal 16. a. II b. III c. I
17. an original group of individuals born at the same
time 18. a. abiotic b. weather, fire c. biotic d. pre-
dation, competition e. territoriality 19. 2 20. 1 21. 2
22. 1 23. A crash will occur. 24. It will become sta-
ble. 25. a. 2 b. A large number of women are entering
their reproductive years. 26. 1 27. a. 1 b. decreased death
rate followed by decreased birthrate 28. 2

CHAPTER TEST

1. b 2. d 3. a 4. d 5. b 6. d 7. b 8. a 9. b 10. b
11. a 12. a 13. b 14. d 15. b 16. a 17. b 18. b
19. d 20. If environmental resistance were absent, the
population size could continue to increase without end.
This is unlikely, because the increase in population size
without an increase in resources would force environ-
mental resistance to be present. 21. Interest in the bank
is paid on both the principal (initial amount of money) and
also on the interest generated from and added to that base
amount. During exponential growth, new individuals are
generated from the original base population, from their
descendants, and so on.
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A community is an assemblage of populations interact-
ing with one another within the same environment. Com-
munities are characterized by their composition (types of
species) and by their diversity, which includes richness
(number of species) and evenness (relative abundance).
Investigators are trying to determine if species co-occur
in communities because their tolerance ranges for some
abiotic factor(s) overlap or because they are part of a su-
perorganism. In any case, richness seems to depend on
the size of the community.

In a community, each population occupies a habi-
tat and also has an ecological niche, which is the role an
organism plays in its community, including its habitat
and its interactions with other organisms. Relationships
between populations in a community are defined by such
interactions as competition, predation, parasitism,
commensalism, and mutualism. The competitive ex-
clusion principle states that no two species can occupy
the same niche at the same time. Resource partitioning
is believed to be present whenever similar species feed
on slightly different foods or occupy slightly different habi-
tats. Predation reduces the size of the prey population but

can have a feedback effect that limits the predator pop-
ulation. Prey species have evolved various means to es-
cape predators—for example, chemical defenses in plants
and mimicry in animals.

Species in a community may exhibit several types
of symbiotic relationships. In parasitism, the fitness of
the parasite increases, and that of the host decreases.
Commensalism has a neutral effect. In mutualism, the
fitness of both species increases.

Communities are dynamic and undergo ecological
succession, a change in a community following a dis-
turbance. The process of succession is complex and may
not always reach particular end points of community
composition and diversity. Habitat patchiness at differ-
ent stages of succession produces greater species diver-
sity within the community.

To increase biodiversity, an intermediate level of
disturbance may be desirable, predation and competition
may be beneficial (except when exotic species are in-
troduced), and a size large enough for greater degree of
diversity is helpful.
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34
COMMUNITY ECOLOGY

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• Communities are assemblages of interacting populations that differ in composition and diversity.
• Environmental and biotic factors influence community composition and diversity.
• The ecological niche is the role an organism plays in its community, including its habitat and its interactions

with other organisms.

1. Draw a line between the terms in the second column that pertain to those in the first column, and a line
between those in the third column that pertain to those in the second column.

a. composition c. richness e. relative abundance

b. diversity d. evenness f. number of species
2. Label each of these findings with (1) for the individualistic model of community structure and (2) for the

interactive model of community structure.
a. Five different coral reefs all contain the same species in the same relative numbers.

_____ b. There was so much overlapping between species between the forest and field that determining where
one ended and the other began was impossible.

34.1 COMMUNITY COMPOSITION AND DIVERSITY (P. 702)
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3. The habitat of an organism is simply a.                                                               , 

but the ecological niche of an organism includes its habitat and its interactions with other organisms. What

types of interactions? b.                                                                     

                                                                                        

4. Which would you expect to be larger—the fundamental niche of an organism or its realized niche?
a.                                                                                                

Why? b.                                                                                  

34.2 COMPETITION (P. 704)

• Competition often leads to resource partitioning which reduces competition between species.

5. You would expect competition to be a lose/lose situation because both species are a.______________.

According to the b. ________________________________________________________________________________, 

no two species can occupy the same niche. 
c. _____________________________ is a way for two species to ensure different niches. For example, various

species of monkeys can coexist because each species d. ________________________________________________.

6. The barnacle Chthamalus is able to exist on rocks in the entire intertidal zone. When Balanus is present, it
only exists in the upper intertidal zone.

Why isn’t Chthamalus found in the lower intertidal zone? a. ________________________________________

_______________________________________________________________________________________________

Why is Chthamalus found in the upper intertidal zone? b. __________________________________________

_______________________________________________________________________________________________

34.3 PREDATION (P. 707)

• Predation often reduces prey population density, which in turn can lead to a reduction in predator population
density.

7. The Canadian lynx and the snowshoe hare population sizes cycle. Why would they cycle if the predator-prey
relationship is causing the cycling? a. __________________________________________________________
________________________________________________________________________________________

Why would they cycle if a hare-food relationship is involved? b. _____________________________________
________________________________________________________________________________________
_________________________________________________________________________________________________

8. Identify the antipredator device in the following:

Inchworms resemble twigs. a.______________

Dart-poison frogs are brightly colored. b.______________

Frilled lizards open up folds of skin around the neck. c.______________

9. If appropriate, label the following as describing Batesian (B) or Müllerian (M) mimicry; if neither is
appropriate, leave blank.

a. A predator mimics another species that has a successful predatory style.
b. A prey mimics another species that has a successful defense.
c. A predator captures food.
d. Several different species with the same defense mimic one another.
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34.4 SYMBIOSIS (P. 710)

• Symbiotic relationships include parasitism, commensalism, and mutualism.

10. Commensalism, mutualism, and parasitism are all different types of ________________________ relationships.

11. Complete this table to compare types of symbiosis by marking a plus (+) if the species benefits, a minus (–) if
the species is harmed, and a zero (0) if the symbiotic relationship has no effect on the species.

First Species Second Species

parasitism

commensalism

mutualism

12. Label each of the following as describing commensalism (C), mutualism (M), or parasitism (P):
a. The clownfish lives safely within the poisonous tentacles of the sea anemone, which other fish avoid.
b. Certain bacteria cause pneumonia.
c. Humans get a tapeworm from eating raw pork.
d. Epiphytes grow in branches of trees but get no nourishment from the trees.
e. Flowers provide nourishment to a pollinator, and the pollinator carries pollen to another flower.

13. Label these symbiotic relationships of species A to species B with the following terms: commensalism,
competition, mutualism, parasitism, predation

Species A consumed more of the resource than species B. a.______________

Species A eats species B. b.______________

Species A is cultivated by species B as a source of food. c.______________

Species A infects species B. d.______________

Species A rides along with species B to get food while species B hunts. e.______________

34.5 COMMUNITY STABILITY AND DIVERSITY (P. 712)

• Ecological succession is a change in species composition and community structure and organization over
time.

• The intermediate disturbance hypothesis suggests that the presence of patches that contain various species
increases biodiversity.

• Island biogeography suggests how to maintain biodiversity, permitting the continuance of all ecological
interactions.

14. Draw a series of stages that illustrate the changes in plant species composition during secondary succession.

early→ late-climax community

15. Match these terms with the descriptions below: climax-pattern model (CM), facilitation model (FM),
inhibition model (IM), tolerance model (TM).

a. An area could have any type of community, and chance alone determines the various stages of
succession.

b. Climate determines the type of community that arises in a particular area. Each area will always
have the same type of climax community.
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c. Each stage prevents other species from coming in until they die off.
d. Each previous mix of plants makes it easier for the next mix of plants to take over.

16. Place a check by each factor that increases community diversity.
a. large and/or connected natural areas
b. low levels of disturbance
c. intermediate levels of disturbance
d. uniformity of habitat
e. diversity of habitat
f. competition between species
g. human interference

CHAPTER TEST
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7. Predator population size is limited in part by
available ______________, while prey popula-
tion size is limited by ______________.
a. living space; food
b. predators; prey
c. food; predators
d. food; food

8. Plants produce hormone analogues that
a. interfere with metabolism of the adult insect.
b. inhibit egg production in insects.
c. interfere with the development of insect 

larvae.
d. None of these is correct.

9. Antipredator defenses may include
a. camouflage.
b. fright.
c. warning.
d. All of these are correct.

10. Mimicry can help
a. a predator capture food.
b. prey avoid capture.
c. Both a and b are correct.
d. None of these is correct.

11. Bees, wasps, and hornets are examples of
a. Batesian mimicry.
b. Müllerian mimicry.
c. mimicry for predation.
d. Both a and c are correct.

For questions 12–14, match the organisms with the fol-
lowing terms:

a. parasitism
b. commensalism
c. mutualism

12. virus
13. termites and protozoa
14. barnacle

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
1. A community is made up of

a. all the members of a given population.
b. all of the plant populations of a given area.
c. all of the populations of a given area.
d. all of the populations of a given area plus the

abiotic habitat in which they live.
2. Which is a facet of species diversity?

a. species richness
b. species evenness
c. composition only
d. Both a and b are correct.

3. Which of these is likely to have the greatest num-
ber of species?
a. a small island with many diverse habitats
b. a small, homogenous island
c. a large island with many diverse habitats
d. a large, homogenous island

4. Two competing paramecia species
a. cannot occupy the same test tube.
b. can exist in the same test tube.
c. can exist in two different areas of the same

test tube.
d. None of these are correct.

5. Competition
a. always eliminates one or the other species.
b. widens niche breadth.
c. narrows niche breadth and increases species

diversity.
d. None of these is correct.

6. The niche that an organism occupies while in-
teracting with all others in its community is its
a. realized niche.
b. fundamental niche.
c. habitat.
d. patch.
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so would the predator population recover. 8. a. cam-
ouflage b. warning coloration c. fright 9. b. B d. M
(both a and c should be left blank) 10. symbiotic
11.

First Species Second Species

+ –

+ 0

+ +

12. a. C b. P c. P d. C e. M 13. a. competition b. pre-
dation c. mutualism d. parasitism e. commensalism
14. see Figure 34.12, page 712, in text 15. a. TM b. CM
c. IM d. FM 16. a, c, e, f
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15. In which relationship do both species benefit?
a. mutualism
b. commensalism
c. symbiosis
d. Both b and c are correct.

16. Which can be a parasite?
a. bacteria
b. plants
c. animals
d. All of these are correct.

17. What parasite is a vector for Lyme disease?
a. virus
b. bacterium
c. tick
d. fungus

18. Choose the scenario that best represents sec-
ondary succession.
a. trees—shrubs—grasses—perennial grasses
b. annual weeds and grasses—perennial grasses—

shrubs—trees

c. shrubs—annual weeds—perennial grasses—
trees

d. All of these are correct.
19. Which characteristic is typical of a late succes-

sional community?
a. comprised of species typical for the area
b. many species present
c. climax community
d. All of these are correct.

20. Which of the following factors increases the di-
versity of a community?
a. diversity of habitats
b. high levels of disturbance
c. little or no competition
d. All of these are correct.

THOUGHT QUESTIONS

Answer in complete sentences.
21. How does niche diversity affect species diversity in a community?

22. Explain how intermediate levels of disturbance maintain diversity.

Test Results: ______ Number right ÷ 22 = ______ × 100 = ______ %

ANSWER KEY

STUDY EXERCISES

1. Draw lines between: b and c, b and d, e and d, f and c
2. a. 2 b. 1 3. a. where it lives b. predation, competi-
tion, symbiosis (parasitism, commensalism, mutualism)
4. a. fundamental b. because it includes the full range of
species potential 5. a. competing for the same re-
source b. competitive exclusion principle c. Resource
partitioning d. occupies a different spruce tree zone
6. a. Balanus competes successfully and takes over in
lower intertidal zone. b. Chthamalus is better able to
withstand drying out and takes over in upper intertidal zone.
7. a. The predator overkills the prey, and as the prey pop-
ulation declines, so does the predator population. b. As
the hares die off due to lack of food, the predator popu-
lation would decline, and as the hare population recovers,
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CHAPTER TEST

1. c 2. d 3. c 4. a 5. c 6. a 7. c 8. c 9. d 10. c
11. b 12. a 13. c 14. b 15. a 16. d 17. c 18. b
19. d 20. a 21. The greater the number of niches, the
greater the number of possible species that can fill them,
and therefore, the greater the diversity. 22. At low lev-

els of disturbance, the organisms that dominate the com-
munity (K-strategists) become more abundant, and other
species have fewer opportunities to become established.
At high levels of disturbance, only the r-strategists, which
reproduce quickly, survive. At intermediate levels of dis-
turbance, both r- and K-strategists maintain their popu-
lations at a smaller size, but overall diversity increases.
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Because the earth is a sphere, the sun’s rays are vertical
only at the equator, and temperature decreases from the
equator to the poles. The tilt of the earth on its axis along
with the earth’s rotation about the sun creates the seasons.
Because the oceans are warmer at the equator than at the
poles, air rises at the equator and moves toward the poles;
these air currents in turn cause ocean currents that affect
climate about the world.

Warm air rising at the equator loses its moisture
and then descends at about 30º north and south latitude
and so forth to the poles. This movement of air in gen-
eral accounts for different amounts of rainfall at differ-
ent latitudes. Topography also plays a role in the
distribution of rainfall.

Just south of the North Pole, the tundra has cold
winters and short summers; the vegetation consists largely
of short grasses and sedges and dwarf woody plants. Pro-
ceeding southward, the taiga is a coniferous forest, the
temperate deciduous forest has seasons, and the trop-
ical rain forest is a broad-leaved evergreen forest.

Among grasslands, which have less rainfall than
forests, the savanna is a tropical grassland which sup-
ports the greatest number of different types of large her-
bivores. The prairie found in the United States has a limited
variety of vegetation and animal life. In deserts some
plants, such as cacti, are succulents, and others are shrubs
with thick leaves they often lose during dry periods.

Among aquatic biomes, freshwater communities
include streams, rivers, lakes, and ponds. Lakes experi-
ence spring and fall overturns. Lakes and ponds have
rooted plants in the littoral zone, plankton and fishes in
the sunlit limnetic zone, and bottom-dwelling organisms
in the profundal zone. Estuaries near the mouths of rivers
are the nurseries of the sea. Marine communities include
coastal communities and the oceans. An ocean has a
pelagic division (open waters) and benthic division
(ocean floor). Coral reefs are productive communities found
in shallow tropical waters.

35
BIOSPHERE

CHAPTER REVIEW

STUDY EXERCISES

Study the text section by section as you answer the questions that follow.

• Solar radiation provides the energy that drives climate differences in the biosphere.
• Global air circulation patterns, ocean currents, and physical features produce the various patterns of

temperature and rainfall about the globe.

1. Place a check in front of the statements that are true.
a. Because the earth is a sphere, solar energy hitting Earth is uniformly distributed.
b. The distribution of rainfall is partially due to topography.
c. Heat always passes from warm areas to colder areas.
d. The great deserts of the world lie at the equator.
e. Warm air moves from the equator to the poles.
f. Arctic winds across the Great Lakes produce lake-effect snows.
g. Rain shadows always form on the leeward side of the mountains.

35.1 CLIMATE AND THE BIOSPHERE (P. 718)
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• Ecosystems can be divided into a few major classes of terrestrial and aquatic biomes.

2. Label this diagram that compares the effects of altitude and latitude on vegetation with the following terms
(some are used more than once):

coniferous forest
deciduous forest
tropical forest
tundra

35.2 BIOMES OF THE WORLD (P. 721)
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3. The diagram from question 2 emphasizes that vegetation is determined in part by a.____________________.
b.____________________ also plays a major role and, therefore, tropical rain forests are found at the equator where

both c.____________________ and d.____________________ are maximal.
4. For each biome listed, write a one- or two-word description for the temperature and rainfall.

Biome Temperature Rainfall

tundra

desert

grassland

taiga

temperate deciduous forest

tropical rain forest
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5. Label the soil diagram with  the following terms:
leaching
parent material
topsoil
subsoil

A

B

C

Soil Horizons

6. Because of limited leaching (due to limited rainfall), the A horizon is deep in a.____________________, and this

made the prairies of the United States good agricultural lands. Generally, in b.____________________ both the A and B

horizons supply inorganic nutrients for tree root growth. In tropical rain forests, however, because leaching is extensive,

there is only a shallow c.____________________ horizon; therefore, these forests (can, cannot) d.____________________

support crops for many years.

• The earth’s major biomes are forests (broad-leaf and coniferous), scrublands, grasslands (tropical savannah
and temperate grasslands), tundra, and deserts.

Tundra (p. 722)

7. For each comparison select the one that applies to the tundra.
a. light—dark
b. cold—hot
c. short grasses—trees
d. musk-ox—horses
e. epiphytes—permafrost

Coniferous Forests (p. 723)

8. For each comparison select the one that applies to the taiga.
a. broad-leaf trees—narrow-leaf trees
b. cold—hot
c. cool lakes—pools and mires
d. zebras—moose

9. For each comparison select the one that applies to the temperate rain forest on the west coast of Canada and
the United States.

a. short trees—tall trees
b. old trees—young trees
c. ferns and mosses—sedges and grasses

35.3 TERRESTRIAL BIOMES (P. 722)
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Temperate Deciduous Forests (p. 724)

10. For each comparison select the one that applies to temperate deciduous forests.
a. conifers only—oak and maple trees
b. flowering shrubs—short grasses
c. caribou—white-tail deer
d. rabbits and skunks—lemmings and prairie chickens

Tropical Forests (p. 726)

11. For each comparison select the one that applies to tropical rain forests.
a. deciduous broad-leafed trees—evergreen broad-leafed trees
b. lianas and epiphytes—pine needles
c. few insects—many insects
d. colorful birds—drab birds
e. horses and zebras—monkeys and large cats

Shrublands (p. 728)

12. For each comparison select the one that applies to shrublands.
a. rainfall in summer—rainfall in winter
b. shrubs with thick roots—trees with shallow roots

Grasslands (p. 728)

13. For each comparison select the one that applies to United States prairies.
a. rabbits—prairie dogs
b. hawks—parakeets
c. trees—grasses

14. For each comparison select the one that applies to the African savanna
a. elephants—moose
b. even rainfall—severe dry season
c. herds of herbivores—large primates

Deserts (p. 730)

15. For each comparison select the one that applies to North American deserts.
a. cool days—cool nights
b. cacti,—broad-leafed evergreen trees
c. lizards and snakes—elephants and zebras

Hoop Dreams

Each biome is a hoop. The plants and animals are balls. Try to get the balls in the right hoops.

Hoops (biomes) Plants (balls) Animals (balls)

desert lichens moose
taiga spruce trees beaver and muskrat
U.S. prairie epiphytes lemming
temperate deciduous forest oak trees monkey
tundra grasses lizard
African savanna acacia trees buffalo
tropical rain forest cacti wildebeest

Possible number of baskets is 14. How many baskets did you make? ____________________
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• The earth’s major aquatic biomes are of two types: freshwater and saltwater (usually marine).

16. Aquatic communities can be divided into two major types: the a.____________________ communities that consist

of lakes, ponds, rivers, and streams, and the b.____________________ communities along the coast and in the ocean itself.

Lakes (p. 732)

17. Lakes occur as nutrient-poor or a.____________________ lakes and nutrient-rich or b.____________________ lakes.

In the temperate zone, deep lakes are stratified. In the fall, as the top layer called c.____________________ cools, and in the

spring as it warms, a (an) d.____________________ occurs. During this time, a mixing of e.____________________

and f.____________________ take place.

18. List and describe the three life zones of a lake, noting the types of organisms found in each.
a. ________________________________________________________________________________________________
b. ________________________________________________________________________________________________

_________________________________________________________________________________________________
c. ________________________________________________________________________________________________

_________________________________________________________________________________________________

Coastal Communities (p. 734)

19. Label these statements as true (T) or false (F):
_____ a. Salt marshes in the tropics and mangrove swamps in the temperate zone occur at the mouth of a

river.
b. Estuaries offer protection and nutrients to immature forms of marine life.
c. Rocky coasts are protected, but sandy shores are bombarded by the seas as the tides roll in and out.

_____ d. There are different types of shelled and algal organisms at the upper, middle, and lower portions of
the littoral zone of a rocky coast.

Oceans (p. 736)

20. Label each of the following as describing the pelagic divison (P) or the benthic division (B):
a. has the sublittoral and abyssal zones
b. has the greater overall diversity of organisms
c. includes neritic and oceanic provinces
d. includes organisms living on the continental shelf and slope
e. has organisms that depend on floating debris from above for food
f. is penetrated by sunlight

21. Complete the following table by noting the amount of light present (bright/semidark/dark) and the types of
organisms found (phytoplankton/strange-looking fish/filter feeders/carnivores/sea urchins) in these ocean zones:

Ocean Zone Amount of Light Organisms

epipelagic

mesopelagic

bathypelagic

abyssal

22. What supports life in the epipelagic zone? a.____________________

What supports life in the abyssal zone? b.____________________

35.4 AQUATIC BIOMES (P. 731)
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CHAPTER TEST

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.
For questions 1–10, indicate whether the statements are
true (T) or false (F).

1. Climate determines the geographic location of a
biome.

2. Grasslands usually receive a greater annual rain-
fall than deserts.

3. The taiga is the northernmost forested biome.
4. Temperate deciduous forests show the greatest

species diversity of all forested biomes.
5. The leaves of tropical rain forest evergreen trees

are needlelike.
6. The profundal zone of a lake is the zone closest

to the shore.
7. An estuary acts as a nutrient trap, existing where

a large river flows into an ocean.
8. The solid part of a coral reef consists of the skele-

tons of dead coral.
9. A food chain in the pelagic division could be:

phytoplankton, zooplankton, small fish, herring.
10. The benthic division receives less light pene-

tration than the pelagic division.

11. Which of the following phrases is NOT true of
the tundra?
a. low-lying vegetation
b. northernmost biome
c. few large mammals
d. short growing season
e. many different types of species

12. A temperate deciduous forest will
a. be warm and moist.
b. be hot and dry.
c. be cold and have limited rain.
d. have moderate temperatures and moderate rain.
e. have moderate temperatures and little rain.

13. A tropical rain forest will typically
a. be warm and moist.
b. be hot and dry.
c. be cold and have limited rain.
d. be moderate temperatures and moderate rain.
e. be moderate temperatures and little rain.

14. A desert will typically
a. be warm and moist.
b. be hot and dry.
c. be cold and have limited rain.
d. have moderate temperatures and moderate rain.
e. have moderate temperatures and little rain.

15. The biome that best supports grazing animals is
a. a tropical rain forest.
b. a coniferous forest.
c. a grassland.
d. a desert.

16. Which biome has most of the animals living in
trees?
a. taiga
b. temperate deciduous forest
c. tropical rain forest
d. savanna
e. grassland

17. Which type of biome has succulent, leafless
plants that have stems that store water and roots
that can absorb great quantities of water in a brief
period of time?
a. tropical rain forest
b. tundra
c. temperate deciduous forest
d. desert
e. savanna

18. Large grazing animals are most numerous in
which biome?
a. tundra
b. grassland
c. coniferous forest
d. deciduous forest
e. tropical rain forest

19. Which zone of the ocean is the deepest?
a. epipelagic
b. mesopelagic
c. bathypelagic
d. abyssal
e. estuarial

20. Which zone in the ocean receives the most 
sunlight?
a. epipelagic
b. mesopelagic
c. bathypelagic
d. abyssal
e. estuarial
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STUDY EXERCISES

1. b, c, e, f, g 2. See Figure 35.5, page 721, in text.
3. a. temperature b. Rainfall c. temperature d. rainfall
4.

Temperature Rainfall

cold little

hot little

moderate limited

cool moderate

moderate rather high

hot high

5. a. topsoil, leaching b. subsoil c. parent material
6. a. temperate grasslands b. forests c. A d. can-
not 7. a. dark b. cold c. short grasses d. musk-ox
e. permafrost 8. a. narrow-leaf trees b. cold c. cool
lakes d. moose 9. a. tall trees b. old trees c. ferns
and mosses 10. a. oak and maple trees b. flowering
shrubs c. white-tail deer d. rabbits and skunks
11. a. evergreen broad-leafed trees b. lianas and epi-
phytes c. many insects d. colorful birds e. monkeys and
large cats 12. a. rainfall in winter b. shrubs with thick
roots 13. a. prairie dogs b. hawks c. grasses
14. a. elephants b. severe dry season c. herds of herbi-
vores 15. a. cool nights b. cacti c. lizards and snakes
Hoop Dreams desert: cacti, lizard; taiga: spruce trees, moose;
U.S. prairie: grasses, buffalo; temperate deciduous for-
est: oak trees, beaver and muskrat; tundra: lichens, lem-
ming; African savanna: acacia trees, wildebeest; tropical
rain forest: epiphytes, monkey 16. a. freshwater b. salt-

water 17. a. oligotrophic b. eutrophic c. epilimnion
d. overturn e. oxygen f. nutrients 18. shore—aquatic
plants, microscopic organisms b. limnetic zone, sunlit main
body—some surface organisms and plankton c. profun-
dal zone, depths where sunlight does not reach—mol-
lusks, crustacea, worms 19. a. F b. T c. F d. T 20. a. B
b. P c. P d. B e. B f. P
21.

Amount of Light Organisms

bright phytoplankton

semidark carnivores

dark strange-looking carnivores 

dark filter feeders and sea urchins

22. a. photosynthesis by algae b. debris floating down
from above

CHAPTER TEST

1. T 2. T 3. T 4. F 5. F 6. F 7. T 8. T 9. T
10. T 11. e 12. d 13. a 14. b 15. c 16. c 17. d
18. a 19. d 20. a 21. The temperate rain forest lies
along the coast and has much rainfall; the old trees are
covered by ferns and mosses and grow very tall. The
chaparral occurs among hills, has limited rainfall, and
the shrubs that occur there are adapted to arid consdi-
tions and regrowth after fire. 22. An estuary which is
a partially enclosed body of water where freshwater and
seawater meet is a nutrient trap. Estuaries offer a pro-
tective environment where larval marine forms can ma-
ture before moving out to other coastal areas and the open
sea.
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Answer in complete sentences.
21. Both the temperate rain forest and the chaparral occur in California. Explain various differences in climate and

vegetation.

22. Explain why estuaries are the nurseries of the sea.

Test Results: _______ Number right ÷ 22 = _______ × 100 = _______ %

ANSWER KEY

THOUGHT QUESTIONS
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An ecosystem is a community of organisms plus the phys-
ical and chemical environment. Some populations are
producers and some are consumers. Producers are au-
totrophs that produce their own food. Consumers are het-
erotrophs that take in preformed food. Consumers may
be herbivores, carnivores, omnivores, or decomposers.

Energy flows through an ecosystem. Producers
transform solar energy into food for themselves and all
consumers. As herbivores feed on plants and carnivores
feed on herbivores, energy is converted to heat. When
feces, urine, and dead bodies become food for decom-
posers, all the solar energy that enters an ecosystem is con-
verted to heat. Therefore, ecosystems require a continual
supply of solar energy.

Chemicals are not lost from the biosphere. They
recycle within and between ecosystems. Decomposers
return some portion of inorganic nutrients to autotrophs,
and other portions are imported of exported between
ecosystems in global cycles.

The food webs of ecosystems contain grazing food
chains (begin with a producer) and detrital food chains
(begin with detritus). A trophic level includes all the or-
ganisms that feed at a particular link in food chains. In
general, biomass and energy content decrease from one
trophic level to the next as is depicted in an ecological
pyramid.

The global cycling of inorganic elements involves
the biotic and abiotic parts of an ecosystem. Cycles usu-
ally contain (1) a reservoir (a source normally unavail-
able to organisms), (2) a pool (a source available to
organisms), and  (3) the biotic community.

In the water cycle, evaporation of ocean waters
and transpiration from plants contributes to aerial mois-
ture. Rainfall over land results in bodies of fresh water
plus ground water. Eventually all water returns to the
oceans.

In the carbon cycle, respiration by organisms adds
as much carbon dioxide to the atmosphere as photosyn-
thesis removes. Human activities such as the burning of
fossil fuels and trees adds carbon dioxide to the atmos-
phere. Carbon dioxide and other gases trap heat, leading
to global warming. The effects of global warming could
be a rise in sea level and a change in climate patterns, with
disastrous effects.

In the nitrogen cycle, the biotic community keeps
nitrogen recycling back to producers. Human activities
convert atmospheric nitrogen to fertilizer, which when bro-
ken by soil bacteria adds nitrogen oxides to the atmos-
phere. Nitrogen oxides and sulfur dioxide react with water
vapor to form acids that contribute to acid deposition.
Acid deposition is killing lakes and forests, and it also cor-
rodes marble, metal, and stonework. Nitrogen oxides and
hydrocarbons (HC) react to form smog, which contains
ozone and PAN. These oxidants are harmful to animal and
plant life.

In the phosphorus cycle, the biotic community re-
cycles phosphorus back to the producers, and only lim-
ited quantities are made available by the weathering of
rocks. Phosphates are mined for fertilizer production,
and fertilizers overenrich lakes and ponds.

Global warming, acid deposition, and water pol-
lution reduce biodiversity. Ozone shield destruction,
which is associated with CFCs, is expected to result in
decreased productivity of the oceans. Tropical rain
forests are being destroyed in numerous ways, and many
organisms that could possibly benefit humans are threat-
ened. Conservation biology is a new discipline that
pulls together information from a number of biological
fields to determine how to manage ecosystems for the ben-
efit of all species.
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36
ECOSYSTEMS AND HUMAN

INTERFERENCES

CHAPTER REVIEW

STUDY EXERCISES (P. 744)

Study the text section by section as you answer the questions that follow.
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36.1 THE NATURE OF ECOSYSTEMS (P. 744)

• An ecosystem is a community of organisms along with its physical and chemical environment.
• Autotrophs make their own food; photoautotrophs carry on photosynthesis. Heterotrophs, on the other hand,

take in preformed food.
• Solar energy enters biotic communities via photosynthesis, and as organic molecules pass from one organism

to another, heat is returned to the atmosphere.
• Chemicals cycle within and between ecosystems in global biogeochemical cycles.

1. Match the description with the following terms:
1 carnivores
2 consumers
3 decomposers
4 herbivores
5 omnivores
6 autotrophs

a. organisms of decay
b. feed only on other animals
c. producers in an ecosystem
d. heterotrophs eating preformed food
e. feed directly on green plants
f. feed on both plants and animals

2. Fill in the diagram with the following terms: decomposers, consumers, producers, inorganic nutrient pool

sun

heat

a. _____________

heat

heat

b. ______________

d. _____________
c. ______________

heat

3. Energy (solid arrows in diagram for question 2) doesn’t cycle in an ecosystem. Explain on the basis of the
second law of thermodynamics. a. _____________________________________________________________

Chemicals (open arrows in diagram) do cycle in an ecosystem. Explain by referring to the diagram. b. _______
________________________________________________________________________________________
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Questions 4–6 are based on the following diagram:

309

4. From this food web, formulate a grazing food chain.
________________________________________________________________________________________

5. From this food web, formulate a detritus food chain.
________________________________________________________________________________________

6. Explain one way in which the detritus food web and the grazing food web are always connected.
________________________________________________________________________________________

Grazing food web

Detritus food web

fruits and nuts

leaves

old leaves,
dead twigs

deer

rabbits

leaf-eating
insects

mice

chipmunks

birds

bacteria and fungi
detritus
invertebrates

carnivorous
invertebrates

shrews

salamanders

foxes

fishers

skunks

owls

snakes

hawks
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producers

herbivores

carnivores

top carnivores

Questions 7–10 are based on the following diagram:
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7. Each level of a pyramid represents a trophic level. With reference to the grazing food web, name an organism
at the first trophic level. a. __________________ Two organisms at the second trophic level. 
b. __________________ Two organisms at the third trophic level. c. __________________

8. With reference to a pyrmid of energy, why is each trophic level reduced in size? a. __________________ Why is
there a limited number of trophic levels? b. __________________

36.2 GLOBAL BIOGEOCHEMICAL CYCLES (P. 748)

• Biogeochemical cycles are gaseous (carbon cycle, nitrogen cycle) or sedimentary (phosphorus cycle)
• The addition of carbon dioxide (and other gases) to the atmosphere is associated with global warming.
• The production of fertilizers from nitrogen gas is associated with acid deposition, photochemical smog, and

temperature inversions.
• Fertilizer also contains mined phosphate; fertilizer runoff is associated with water pollution.

9. Examine the following diagram and then answer the questions:

rp

od
ucers

decomposers

co
ns

um
er

s

reservoir exchange
pool

biotic
community

atmosphere
soil
water

fossil fuels
mineral in rocks
sediment in oceans

human activities

What is a reservoir? a. ______________________________________________________________________

What is an exchange pool? b. _________________________________________________________________

What is a biotic community? c. _______________________________________________________________

Explain the arrows labeled human activities. d. ___________________________________________________

________________________________________________________________________________________
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The Water Cycle (p. 749)

10. Complete this diagram of the water cycle by: filling in the boxes, using these terms: ice, H2O in the
atmosphere, ocean, groundwaters
labeling the arrows, using these terms: precipitation (twice), transpiration from plants and evaporation from
soil, evaporation, transport of water vapor by wind.
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11. Select the statements that are true about the water cycle.
a. Water cycles between the land, the atmosphere, and the ocean and vice versa.
b. We could run out of fresh water.
c. The ocean receives more precipitation than the land.
d. Water that is in the aquifers never reaches the oceans.

The Carbon Cycle (p. 750)

12. In the carbon cycle, carbon dioxide is removed from the atmosphere by the process of a. ____________ but is
returned to the atmosphere by the process of b. ____________ Living things and dead matter in soil are carbon
c. ____________ and so are the d.____________ because of shell accumulation. In aquatic ecosystems, carbon
dioxide from the air combines with water to produce e. ______________ that algae can use for photosynthesis.
In what way do humans alter the exchange rates in the carbon cycle? f. ________________

f.

c.

e.

runoff
 

b.

h.
i.

g.

a.

d.

lake

aquifer
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13. Fill in the table to indicate the source of gases that cause the greenhouse effect:

Gas From

Carbon dioxide (CO2) a. ______________________________________________________________

Nitrous oxide (N2O) b. ______________________________________________________________

Methane (CH4) c. ______________________________________________________________

Why are these gases called the greenhouse gases? d. ___________________________________________________
_________________________________________________________________________________________________

14. Place an x beside all those statements that may be expected because of global warming.
a. a global temperature increase by as much as 4.5˚ C
b. melting of glaciers and a rise in sea level
c. massive fish kills and plant destruction
d. dryer conditions inland where droughts may occur
e. expansion of forests into Arctic areas

The Nitrogen Cycle (p.752)
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plants

dead organisms
and animal waste

BIOTIC
COMMUNITY BIOTIC

COMMUNITY

phyto-
plankton

decomposers

NO3
–

NO3
–

NO2
–

NH4
+

NH4
+

sedimentation

cyanobacteria

denitrifying bacteria

nitrifying
bacteria

denitrifying
bacteria

N2 fixation

N2 fixation

nitrification

denitrificationdenitrification

runoff

human
activities

decomposers

nitrogen-fixing
bacteria in 

nodules and soil

N2 IN ATMOSPHERE
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Questions 15 and 16 are based on the following diagram:
15. Match the definitions with the following terms:

1 denitrifying bacteria
2 nitrifying bacteria
3 nitrogen-fixing bacteria

a. bacteria that convert nitrate to nitrogen gas.
b. bacteria that convert ammonium to nitrate
c. bacteria in legume nodules that convert nitrogen gas to ammonium

16. Plants cannot utilize nitrogen gas. What are two ways in which plants receive a supply of nitrogen for
incorporation into proteins and nucleic acids? ________________________________________________________

17. When humans produce fertilizers, the gas a. ____________ Is removed from the atmosphere and changed to
b. ____________, which enters the atmosphere. Acid deposition occurs when nitrogen oxides and
c. ____________ in the atmosphere are converted to acids that return to Earth.

18. Place an x beside all those statements that may be expected because of acid deposition.
a. dying forests
b. lower agricultural yields
c. sterile lakes
d. corroded marble, metal and stonework 

19. Photochemical smog arises when a. ____________ and b. ____________ react with one another in the presence of
sunlight. Smog contains the pollutants c. ____________ and d. ____________.

20. Place an x beside all those effects that may be expected from the occurrence of smog.
a. breathing difficulties
b. damage to plants
c. thermal inversions
d. cleaner air than usual

The Phosphorus Cycle (p.754)

21. Place a check in front of the statement(s) that describe(s) the results when producers take up phosphate.
a. become a part of phospholipids
b. becomes a part of ATP
c. becomes a part of nucleotides
d. become a part of the atmosphere

22. Indicate whether the statements that follow are true (T) or false (F). Rewrite all false statements to be true
statements.

a. Excess phosphate in bodies of water may cause radiation poisoning. Rewrite: __________________

_________________________________________________________________________________

b. Most ecosystems have plenty of phosphate. Rewrite: ______________________________________

_________________________________________________________________________________

c. The phosphorus cycle is a sedimentary cycle. Rewrite: ____________________________________

_________________________________________________________________________________

d. Phosphate enters ecosystems by being taken up by animals. Rewrite: _________________________

_________________________________________________________________________________

36.3 HUMAN IMPACT ON BIODIVERSITY (P. 756)

• Global warming, acid deposition, photochemical smog, water pollution, ozone depletion, and tropical rain
forest destruction are all involved in reducing biodiversity.

• Conservation biology is the scientific study of biodiversity and the management of ecosystems for the
preservation of all species, including Homo sapiens.
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23. What is the ozone shield, and why is it important? ________________________________________________
________________________________________________________________________________________

24. Explain the significance of the following:

C1 + O3 → ClO + O2

________________________________________________________________________________________

25. What are some of the possible effects of increased ultraviolet radiation on humans and other organisms? ____
________________________________________________________________________________________

26. Explain how forest destruction causes each of the following:

loss of a CO2 sink a. ________________________________________________________________________

loss of biodiversity b. _______________________________________________________________________

loss of medicinal plants c. ___________________________________________________________________

27. What new area of biology is concerned with the preservation and management of ecosystems for
sustainability? ____________________________________________________________________________

CHAPTER TEST

314

OBJECTIVE QUESTIONS

Do not refer to the text when taking this test.

In questions 1–7, indicate whether the statements are true
(T) or false (F).

1. Energy flows through a food chain because it is
constantly lost from organic food as heat.

2. A food web contains many food chains.
3. An ecological pyramid is usually broadest at the

bottom and narrowest at the top.
4. The weathering of rocks is one way that phosphate

ions are made available to plants.
5. Respiration returns carbon to the atmosphere.
6. Nitrogen fixation is the return of nitrogen to the

atmosphere.
7. Denitrifying bacteria convert atmospheric ni-

trogen into the bodies of organisms.

8. About _______ of the energy available at a par-
ticular trophic level is incorporated into the tis-
sues at the next trophic level.
a. 1%
b. 10%
c. 25%
d. 50%
e. 75%

Questions 9–11 refer to the following food chain: 
grass → rabbits → snakes → hawks.

9. Each population 
a. is always larger than the one before it.
b. supports the next level.
c. is an herbivore.
d. is a carnivore.

10. Rabbits are
a. consumers.
b. herbivores.
c. more plentiful than snakes.
d. All of these are correct.

11. Hawks
a. contain phosphate taken up by grass.
b. give off O2 that will be taken up by rabbits.
c. die and decompose and because of this they

cannot contribute to a grazing food chain.
d. All of these are correct.

12. Which of the following contribute(s) to the car-
bon cycle?
a. respiration
b. photosynthesis
c. fossil fuel combustion
d. All of these are correct.

13. The largest reserve of unincorporated carbon is
in
a. the soil.
b. the atmosphere.
c. the ocean.
d. deep sediments.

14. The greenhouse effect
a. is caused by particles in the air.
b. is caused in part by carbon dioxide.
c. will cause temperatures to increase.
d. will cause temperatures to decrease.
e. Both b and c are correct.

15. The form of nitrogen most plants make use of is
a. atmospheric nitrogen.
b. nitrogen gas.
c. organic nitrogen.
d. nitrates.
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For questions 16–18, match the air pollutants with the
following conditions:

a. ozone shield destruction
b. global warming
c. acid deposition
d. photochemical smog

16. CFCs
17. SO2

18. CO2

19. UV radiation
a. causes mutations.
b. impairs crop growth.
c. kills plankton.
d. All of these are correct.

20. Nitrogen oxides and hydrocarbons react in the pres-
ence of sunlight to produce
a. acid particles.
b. ground level ozone.
c. greenhouse gases.
d. All of these are correct.

21. What may occur as a result of the greenhouse
effect?
a. coastal flooding
b. loss of food
c. excess plant growth
d. Both a and b are correct.

22. What contributes to the greenhouse effect?
a. nuclear power
b. burning of fossil fuels
c. geothermal energy
d. Both a and c are correct.

23. Which is the cause of stratospheric ozone 
depletion?
a. chlorine
b. PANs
c. nitrates
d. Both b and c are correct.

24. Acid deposition is associated with
a. dying lakes.
b. dying forests.
c. dissolving of copper from pipes.
d. All of these are correct.

THOUGHT QUESTIONS

Answer in complete sentences.
25. Why is a food chain normally limited to four or five links?

26. How would the shortage of an element in the exchange pool affect an ecosystem? Explain.

Test Results: ______ Number right ÷ 26 = ______ × 100 = ______ %

ANSWER KEY

STUDY EXERCISES

1. a. 3 b. 1 c. 6 d. 2 e. 4 f. 5 2. a. produces b. con-
sumers c. decomposers d. inorganic nutrient pool
3. a. With every transformation, as when the energy in
food is converted to ATP, there is always a loss of use-
able energy. Eventually all solar energy taken in by plants
become heat. b. Plants take inorganic nutrients and pro-
duce organic nutrients; the inorganic nutrients are even-
tually returned to plants. 4. Example: nuts from tree
→ birds → hawks 5. Example: old leaves and dead

twigs → bacteria and fungi of decay → mice → hawks
6. Members of the grazing food web die and are decom-
posed by bacteria and fungi. 7. a. Tree is the producer
b. Example: rabbits and deer c. Example: foxes and
snakes 8. a. Less energy is available to be passed on.
b. Eventually energy runs out. 9. a. a source that is usu-
ally unavailable to the biotic community b. a source that
is usually available to the biotic community c. produc-
ers, consumers, and decomposers that interact through nu-
trient cycling and energy flow d. Humans remove elements
from reservoirs and exchange pools and make them avail-
able to producers. For example, humans convert nitrogen
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in the air to make fertilizer, and they mine phosphate to
make fertilizer. 10. See Figure 36.8, p. 749 in text
11. a, b, c 12. a. photosynthesis b. cellular respiration
c. reservoirs d. oceans e. bicarbonate f. by burning fos-
sil fuels that add carbon to the atmosphere 13. a. fos-
sil fuel and wood burning b. fertilizer use and animal
wastes c. biogas (guts of animals, in sediments and in flooded
rice paddies d. These gases are called greenhouse gases
because, like the panes of a greenhouse, they allow solar
radiation to pass through but hinder the escape of heat.
14. a, b, d, e 15. a. 1 b. 2 c. 3 16. nitrogen-fixing
bacteria in nodules and nitrate in soil 17. a. N2 b. NO3

c. sulfur dioxide 18. a, b, c, d 19. a. Nox b. HC c. PAN
d. ozone 20. a, b, c 21. a, b, c 22. a. F, . . . may
cause algal bloom b. F, . . . have a limited supply of phos-
phate c. T d. F, . . . taken up by plants 23. Ozone is a
layer within the stratosphere that protects the earth’s sur-
face from ultraviolet radiation. Organisms evolved in the
presence of this ozone layer. 24. The chlorine breaks

down the ozone and the UV radiation is not absorbed.
25. It will increase the incidence of skin cancer and de-
crease the productivity of living systems. Loss of oceanic
plankton will disrupt marine ecosystems. 26. see Fig-
ure 36.17, p. 757 in text 27. conservation biology.

CHAPTER TEST

1. T 2. F 3. T 4. T 5. T 6. F 7. F 8. b 9. b
10. d 11. a 12. d 13. c 14. e 15. d 16. a 17. c
18. b 19. d 20. b 21. d 22. b 23. a 24. d 25. By
the laws of thermodynamics, energy conversion at each
link of a food chain results in nonusable heat. Too little
useful energy remains for more links. 22. A shortage of
an element such as nitrogen or phosphorus would reduce
the biomass of the producer population. Therefore, the
biomass of each succeeding population in the ecosystem
would most likely be smaller than it otherwise would be.
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