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PREFACE

E— Since the last edition of this book was
published, researchers have discovered ice
on Mars and have documented rapid glacial
melting here on Earth. They have identified
thousands of new species, including a spider
(left) now named after a television show
host. They have also uncovered a wealth of
information about extinct species, including
some of our own close relatives. Biologists have created a
vaccine that protects against cervical cancer, and can now
make adult cells behave like embryonic stem cells.

In short, what we know about biological systems changes
very rapidly. Given the pace of the changes, we would do well
to help our students become lifelong learners. Most of the
students who use this book will not be biologists, and many
will never take another science course. Yet, as voting members
of our society, all will face decisions that require a basic
understanding of the principles of biology and the process
of science in general. This book provides a foundation for
such decisions. It teaches students how to draw connections

Aptostichus
stephencolberti

between abstract ideas and everyday experiences, between
recent discoveries and long-standing biological theories.

New To This Edition

Graphically Enhanced Key Concepts

The opening pages of each chapter introduces
Key Concepts, concise statements that set

the stage for the more detailed discussion
that follows. In this edition, each key concept
is accompanied by a photo or graphic that
catches the student’s eye. The student will encounter these
images again within the chapter and in the Illustrated Chap-
ter Summary as part of a visual message that threads through
each chapter.

Improved Integration Among Chapters  We retained the
Links to Earlier Concepts on the opening spread of each
chapter. This brief paragraph reminds students of relevant
information that has been covered in previous chapters. We
have also improved the usefulness of the in-chapter Links
references by including a brief description of the relevant
material. For example, the heading of the section that covers
membrane potential in neurons notes that this material links
to “Potential energy 5.2, Transport proteins 5.7."

Section-Based Glossary In addition to a full glossary of
terms at the end of the book, each section now has a Section-
Based Glossary. Important new terms that are boldfaced and
defined in the text of a section are redefined in the Section-
Based Glossary. A student can simply glance at this glossary
for a quick check of a term’s definition. As an additional aid,
the Chapter Summary includes all glossary terms used in con-
text. Here again, the terms appear in boldface.

Figure-Based Self-Assessment Questions Many figure
captions now include a Figure-It-Out Question that allows

the student to check whether he or she understands the
figure’s content. For example, Figure 12.5, which shows the
stages of meiosis, is accompanied by a question that asks the
student to identify the stage of meiosis in which the chromo-
some number becomes reduced. Answers to Figure-It-Out
questions are provided on the same page. Additional self-
assessment material is provided in the Self-Quiz and Critical
Thinking Questions at the end of the chapter.

Emphasis on Analyzing Scientific Data A new chapter end
feature, the Data Analysis Activity, sharpens the student’s
analytical skills while reinforcing the process of science.
Each activity asks the student to interpret data presented in
graphic or tabular form. The data is related to the chapter
material, and has usually been taken directly from a pub-
lished scientific study or experiment. For example, the Data
Analysis Activity in Chapter 27,
Plant Reproduction and Develop-
ment, asks for analysis of data
from a study that tested whether
gerbils are the main pollinators
of certain desert plants (left).

Chapter-Specific Changes  This new edition contains 140
new photographs and almost 400 new or updated illustra-
tions. In addition, the text of every chapter has been updated
and revised for clarity. A page-by-page guide to new content
and figures is available upon request, but we summarize the
highlights here. Note that we have added a new final chapter,
Human Effects on the Biosphere. We have also deleted a chap-
ter (Plants and Animals—Common Challenges) that appeared
in the previous edition. Material that had been in the Com-
mon Challenges chapter is now integrated into other chapters.

+ Chapter 1, Invitation to Biology ~Revised and expanded
coverage of critical thinking and the process of science; levels
of life’s organization now illustrated with the same organism.
+ Chapter 2, Life’s Chemical Basis New opening essay
discusses mercury toxicity and prevalence; revisions emphasize
electron behavior in atoms as it relates to ions and bonding.

+ Chapter 3, Molecules of Life  New opening essay discusses
health impacts of trans fats; importance of protein structure
now exemplified by prions.

* Chapter 4, Cell Structure  New opening essay about E. coli
0157:H7 contamination of food; expanded discussion and
new photos of archaeans.

* Chapter 5, Ground Rules of Metabolism Example in
opening essay is now ADH, to tie in with revisited section
about ethanol metabolism, defects in the pathway that affect
drinking behavior, and metabolic effects of alcohol abuse.

+ Chapter 6, Where It Starts—Photosynthesis New

opening essay about biofuels ties in to discussion regarding
photosynthesis, carbon dioxide, and global climate change.

+ Chapter 7, How Cells Release Chemical Energy Introductory
section now discusses the relationship between the evolution
of oxygenic photosynthesis and that of aerobic respiration.
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+ Chapter 8, DNA Structure and Function Opening essay now
discusses the cloning of 9/11 rescue dog Trackr; discussion of
animal cloning techniques and applications expanded.

+ Chapter 9, From DNA to Protein  Expanded introductory
material now includes an overview of genetic information and
gene expression; all new illustrations of translation.

+ Chapter 10, Controls Over Genes Theme of evolutionary
connections strengthened throughout; for example, in the
comparison of effects of mutations in the same homeotic gene
in humans and flies.

+ Chapter 11, How Cells Reproduce Mitosis panel now
compares micrographs of plant and animal cells; new section
on cell cycle controls and neoplasms.

+ Chapter 12, Meiosis and Sexual Reproduction Opening
essay updated; new photo shows pollen grains germinating on
stigma; meiosis and segregation graphics updated.

* Chapter 13, Observing Patterns in Inherited Traits Updated
essay with current model of CF pathogenesis and greater
emphasis on genetics behind the ubiquity of the allele.

+ Chapter 14, Human Inheritance New opening essay explores
the genetics of skin color variation and discusses evolutionary
advantages that reinforce small allelic differences.

+ Chapter 15, Biotechnology ~New opening essay discusses
personal genetic testing; updated, expanded genomics section.
+ Chapter 16, Evidence of Evolution New graphics include a
sheet from Darwin’s evolution journal and “missing links” in
cetacean evolutionary history; updated geologic time scale
now graphically correlated with Grand Canyon stratigraphy.

+ Chapter 17, Processes of Evolution New illustrated examples
include allopatric speciation in snapping shrimp; sympatric
speciation in Lake Victoria cichlids; adaptive radiation of
honeycreepers; coevolution of the large blue butterfly and
Maculinea arion ant. Stasis and exaptation added.

+ Chapter 18, Life’s Origin and Early Evolution New opening
section now focuses on astrobiology; added information about
biomarkers as historical evidence.

* Chapter 19, Viruses, Bacteria, and Archaeans New opening
section discusses evolution of HIV; new art of HIV replication
cycle; new information about influenzas H5N1 and HIN1.

+ Chapter 20, The Protists  Opening section now covers
harmful algal blooms; new graphic showing relationships of
protists to other groups; new art of Plasmodium life cycle.

* Chapter 21, Plant Evolution Opening section now focuses
on Nobel Prize winner Wangari Maathai’s efforts on behalf of
tropical forests; new section focusing on the ecological and
economic importance of angiosperms.

+ Chapter 22, Fungi  Opening section describes the threat
wheat stem rust poses to world food supplies; more extensive
coverage of fungi as plant and human pathogens.

+ Chapter 23, Animals I: Major Invertebrate Groups Updated
evolutionary tree showing relationships among animal groups;
major reorganization of coverage of insects and improved
discussion of their ecological, economic, and health impacts.

+ Chapter 24, Animals II: The Chordates New evolutionary
tree diagrams for chordates and for primates.

+ Chapter 25, Plant Tissues New opening essay about carbon
sequestration in plant tissues; new section introduces stem
specializations illustrated with photos of common food plants.
+ Chapter 26, Plant Nutrition and Transport Added function(s)
to nutrients table; new photo of erosion in Providence Canyon,
Georgia.
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« Chapter 27, Plant Reproduction and Development ~New
opening essay about colony collapse disorder illustrated with
photos showing superior fruit from insect-pollinated flowers.
+ Chapter 28, Animal Tissues and Organ Systems ~Opening
essay about stem cells updated; improved coverage of
embryonic tissues, development of body cavities.

« Chapter 29, Neural Control Information about results of
new studies of Ecstasy; material related to vertebrate nervous
systems heavily reorganized to improve flow.

« Chapter 30, Sensory Perception New graphics depicting
effects of visual disorders; improved discussion of visceral
sensations.

« Chapter 31, Endocrine Control ~Added a subsection of
neuroendocrine interactions; more coverage of adrenal gland
disorders and how complications of diabetes arise.

+ Chapter 32, Structural Support and Movement ~Opening
section now discusses effects of mutations that affect
mysostatin; new graphic illustrating knee anatomy and
opposing muscles of the arm; new material on classifying
muscle fibers as red versus white and fast versus slow.

« Chapter 33, Circulation Opening section now focuses on a
young athlete saved by CPR and use of an automated external
defibrillator; historical material about the first EKG deleted.

« Chapter 34, Immunity New intro essay about HPV and
cervical cancer, including Gardasil vaccine. New section details
how antigens and immunity factor in transfusion reactions.

« Chapter 35, Respiration New figure emphasizing the

two sites of gas exchange; improved figure illustrating
countercurrent flow in fishes; added information about
pneumonia and asthma.

« Chapter 36, Digestion and Human Nutrition New
information about a common allele associated with obesity;
discussion of stomach and intestines reorganized to improve
flow; added information about celiac disease, heath effects of
different lipids, and how to interpret nutrition labels.

« Chapter 37, The Internal Environment Added discussion of
invertebrate solute-regulating systems; new figure depicting
urine formation.

« Chapter 38, Reproduction and Development Heavy revision
to shorten chapter; opening section now discusses the history
of IVF and the “octomom” story.

« Chapter 39, Animal Behavior New material on behavioral
genetics and expanded coverage of mechanisms of learning.

+ Chapter 40, Population Ecology ~Opening essay now focuses
on soaring numbers of Canada goose; human life table and
age-structure diagrams updated.

+ Chapter 41, Community Ecology New description and photo
of interspecific competition; more focused, concise coverage of
exotic species; new subsection about herbivory.

+ Chapter 42, Ecosystems ~ Opening section focuses on
phosphate pollution of waterways; new diagrams of water,
carbon, nitrogen, and phosphorus cycles.

+ Chapter 43, The Biosphere Discussion of deserts expanded;
soil profiles integrated into biome descriptions.

« Chapter 44, Human Effects on the Biosphere Includes
material about declining biodiversity, desertification,
deforestation, water shortages and pollution, biological
accumulation and magnification, effects of trash on marine
ecosystems, depletion of the ozone layer, ground level ozone
pollution, effects of climate change, conservation biology and
sustainable uses of resources.



Student and Instructor Resources

Test Bank Nearly 4,000 test items, ranked according to dif-
ficulty and consisting of multiple-choice (organized by section
heading), selecting the exception, matching, labeling, and short
answer exercises. Includes selected images from the text. Also
included in Microsoft® Word format on the PowerLecture
DVD.

ExamView® Create, deliver, and customize tests (both print
and online) in minutes with this easy-to-use assessment and
tutorial system. Each chapter’s end-of-chapter material is also
included.

Instructor’s Resource Manual  Includes chapter outlines,
objectives, key terms, lecture outlines, suggestions for present-
ing the material, classroom and lab enrichment ideas, discus-
sion topics, paper topics, possible answers to critical thinking
questions, answers to data analysis activities, and more. Also
included in Microsoft® Word format on the PowerLecture
DVD.

Resource Integration Guide A chapter-by-chapter guide

to help you use the book’s resources effectively. Each chapter
includes applied readings, all chapter animations, specific BBC
and ABC video segments, hyperlink examples, a listing of the
chapter’s How Would You Vote? question, and pop-up tutor
videos.

Student Interactive Workbook  Labeling exercises, self-
quizzes, review questions, and critical thinking exercises help
students with retention and better test results.

PowerlLecture This convenient tool makes it easy for you to
create customized lectures. Each chapter includes the following
features, all organized by chapter: lecture slides, all chapter
art and photos, bonus photos, animations, videos, Instructor’s
Manual, Test Bank, ExamView testing software, and JoinIn
polling and quizzing slides. This single disc places all the
media resources at your fingertips.

The Brooks/Cole Biology Video Library 2009 featuring BBC
Motion Gallery Looking for an engaging way to launch your
lectures? The Brooks/Cole series features short high-interest
segments: Pesticides: Will More Restrictions Help or Hinder?;
A Reduction in Biodiversity; Are Biofuels as Green as They
Claim?; Bone Marrow as a New Source for the Creation of
Sperm; Repairing Damaged Hearts with Patients’ Own Stem
Cells; Genetically Modified Virus Used to Fight Cancer; Seed
Banks Helping to Save Our Fragile Ecosystem; The Vanishing
Honeybee’s Impact on Our Food Supply.

CengageNOW  Save time, learn more, and succeed in the
course with CengageNOW, an online set of resources (includ-
ing Personalized Study Plans) that give you the choices and
tools you need to study smarter and get the grade. You will
have access to hundreds of animations that clarify the illustra-
tions in the text, videos, and quizzing to test your knowledge.
You can also access live online tutoring from an experienced
biology instructor. New to this edition are pop-up tutors, which
help explain key topics with short video explanations. Get
started today!

Webtutors for WebCT and BlackBoard  Jump-start your
course with customizable, rich, text-specific content. Whether

you want to Web-enable your class or put an entire course
online, WebTutor delivers. WebTutor offers a wide array

of resources including media assets, quizzing, web links,
exercises, flashcards, and more. Visit webtutor.cengage.com to
learn more. New to this edition are pop-up tutors, which help
explain key topics with short video explanations.

Biology CourseMate Cengage Learning’s Biology Course-
Mate brings course concepts to life with interactive learning,
study, and exam preparation tools that support the printed
textbook, or the included eBook. With CourseMate, professors
can use the included Engagement Tracker to assess student
preparation and engagement. Use the tracking tools to see
progress for the class as a whole or for individual students.

Premium eBook  This complete online version of the text

is integrated with multimedia resources and special study
features, providing the motivation that so many students need
to study and the interactivity they need to learn. New to this
edition are pop-up tutors, which help explain key topics with
short video explanations.
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< Links to Earlier Concepts

The organization of topics in this book parallels
life’s levels of organization. In both cases, each

level builds on the last. At the beginning of each
chapter, we will remind you of concepts in previous
chapters that will help you understand the material
presented in the current chapter. Within chapters,
cross-references will link you to the relevant sections
in previous chapters.

Copyright 2011 Cengage Learning,

The Science of Nature

We understand life by
studying it at different levels
of organization, which extend
from atoms and molecules to
the biosphere. The quality we

call “life” emerges at the level of cells.

Life's Unity

All organisms consist of one
or more cells that take in
energy and raw materials

to stay alive; all sense and
respond to stimuli; and all

function and reproduce with the help of DNA.
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1 Invitation to Biology

The Secret Life of Earth

In this era of Google Earth and global positioning systems, could
there possibly be any unexplored places left on Earth? Well, yes,
actually. In 2005, for instance, helicopters dropped a team of
scientists into the middle of a vast and otherwise inaccessible
Indonesian cloud forest (Figure 1.1). Within minutes, the explor-
ers realized that their landing site, a dripping, moss-covered
swamp, was home to plants and animals that had been previ-
ously unknown to science. Over the next month, they discovered
dozens of new species there, including a plant with flowers the
size of dinner plates and a frog the size of a pea. They also came
across hundreds of species that are on the brink of extinction in
other parts of the world, some that supposedly were extinct, and
one that had not been seen for so many years that scientists had
forgotten about it.

The animals in the forest had never learned to be afraid of
humans, so they could be approached and even picked up. A few
new species were discovered as they casually wandered through
the campsite. Team member Bruce Beehler remarked, “Every-
where we looked, we saw amazing things we had never seen
before. I was shouting. This trip was a once-in-a-lifetime series
of shouting experiences.”

New species are discovered all the time, often in places much
more mundane than Indonesian cloud forests. How do we know
what species a particular organism belongs to? What is a spe-
cies, anyway, and why should discovering a new one matter to
anyone other than a scientist? You will find the answers to such
questions in this book. They are part of the scientific study of
life, biology, which is one of many ways we humans try to make
sense of the world around us.

Trying to understand the immense scope of life on Earth
gives us some perspective on where we fit into it. For example,
we routinely discover hundreds of species every year, but about

biology The scientific study of life.

20 species become extinct every minute in rain forests alone—
and those are only the ones we know about. The current rate
of extinctions is about 1,000 times faster than normal. Human
activities are responsible for the acceleration. At this rate, we

Figure 1.1 A peek inside the cloud forest of New Guinea’s Foja Mountains,
(opposite). Explorers recently discovered dozens of very rare species—and some
new ones—in this forest. Above, a jungle hawk-owl (Ninox theomacha). This spe-
cies is a not-so-rare resident of Indonesia, including the Foja Mountains.

will never know about most of the species that are alive on
Earth today. Does that matter? Biologists think so. Whether or
not we are aware of it, we are intimately connected with the
world around us. Our activities are profoundly changing the
entire fabric of life on Earth. The changes are, in turn, affecting
us in ways we are only beginning to understand.

Ironically, the more we learn about the natural world, the
more we realize we have yet to learn. But don’t take our word
for it. Find out what biologists know, and what they do not, and
you will have a solid foundation upon which to base your own
opinions about our place in this world. By reading this book,
you are choosing to learn about the human connection—your
connection—with all life on Earth.

Life’s Diversity
Observable characteristics
vary tremendously among
organisms. Various classifi-
cation systems help us keep
track of the differences.

The Nature of Science
Science helps us be objective
about our observations by
addressing only the observable.
It involves making, testing, and
evaluating hypotheses.

Experiments and Research
Researchers carefully design
and carry out experiments in
order to unravel cause-and-
effect relationships in complex
natural systems.
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I8 The Science of Nature

) Biologists study life by thinking about it at different levels
of organization.

o atom

Atoms are fundamental
units of all substances,
living or not. This image
shows a model of a
single atom.

© molecule

Atoms joined in chemical
bonds. This is a model
of a water molecule. The
molecules of life are much
larger and more complex
than water.

e cell

The cell is the smallest
unit of life. Some, like
this plant cell, live and
reproduce as part of a
multicelled organism; oth-
ers do so on their own.

o tissue

Organized array of cells
and substances that
interact in a collective
task. This is epidermal
tissue on the outer sur-
face of a flower petal.

e organ

Structural unit of
interacting tissues.
Flowers are the
reproductive organs
of many plants.

G organ system

A set of interacting
organs. The shoot sys-
tem of this poppy plant
includes its aboveground
parts: leaves, flowers,
and stems.

Figure 1.3 Animated Levels of life’s organization.

Life Is More Than the Sum of Its Parts
What, exactly, is the property we call “life”? We may
never actually come up with a good definition. Living
things are too diverse, and they consist of the same basic
components as nonliving things. When we try to define
life, we end up only identifying the properties that differ-
entiate living from nonliving things.

Complex properties, including life, often emerge from
the interactions of much simpler parts. For an example,
take a look at the drawings in Figure 1.2. The property of
“roundness” emerges when the parts are organized one
way, but not the other ways. Characteristics of a system
that do not appear in any of the system’s components are
called emergent properties. The idea that structures with
emergent properties can be assembled from the same
basic building blocks is a recurring theme in our world,
and also in biology.

A Pattern in Life’s Organization

Biologists study all aspects of life, past and present.
Through their work, we are beginning to understand a
great pattern in life’s organization. That organization
occurs in successive levels, with new emergent properties
appearing at each level (Figure 1.3).

Life’s organization starts when atoms interact. Atoms
are fundamental building blocks of all substances, living
and nonliving @. There are no atoms unique to life, but
there are unique molecules. Molecules are atoms joined

Figure 1.2 Animated
Example of how different
objects can be assem-
bled from the same
parts. Roundness is

an emergent property

of the rightmost object.

atom Fundamental building block of all matter.

biosphere All regions of Earth where organisms live.

cell Smallest unit of life.

community All populations of all species in a given area.
ecosystem A community interacting with its environment.
emergent property A characteristic of a system that does not
appear in any of the system’s component parts.

molecule An association of two or more atoms.

organ In multicelled organisms, a grouping of tissues engaged in
a collective task.

organism Individual that consists of one or more cells.

organ system In multicelled organisms, set of organs engaged in
a collective task that keeps the body functioning properly.
population Group of individuals of the same species that live in a
given area.

tissue In multicelled organisms, specialized cells organized in a
pattern that allows them to perform a collective function.

4 Introduction
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in chemical bonds @. In today’s world, only living things
make the “molecules of life,” which are complex carbohy-
drates and lipids, proteins, DNA, and RNA.

The emergent property of “life” appears at the next
level, when many molecules of life become organized as a
cell @. A cell is the smallest unit of life that can survive
and reproduce on its own, given information in DNA,
energy, and raw materials. Some cells live and reproduce
independently. Others do so as part of a multicelled
organism. An organism is an individual that consists of
one or more cells. A poppy plant is an example of a multi-
celled organism @.

In most multicelled organisms, cells make up tissues
@. Cells of a tissue are specialized and organized in a
particular pattern. The arrangement allows the cells to
collectively perform a special function such as movement
(muscle tissue), fat storage (adipose tissue), and so on.

An organ is an organized array of tissues that col-
lectively carry out a particular task or set of tasks @. For
example, a flower is an organ of reproduction in plants;

a heart, an organ that pumps blood in animals. An organ
system is a set of organs and tissues that interact to keep
the individual’s body working properly @. Examples of
organ systems include the aboveground parts of a plant
(the shoot system), and the heart and blood vessels of an
animal (the circulatory system).

A population is a group of individuals of the same
type, or species, living in a given area @. An example
would be all of the California poppies in California’s
Antelope Valley Poppy Reserve. At the next level, a com-
munity consists of all populations of all species in a given
area. The Antelope Valley Reserve community includes
California poppies and many other organisms such as
microorganisms, animals, and other plants @. Communi-
ties may be large or small, depending on the area defined.

The next level of organization is the ecosystem, or
a community interacting with its physical and chemical
environment (. The most inclusive level, the biosphere,
encompasses all regions of Earth’s crust, waters, and
atmosphere in which organisms live @.

Take-Home Message How does “life” differ
from “nonlife”?
> All things, living or not, consist of the same building
blocks—atoms. Atoms join as molecules.
> The unique properties of life emerge as certain kinds
of molecules become organized into cells.

) Higher levels of life’s organization include multicelled
organisms, populations, communities, ecosystems, and
the biosphere.

> Emergent properties occur at each successive level of
life’s organization.

@ multicelled organism
Individual that consists of dif-
ferent types of cells. The cells
of this California poppy plant
are part of its two organ
systems: aboveground shoots
and belowground roots.

e population

Group of single-celled or
multicelled individuals of
a species in a given area.
This population of Cali-
fornia poppy plants is in
California’s Antelope Val-
ley Poppy Reserve.

o community

All populations of all species
in a specified area. These
flowering plants are part of
the Antelope Valley Poppy
Reserve community.

@ ecosystem
A community interacting

with its physical environment
through the transfer of energy
and materials. Sunlight and
water sustain the natural com-
munity in the Antelope Valley.

@ biosphere

The sum of all ecosystems:
every region of Earth’s
waters, crust, and atmo-
sphere in which organisms
live. The biosphere is a
finite system, so no ecosys-
tem in it can be truly iso-
lated from any other.

Chapter 1 Invitation to Biology 5
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How Living Things Are Alike

) Continual inputs of energy and the cycling of materials
maintain life’s complex organization.

> Organisms sense and respond to change.

> All organisms use information in the DNA they inherited
from parents to function and to reproduce.

sunlight

ener
A Producers harvest energy from 9

the environment. Some of that energy
flows from producers to consumers.

B Nutrients that
become incorporated
into the cells of producers
and consumers are
eventually released by
decomposition. Some
cycle back to
producers.

Consumers

animals, most fungi,
many protists, bacteria

C All of the energy that enters the world of life
eventually flows out of it, mainly as heat released
back to the environment.

Figure 1.4 Animated The one-way flow of energy and the cycling
of materials in the world of life. The photo shows a producer
acquiring energy and nutrients from the environment, and con-
sumers acquiring energy and nutrients by eating the producer.

Even though we cannot define “life,” we can intuitively
understand what it means because all living things share
some key features. All require ongoing inputs of energy
and raw materials; all sense and respond to change; and
all have DNA that guides their functioning.

Organisms Require Energy and Nutrients
Not all living things eat, but all require energy and nutri-
ents on an ongoing basis. Both are essential to maintain
life’s organization and functioning. Energy is the capacity
to do work. A nutrient is a substance that an organism
needs for growth and survival but cannot make for itself.

Organisms spend a lot of time acquiring energy and
nutrients. However, what type of energy and nutrients
are acquired varies considerably depending on the type
of organism. The differences allow us to classify all liv-
ing things into two categories: producers and consumers.
Producers make their own food using energy and simple
raw materials they get directly from their environment.
Plants are producers that use the energy of sunlight to
make sugars from water and carbon dioxide (a gas in air),
a process called photosynthesis. By contrast, consum-
ers cannot make their own food. They get energy and
nutrients by feeding on other organisms. Animals are
consumers. So are decomposers, which feed on the wastes
or remains of other organisms. The leftovers of consum-
ers’ meals end up in the environment, where they serve as
nutrients for producers. Said another way, nutrients cycle
between producers and consumers.

Energy, however, is not cycled. It flows through the
world of life in one direction: from the environment,
through organisms, and back to the environment. The
flow of energy maintains the organization of individual
organisms, and it is the basis of how organisms interact
with one another and their environment. It is also a one-

consumer Organism that gets energy and nutrients by feeding on
tissues, wastes, or remains of other organisms.

development Multistep process by which the first cell of a new
individual becomes a multicelled adult.

DNA Deoxyribonucleic acid; carries hereditary information that
guides growth and development.

energy The capacity to do work.

growth In multicelled species, an increase in the number, size,
and volume of cells.

homeostasis Set of processes by which an organism keeps its
internal conditions within tolerable ranges.

inheritance Transmission of DNA from parents to offspring.
nutrient Substance that an organism needs for growth and sur-
vival, but cannot make for itself.

photosynthesis Process by which producers use light energy to
make sugars from carbon dioxide and water.

producer Organism that makes its own food using energy and
simple raw materials from the environment.

reproduction Processes by which parents produce offspring.

6 Introduction
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Figure 1.5 Organisms sense
and respond to stimulation.
This baby orangutan is laugh-
ing in response to being tick-
led. Apes and humans make
different sounds when being
tickled, but the airflow pat-
terns are so similar that we
can say apes really do laugh.

way flow, because with each transfer, some energy escapes
as heat. Cells do not use heat to do work. Thus, all of the
energy that enters the world of life eventually leaves it,
permanently (Figure 1.4).

Organisms Sense and Respond to Change
An organism cannot survive for very long in a changing
environment unless it adapts to the changes. Thus, every
living thing has the ability to sense and respond to con-
ditions both inside and outside of itself (Figure 1.5). For
example, after you eat, the sugars from your meal enter
your bloodstream. The added sugars set in motion a series
of events that causes cells throughout the body to take up
sugar faster, so the sugar level in your blood quickly falls.
This response keeps your blood sugar level within a cer-
tain range, which in turn helps keep your cells alive and
your body functioning.

The fluid in your blood is part of your body’s internal
environment, which consists of all body fluids outside of
cells. Unless that internal environment is kept within cer-
tain ranges of composition, temperature, and other condi-
tions, your body cells will die. By sensing and adjusting
to change, you and all other organisms keep conditions in
the internal environment within a range that favors cell
survival. Homeostasis is the name for this process, and
it is a defining feature of life.

Organisms Use DNA

With little variation, the same types of molecules perform
the same basic functions in every organism. For example,
information encoded in an organism’s DNA (deoxyribo-
nucleic acid) guides the ongoing metabolic activities that

sustain the individual through its lifetime. Such activities

include growth: increases in cell number, size, and vol-
ume; development: the process by which the first cell of
a new individual becomes a multicelled adult; and repro-
duction: processes by which parents produce offspring.

Individuals of every natural population are alike in
certain aspects of their body form and behavior, an out-
come of shared information encoded in DNA. Orangutans
look like orangutans and not like caterpillars because they
inherited orangutan DNA, which differs from caterpillar
DNA in the information it carries. Inheritance refers to
the transmission of DNA from parents to offspring. All
organisms receive their DNA from parents.

Thus, DNA is the basis of similarities in form and
function among organisms. However, the details of DNA
molecules differ, and herein lies the source of life’s diver-
sity. Small variations in the details of DNA’s structure give
rise to differences among individuals, and among types of
organisms. As you will see in later chapters, these differ-
ences are the raw material of evolution.

Take-Home Message How are all living things alike?

> A one-way flow of energy and a cycling of nutrients sustain life’s organization.

> Organisms sense and respond to conditions inside and outside themselves.
They make adjustments that keep conditions in their internal environment
within a range that favors cell survival, a process called homeostasis.

> Organisms grow, develop, and reproduce based on information encoded in
their DNA, which they inherit from their parents. DNA is the basis of similari-
ties and differences in form and function.

Chapter 1 Invitation to Biology 7
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How Living Things Differ

) There is great variation in the details of appearance and
other observable characteristics of living things.

Living things differ tremendously in their observable
characteristics. Various classification schemes help us
organize what we understand about this variation, which
we call Earth’s biodiversity.

For example, organisms can be classified into broad
groups depending on whether they have a nucleus, a sac
with two membranes that encloses and protects a cell’s
DNA. Bacteria (singular, bacterium) and archaeans are
organisms whose DNA is not contained within a nucleus.
All bacteria and archaeans are single-celled, which means
each organism consists of one cell (Figure 1.6A,B). As a
group, they are also the most diverse organisms: Different
kinds are producers or consumers in nearly all regions of
the biosphere. Some inhabit such extreme environments
as frozen desert rocks, boiling sulfurous lakes, and nuclear
reactor waste. The first cells on Earth may have faced
similarly hostile challenges to survival.

Traditionally, organisms without a nucleus have been
called prokaryotes, but this designation is an informal
one. Despite their similar appearance, bacteria and
archaeans are less related to one another than we had once
thought. Archaeans are actually more closely related to
eukaryotes, organisms whose DNA is contained within a
nucleus. Some eukaryotes live as individual cells; others
are multicelled (Figure 1.6C). Eukaryotic cells are typically
larger and more complex than bacteria or archaeans.

Structurally, protists are the simplest eukaryotes, but
as a group they vary dramatically. Protists range from
single-celled amoebas to giant, multicelled seaweeds.

Most fungi (singular, fungus), such as the types that
form mushrooms, are multicelled eukaryotes. Many are
decomposers. All secrete enzymes that digest food outside
the body, then their cells absorb the released nutrients.

Plants are multicelled eukaryotes that live on land
or in freshwater environments. Most are photosynthetic
producers. Besides feeding themselves, plants and other
photosynthesizers also serve as food for most of the other
organisms in the biosphere.

Animals are multicelled consumers that ingest tissues
or juices of other organisms. Herbivores graze, carnivores
eat meat, scavengers eat remains of other organisms, para-
sites withdraw nutrients from the tissues of a host, and so
on. Animals grow and develop through a series of stages
that lead to the adult form, and all kinds actively move
about during at least part of their lives.

Take-Home M essage How do organisms differ from one another?

) Different types of organisms vary tremendously in observable characteristics.
For example, some organisms have a nucleus; others do not.

A Bacteria are the most numerous organisms on the planet. All
are single-celled, but different types vary in shape and size. Clockwise
from upper left, a bacterium with a row of iron crystals that acts like a
tiny compass; Helicobacter, a common resident of cat and dog stom-
achs; spiral cyanobacteria; E. coli, a beneficial resident of human
intestines; types found in dental plaque; Lactobacillus cells in yogurt.

B Archaeans resemble bacteria, but are more closely related to
eukaryotes. Left, an archaean from volcanic ocean sediments. Right,
two types of archaeans from a hydrothermal vent on the sea floor.

Figure 1.6 Animated Representatives of life’s diversity.

animal Multicelled consumer that develops through a series of
stages and moves about during part or all of its life cycle.
archaean Member of a group of single-celled organisms that dif-
fer from bacteria.

bacterium Member of a large group of single-celled organisms.
biodiversity Variation among living organisms.

eukaryote Organism whose cells characteristically have a nucleus.
fungus Type of eukaryotic consumer that obtains nutrients by
digestion and absorption outside the body.

nucleus Double-membraned sac that encloses a cell's DNA.
plant A multicelled, typically photosynthetic producer.

protist Member of a diverse group of simple eukaryotes.

8 Introduction
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protists are a group of
extremely diverse eukary-

otes that range from giant
multicelled seaweeds to
microscopic single cells.
Many biologists are now
viewing “protists” as sev-
eral major groups.

plants are multicelled eukaryotes,
most of which are photosynthetic.
Nearly all have roots, stems, and
leaves. Plants are the primary pro-
ducers in land ecosystems.

fungi are eukaryotes. Most are mul-
ticelled. Different kinds are parasites,
pathogens, or decomposers. Without
decomposers such as fungi, communities
would be buried in their own wastes.

animals are multicelled eukaryotes
that ingest tissues or juices of other
organisms. All actively move about
during at least part of their life.

C Eukaryotes are single-celled or multicelled organisms whose DNA is
contained within a nucleus.

Chapter 1 Invitation to Biology 9
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Organizing Information About Species

) Each type of organism, or species, is given a unique name. name of the genus (plural, genera), a group of species
> We define and group species based on shared traits. that share a unique set of features. The second part is the
specific epithet. Together, the genus name plus the spe-

Each time we discover a new species, or kind of organ- cific epithet designate one species. Thus, the dog rose now

ism, we name it. Taxonomy, a system of naming and has one official name: Rosa canina.

classifying species, began thousands of years ago. How- Genus and species names are always italicized. For

ever, doing it in a consistent way did not become a prior- example, Panthera is a genus of big cats. Lions belong

ity until the eighteenth century. At that time, European to the species Panthera leo. Tigers belong to a different

explorers and naturalists were beginning to discover the species in the same genus (Panthera tigris), and so do

scope of life’s diversity. They started having more and leopards (P. pardus). Note how the genus name may be

more trouble communicating with one another because abbreviated after it has been spelled out once.

species often had multiple names. Linnaeus ranked species into ever more inclusive cat-
For example, one type of plant native to Europe, Africa, egories. Each Linnaean category, or taxon (plural, taxa), is a

and Asia was alternately known as the dog rose, briar group of organisms. The categories above species—genus,

rose, witch’s briar, herb patience, sweet briar, wild briar, family, order, class, phylum, kingdom, and domain—are

dog briar, dog berry, briar hip, eglantine gall, hep tree, hip the higher taxa (Figure 1.7). Each higher taxon consists of a

fruit, hip rose, hip tree, hop fruit, and hogseed—and those group of the next lower taxon. Using this system, we can

are only the English names! Species often had multiple sort all life into a few categories (Figure 1.8 and Table 1.1).

scientific names too, Latin names that were descriptive

but often cumbersome. For example, the scientific name A Rose bU AnU Other Name . ..

of the dog rose was Rosa sylvestris inodora seu canina The individuals of a species share a unique set of features,

(odorless woodland dog rose), and also Rosa sylvestris or traits. For example, giraffes normally have very long

alba cum rubore, folio glabro (pinkish white woodland necks, brown spots on white coats, and so on. These are

rose with smooth leaves). examples of morphological traits (morpho— means form).
An eighteenth-century naturalist, Carolus Linnaeus, Individuals of a species also share physiological traits,

came up with a much simpler naming system that we such as metabolic activities, and they respond the same

still use. By the Linnaean system, every species is given way to certain stimuli, as when hungry giraffes feed on

a unique two-part scientific name. The first part is the tree leaves. These are behavioral traits.

DOMAIN Eukarya Eukarya Eukarya Eukarya Eukarya
KINGDOM Plantae Plantae Plantae Plantae Plantae
PHYLUM Magnoliophyta Magnoliophyta Magnoliophyta Magnoliophyta Magnoliophyta
CLASS Magnoliopsida Magnoliopsida Magnoliopsida Magnoliopsida Magnoliopsida
ORDER Apiales Rosales Rosales Rosales Rosales
FAMILY Apiaceae Cannabaceae Rosaceae Rosaceae Rosaceae
GENUS Daucus Cannabis Malus Rosa Rosa
SPECIES carota sativa domesticus acicularis canina
COMMON NAME carrot marijuana apple arctic rose dog rose

Figure 1.7 Linnaean classification of five species that are related at different levels. Each species
has been assigned to ever more inclusive groups, or taxa: in this case, from genus to domain.

» Figure It Out Which of the plants shown here are in the same order?
*S3|BSOY 42p40 31 Ul ||B a4. 3504 Sop pue ‘9sod onndue ‘ajdde “euenfuely amsuy
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Bacteria Archaea Eukarya Bacteria Archaea Protists Plants | Fungi = Animals
. , - — . —
\\ // ’/// - "’,—’
\ ! - =7
AN / ,/’/
AY /
N\ // 7" Athree-domain system sorts all life into three
N AT domains: Bacteria, Archaea, and Eukarya. The
//> Eukarya domain includes all eukaryotes.
- A six-kingdom classification system in which all
. . eukaryotes have been sorted into one of four
Table 11 All of Life in Three Domains kindgoms: protists, plants, fungi, and animals.

The protist kingdom includes the most ancient

Bacteria  Single cells, no nucleus. Most ancient lineage. multi-celled and all single-celled eukaryotes.
Archaea  Single cells, no nucleus. Evolutionarily closer to eukaryotes than bacteria.
Eukarya Eukaryotic cells (with a nucleus). Single-celled and multicelled species Figure 1.8 Two ways to see the big picture of life. Lines in such

categorized as protists, plants, fungi, and animals. diagrams indicate evolutionary connections. Compare Figure 1.6.

A species is assigned to higher taxa based on some
subset of traits it shares with other species. That assign-
ment may change as we discover more about the species
and the traits involved. For example, Linnaeus grouped
plants by the number and arrangement of reproductive
parts, a scheme that resulted in odd pairings such as
castor-oil plants with pine trees. Having more information
today, we place these plants in separate phyla.

Traits vary a bit within a species, such as eye color
does in people. However, there are often tremendous dif-
ferences between species. Think of petunias and whales,
beetles and emus, and so on. Such species look very dif-
ferent, so it is easy to tell them apart. Species that share
a more recent ancestor may be much more difficult to
distinguish (Figure 1.9).

How do we know if similar-looking organisms belong
to different species or not? The short answer is that we
rely on whatever information we have. For example, early
naturalists studied anatomy and distribution—essentially
the only techniques available at the time. Thus, species
were named and classified according to what they looked
like and where they lived. Today’s biologists have at their
disposal an array of techniques and machinery much
more sophisticated than those of the eighteenth century.
They are able to study traits that the early naturalists did
not even know about—biochemistry, for example.

Evolutionary biologist Ernst Mayr defined a species
as one or more groups of individuals that potentially can
interbreed, produce fertile offspring, and do not inter-
breed with other groups. This “biological species concept”

genus A group of species that share a unique set of traits; also the
first part of a species name.

species A type of organism.

specific epithet Second part of a species name.

taxon Linnaean category; a grouping of organisms.

taxonomy The science of naming and classifying species.

is useful but it is not universally applicable. For example,
not all populations of a species actually continue to inter-
breed. In many cases, we may never know whether popu-
lations separated by a great distance could interbreed
successfully even if they did get together. Also, popula-
tions often continue to interbreed even as they become
different, so the exact moment at which they become sep-
arate species is often impossible to pinpoint. We return to
speciation and how it occurs in Chapter 17, but for now it
is useful to remember that a “species” is a convenient but
artificial construct of the human mind.

Figure 1.9 Four butterflies, two species: Which are which? Two
forms of the species Heliconius melpomene are on the top row; two of

H. erato are on the bottom row. These two species never cross-breed.
Their alternate but similar patterns of coloration evolved as a shared
warning signal to local birds that these butterflies taste terrible.

Take-Home M essage How do we keep track of all the species we

know about?

) Each species has a unique, two-part scientific name.

) Various classification systems group species on the basis of shared traits.
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kB The Nature of Science

) Critical thinking is judging the quality of information
before accepting it.

) Scientists make and test potentially falsifiable predictions
about how the natural world works.

) Science addresses only what is observable.

Thinking About Thinking

Most of us assume that we do our own thinking, but do
we, really? You might be surprised to find out just how
often we let others think for us. For instance, a school’s
job, which is to impart as much information as possible to
students, meshes perfectly with a student’s job, which is
to acquire as much knowledge as possible. In this rapid-
fire exchange of information, it is all too easy to forget
about the quality of what is being exchanged. Any time
you accept information without question, you allow some-
one else to think for you.

Critical thinking is the deliberate process of judging
the quality of information before accepting it. “Critical”
comes from the Greek kriticos (discerning judgment).
When you use critical thinking, you move beyond the
content of new information to consider supporting evi-
dence, bias, and alternative interpretations. How does
the busy student manage this? Critical thinking does not
require extra time, just a bit of extra awareness. There are
many ways to do it. For example, you might ask yourself
some of the following questions while you are learning
something new:

What message am I being asked to accept?

Is the message based on opinion or evidence?

Is there a different way to interpret the evidence?
What biases might the presenter have?

How do my own biases affect what I'm learning?

Such questions are simply a way of being conscious about
learning. They will help you to decide whether to allow
new information to guide your beliefs and actions.

How Science Works

Critical thinking is a big part of science, the systematic
study of the observable world and how it works (Figure
110). A scientific line of inquiry usually begins with curi-

osity about something observable, such as, say, a decrease
in the number of birds in a particular area. Typically,

a scientist will read about what others have discovered
before making a hypothesis, a testable explanation for a
natural phenomenon. An example of a hypothesis would
be, “The number of birds is decreasing because the num-
ber of cats is increasing.” Making a hypothesis this way is
an example of inductive reasoning, which means arriving
at a conclusion based on one’s observations. Inductive
reasoning is the way we come up with new ideas about
groups of objects or events.

A prediction, or statement of some condition that
should exist if the hypothesis is correct, comes next. Mak-
ing predictions is called the if-then process, in which the
“if” part is the hypothesis, and the “then” part is the pre-
diction. Using a hypothesis to make a prediction is a form
of deductive reasoning, or logical process of using a gen-
eral premise to draw a conclusion about a specific case.

Table 1.2 Example of the Scientific Method

1. Form a hypothesis Observe some aspect of nature Hangover symptoms vary in severity.

2. Test the hypothesis Think of an explanation for the observation

(a hypothesis)

Eating artichokes reduces the severity of hangover symptoms.

Make a prediction based on the hypothesis If eating artichokes reduces the severity of hangover symptoms, then taking

artichoke extract will reduce the severity of a hangover after drinking alcohol.

Test the prediction (experiments or surveys) During a party at which alcohol is served, administer artichoke extract to half
of the people who are drinking. The next day, ask everyone who drank alcohol

at the party to rate the severity of their hangover symptoms.

3. Evaluate the hypothesis Analyze the results of the tests (data)

and make conclusions

See if there is a correlation between taking the artichoke extract and reduced
hangover symptoms. Submit your results and conclusions to a peer-reviewed
journal for publication.

12 Introduction
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Figure 1.10 Scientists doing research. From left to right, surveying wildlife in New Guinea; sequencing the

human genome; looking for fungi in atmospheric dust collected in Cape Verde; improving the efficiency

of biofuel production from agricultural wastes; studying the benefits of weedy buffer zones on farms.

Next, a scientist will devise ways to test a prediction.
Tests may be performed on a model, or analogous system,
if working with an object or event directly is not possible.
For example, animal diseases are often used as models to
investigate similar human diseases. Careful observations
are one way to test predictions that flow from a hypoth-
esis. So are experiments: tests designed to support or
falsify a prediction. A typical experiment explores a cause
and effect relationship.

Researchers investigate causal relationships by chang-
ing or observing variables, which are characteristics or
events that can differ among individuals or over time.

An independent variable is defined or controlled by the
person doing the experiment. A dependent variable is
an observed result that is supposed to be influenced by
the independent variable. For example, an independent

control group In an experiment, group of individuals who are not
exposed to the independent variable that is being tested.

critical thinking Judging information before accepting it.

data Experimental results.

deductive reasoning Using a general idea to make a conclusion
about a specific case.

dependent variable In an experiment, variable that is presumably
affected by the independent variable being tested.

experiment A test designed to support or falsify a prediction.
experimental group In an experiment, group of individuals who
are exposed to an independent variable.

hypothesis Testable explanation of a natural phenomenon.
independent variable Variable that is controlled by an experi-
menter in order to explore its relationship to a dependent variable.
inductive reasoning Drawing a conclusion based on obervation.
model Analogous system used for testing hypotheses.

prediction Statement, based on a hypothesis, about a condition
that should exist if the hypothesis is correct.

science Systematic study of the observable world.

scientific method Making, testing, and evaluating hypotheses.
variable In an experiment, a characteristic or event that differs
among individuals or over time.

variable in an investigation of hangover preventions may
be the administration of artichoke extract before alcohol

consumption. The dependent variable in this experiment
would be the severity of the forthcoming hangover.

Biological systems are complex, with many interact-
ing variables. It can be difficult to study one variable
separately from the rest. Thus, biology researchers often
test two groups of individuals simultaneously. An experi-
mental group is a set of individuals that have a certain
characteristic or receive a certain treatment. This group is
tested side by side with a control group, which is identi-
cal to the experimental group except for one independent
variable—the characteristic or the treatment being tested.
Any differences in experimental results between the two
groups should be an effect of changing the variable.

Test results—data—that are consistent with the pre-
diction are evidence in support of the hypothesis. Data
that are inconsistent with the prediction are evidence that
the hypothesis is flawed and should be revised.

A necessary part of science is reporting one’s results
and conclusions in a standard way, such as in a peer-
reviewed journal article. The communication gives other
scientists an opportunity to check and confirm the work.

Forming, testing, and evaluating hypotheses are collec-
tively called the scientific method (Table 1.2).

Take-Home Message Whatis science?
> Science is concerned only with the observable—those objects or events for
which objective evidence can be gathered.

> The scientific method consists of making, testing, and evaluating hypotheses.
It is a way of critical thinking, or systematically judging the quality of informa-
tion before allowing it to guide one’s beliefs and actions.

> Experiments measure how changing an independent variable affects a depen-
dent variable.
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Examples of Biology Experiments

> Researchers unravel cause-and-effect relationships in com-
plex natural processes by changing one variable at a time.

There are different ways to do research, particularly in
biology. Some biologists do surveys; they observe without
making hypotheses. Some make hypotheses and leave
the experimentation to others. However, despite a broad
range of subject matter, scientific experiments are typi-
cally designed in a consistent way. Experimenters try to
change one independent variable at a time, and see what
happens to a dependent variable.

To give you a sense of how biology experiments work,
we summarize two published studies here.

Potato Chips and Stomachaches

In 1996 the FDA approved Olestra®, a fat replacement
manufactured from sugar and vegetable oil, as a food
additive. Potato chips were the first Olestra-containing
food product on the market in the United States.
Controversy about the food additive soon raged. Many
people complained of intestinal problems after eating the
chips, and thought that the Olestra was at fault. Two years

A Hypothesis
Olestra® causes intestinal cramps.

B Prediction
People who eat potato chips made with Olestra will be more
likely to get intestinal cramps than those who eat potato chips
made without Olestra.

C Experiment Control Group
Eats regular

potato chips

Experimental Group
Eats Olestra
potato chips

D Results 93 of 529 people
get cramps later

(17.6%)

89 of 563 people
get cramps later
(15.8%) |

' E Conclusion

Percentages are about equal. People who eat potato chips
made with Olestra are just as likely to get intestinal cramps
as those who eat potato chips made without Olestra.
These results do not support the hypothesis.

later, researchers at Johns Hopkins University School of
Medicine designed an experiment to test whether Olestra
causes cramps.

The researchers predicted that if Olestra indeed causes
cramps, then people who eat Olestra will be more likely to
get cramps than people who do not. To test the prediction,
they used a Chicago theater as a “laboratory.” They asked
1,100 people between the ages of thirteen and thirty-eight
to watch a movie and eat their fill of potato chips. Each
person got an unmarked bag that contained 13 ounces
of chips.

i
-

In this experiment, the individuals who got Olestra-
containing potato chips constituted the experimental -
group, and individuals who got regular chips were the
control group. The independent variable was the presence
or absence of Olestra in the chips.

A few days after the experiment was finished, the
researchers contacted all of the people and collected any
reports of post-movie gastrointestinal problems. Of 563
people making up the experimental group, 89 (15.8 per-
cent) complained about cramps. However, so did 93 of the
529 people (17.6 percent) making up the control group—
who had munched on the regular chips.

People were about as likely to get cramps whether or
not they ate chips made with Olestra. These results did
not support the prediction, so the researchers concluded
that eating Olestra does not cause cramps (Figure 1.11).

Butterflies and Birds

Consider the peacock butterfly, a winged insect that was
named for the large, colorful spots on its wings. In 2005,
researchers published a report on their tests to identify
factors that help peacock butterflies defend themselves
against insect-eating birds. The researchers made two
observations. First, when a peacock butterfly rests, it folds
its wings, so only the dark underside shows (Figure 1.12A).
Second, when a butterfly sees a predator approaching,

it repeatedly flicks its wings open and closed, while also
moving the hindwings in a way that produces a hissing
sound and a series of clicks.

Figure 1.11 The steps in a scientific experiment to determine if
Olestra causes cramps. A report of this study was published in
the Journal of the American Medical Association in January 1998.

» Figure It Out What was the dependent variable in this
experiment?
sdweus 108 uosiad © 10U 10 UaYIBYAA 1amSUY
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Figure 1.12 Peacock butterfly defenses against predatory birds.

A With wings folded, a resting peacock butterfly looks a bit like a
dead leaf. B When a bird approaches, the butterfly repeatedly flicks
its wings open and closed, a behavior that exposes brilliant spots and
produces hissing and clicking sounds.

Researchers tested whether the butterfly’s behavior deters blue tits C.
They painted over the spots of some butterflies, cut the sound-making
part of the wings on other butterflies, and did both to a third group;
then the biologists exposed each butterfly to a hungry bird.

The results, listed in Table 1.3, support the hypotheses that peacock
butterfly spots and sounds can deter predatory birds.

»> Figure It Out What percentage of butterflies with no spots and no

sound survived the test? Juansad (g amsuy

The researchers were curious about why the peacock
butterfly flicks its wings. After they reviewed earlier stud-
ies, they came up with two hypotheses that might explain
the wing-flicking behavior:

1. Although wing-flicking probably attracts predatory
birds, it also exposes brilliant spots that resemble owl
eyes (Figure 1.12B). Anything that looks like owl eyes is
known to startle small, butterfly-eating birds, so exposing
the wing spots might scare off predators.

2. The hissing and clicking sounds produced when the
peacock butterfly moves its hindwings may be an addi-
tional defense that deters predatory birds.

The researchers used their hypotheses to make the fol-
lowing predictions:

1. If peacock butterflies startle predatory birds by expos-
ing their brilliant wing spots, then individuals with wing
spots will be less likely to get eaten by predatory birds
than those without wing spots.

2. If peacock butterfly sounds deter predatory birds, then
sound-producing individuals will be less likely to get
eaten by predatory birds than silent individuals.

Table 1.3 Results of Peacock Butterfly Experimen

Total Number ~ Number Number
Wing Spots Wing Sound  of Butterflies Eaten Survived
Spots Sound 9 0 9 (100%)
No spots Sound 10 5 5 (50%)
Spots No sound 8 0 8 (100%)
No spots No sound 10 8 2 (20%)

* Proceedings of the Royal Society of London, Series B (2005) 272: 1203-1207.

The next step was the experiment. The researchers
used a marker to paint the wing spots of some butterflies
black, and scissors to cut off the sound-making part of the
hindwings of others. A third group had their wing spots
painted and their hindwings cut. The researchers then
put each butterfly into a large cage with a hungry blue tit
(Figure 1.12C) and watched the pair for thirty minutes.

Table 1.3 lists the results of the experiment. All of the
butterflies with unmodified wing spots survived, regard-
less of whether they made sounds. By contrast, only half
of the butterflies that had spots painted out but could
make sounds survived. Most of the butterflies with nei-
ther spots nor sound structures were eaten quickly. The
test results confirmed both predictions, so they support
the hypotheses. Birds are deterred by peacock butterfly
sounds, and even more so by wing spots.

Take-Home Messa g€ Why do biologists perform experiments?
> Natural processes are often influenced by many interacting variables.

> Experiments help researchers unravel causes of complex natural processes
by focusing on the effects of changing a single variable.
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Asking Useful Questions

) Science is, ideally, a self-correcting process because scien-
tists check one another’s work.

o Natalie, blindfolded,
randomly plucks a jelly
bean from a jar. There
are 120 green and 280
black jelly beans in that
jar, so 30 percent of the
jelly beans in the jar are
green, and 70 percent
are black.

@ The jar is hidden
from Natalie’s view
before she removes her
blindfold. She sees only
one green jelly bean in
her hand and assumes
that the jar must hold
only green jelly beans.

© still blindfolded,
Natalie randomly picks
out 50 jelly beans from
the jar. She ends up
picking out 10 green
and 40 black ones.

@ The larger sample leads Natalie to assume that one-fifth of the
jar’s jelly beans are green (20 percent) and four-fifths are black (80
percent). The sample more closely approximates the jar’s actual
green-to-black ratio of 30 percent to 70 percent. The more times
Natalie repeats the sampling, the greater the chance she will come
close to knowing the actual ratio.

Figure 1.13 Animated Demonstration of sampling error.

The Trouble With Trends

Researchers can rarely observe all individuals of a group.
For example, the explorers you read about in Section 1.1
did not—and could not—survey every uninhabited part
of New Guinea. The cloud forest itself cloaks more than
2 million acres of the Foja Mountains, so surveying all

of it would take unrealistic amounts of time and effort.
Besides, tromping about even in a small area can damage
delicate forest ecosystems.

Given such limitations, researchers often look at sub-
sets of an area, a population, an event, or some other
aspect of nature. They test or survey the subset, then use
the results to make generalizations. However, generalizing
from a subset is risky because a subset may not be repre-
sentative of the whole.

For example, the golden-
mantled tree kangaroo pictured
on the right was first discovered
in 1993 on a single forested
mountaintop in New Guinea. For
more than a decade, the species
was never seen outside of that
habitat, which is getting smaller
every year because of human

activities. Thus, the golden-

mantled tree kangaroo was considered to be one of the
most endangered animals on the planet. Then, in 2005,
the New Guinea explorers discovered that this kangaroo
species is fairly common in the Foja Mountain cloud for-
est. As a result, biologists now believe its future is secure,
at least for the moment.

Problems With Probability

Making generalizations from testing or surveying a subset
is risky because of sampling error. Sampling error is a
difference between results obtained from a subset, and
results from the whole (Figure 1.13).

Sampling error may be unavoidable, as illustrated by
the example of the golden-mantled tree kangaroo. How-
ever, knowing how it can occur helps researchers design
their experiments to minimize it. For example, sampling
error can be a substantial problem with a small subset, so
experimenters try to start with a relatively large sample,
and they repeat their experiments.

To understand why such practices reduce the risk of
sampling error, think about what happens when you flip
a coin. There are two possible outcomes: The coin lands
heads up, or it lands tails up. Thus, with each flip, the
chance that the coin will land heads up is one in two (1/2),
which is a proportion of 50 percent. However, when you
flip a coin repeatedly, it often lands heads up, or tails up,
several times in a row. With just 3 flips, the proportion of
times that heads actually land up may not even be close

16 Introduction
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Figure 1.14 Example of error bars in a
graph. This particular graph was adapted ° 20
from the peacock butterfly research 5
described in Section 1.7. g
The researchers recorded the number of 5 6=
times each butterfly flicked its wings in %

i X
response to an attack by a bird. S 1k
The squares represent average frequency S
of wing flicking for each sample set of but- £
terflies. The error bars that extend above = 8 =
and below the squares indicate the range of
values—the sampling error.

4B
» Figure It Out What was the fastest rate
at which a butterfly with no spots or sound
flicked its wings? aanuiw sad sswn 7z uemsuy 0

]

- spots
+ sound

to 50 percent. With 1,000 flips, the overall proportion of
times that the coin lands heads up is likely to be close to
50 percent.

In cases like flipping a coin, it is possible to calculate
probability: the measure, expressed as a percentage, of
the chance that a particular outcome will occur. That
chance depends on the total number of possible out-
comes. For instance, if 10 million people enter a drawing,
each has the same probability of winning: 1 in 10 million,
or (an extremely improbable) 0.00001 percent.

Analysis of experimental data often includes calcula-
tions of probability. If a result is very unlikely to have
occurred by chance alone, it is said to be statistically
significant. In this context, the word “significant” does not
refer to the result’s importance. It means that the result
has been subjected to a rigorous statistical analysis that
shows it has a very low probability (usually 5 percent or
less) of being skewed by sampling error.

Variation in data is often shown as error bars on a
graph (Figure 1.14). Depending on the graph, error bars
may indicate variation around an average for one sample
set, or the difference between two sample sets.

Bothering With Bias

Particularly when studying humans, experimenting with
a single variable apart from all others is not often pos-

probability The chance that a particular outcome of an event will
occur; depends on the total number of outcomes possible.
sampling error Difference between results derived from testing
an entire group of events or individuals, and results derived from
testing a susbet of the group.

- spots
— sound

+ spots
- sound

sible. For example, remember that the people who partici-
pated in the Olestra experiment were chosen randomly.
That means the study was not controlled for gender, age,
weight, medications taken, and so on. Such variables may
well have influenced the results.

Human beings are by nature subjective, and scientists
are no exception. Experimenters risk interpreting their
results in terms of what they want to find out. That is
why they often design experiments to yield quantitative
results, which are counts or some other data that can be
measured or gathered objectively. Such results minimize
the potential for bias, and also give other scientists an
opportunity to repeat the experiments and check the con-
clusions drawn from them.

This last point gets us back to the role of critical think-
ing in science. Scientists expect one another to recognize
and put aside bias in order to test their hypotheses in
ways that may prove them wrong. If a scientist does not,
then others will, because exposing errors is just as useful
as applauding insights. The scientific community consists
of critically thinking people trying to poke holes in one
another’s ideas. Their collective efforts make science a
self-correcting endeavor.

Take-Home M essage How does science address the potential

pitfalls of doing research?

> Researchers minimize sampling error by using large sample sizes, or by repeat-

ing their experiments.

) Probability calculations can show whether a result is likely to have occurred by

chance alone.

> Science is a self-correcting process because it is carried out by an aggregate
community of people systematically checking one another’s ideas.

statistically significant Refers to a result that is statistically
unlikely to have occurred by chance.
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Philosophy of Science

) Scientific theories are our best descriptions of reality.
> Science helps us to be objective about our observations,
in part because it is limited to the observable.

About the Word “Theory”

Suppose a hypothesis stands even after years of tests. It is
consistent with all data ever gathered, and it has helped
us make successful predictions about other phenomena.
When a hypothesis meets these criteria, it is considered to
be a scientific theory (Table 1.4).

To give an example, all observations to date have
been consistent with the hypothesis that matter con-
sists of atoms. Scientists no longer spend time testing
this hypothesis for the compelling reason that, since we
started looking 200 years ago, no one has discovered
matter that doesn’t consist of atoms. Thus, scientists use
the hypothesis, now called atomic theory, to make other
hypotheses about matter and the way it behaves.

Scientific theories are our best descriptions of reality.
However, they can never be proven absolutely, because to
do so would necessitate testing under every possible cir-
cumstance. For example, in order to prove atomic theory,
the atomic composition of all matter in the universe
would have to be checked—an impossible task even if
someone wanted to try.

Like all hypotheses, a scientific theory can be dis-
proven by a single observation or result that is inconsis-
tent with it. For example, if someone discovers a form
of matter that does not consist of atoms, atomic theory
would have to be revised. The potentially falsifiable
nature of scientific theories means that science has a

18 Introduction

built-in system of checks and balances. A theory is revised
until no one can prove it to be incorrect. For example, the
theory of evolution, which states that change occurs in

a line of descent over time, still holds after a century of
observations and testing. As with all other scientific theo-
ries, no one can be absolutely sure that it will hold under
all possible conditions, but it has a very high probability
of not being wrong. Few other theories have withstood as
much scrutiny.

You may hear people apply the word “theory” to a
speculative idea, as in the phrase “It’s just a theory.” This
everyday usage of the word differs from the way it is used
in science. Speculation is an opinion, belief, or personal
conviction that is not necessarily supported by evidence.
A scientific theory is different. By definition, it is sup-
ported by a large body of evidence, and it is consistent
with all known facts.

A scientific theory also differs from a law of nature,
which describes a phenomenon that has been observed
to occur in every circumstance without fail, but for which
we currently do not have a complete scientific explana-
tion. The laws of thermodynamics, which describe energy,
are examples. We know how energy behaves, but not
exactly why it behaves the way it does.

The Limits of Science

Science helps us be objective about our observations in
part because of its limitations. For example, science does
not address many questions, such as “Why do I exist?”
Answers to such questions can only come from within
as an integration of the personal experiences and mental

Table 1.4 Examples of Scientific Theories

Atomic theory All substances consist of atoms.

Big bang The universe originated with an

explosion and continues to expand.

Cell theory All organisms consist of one or more
cells, the cell is the basic unit of life,

and all cells arise from existing cells.

Evolution Change occurs in the inherited traits

of a population over generations.

Global warming Human activities are causing Earth’s

average temperature to increase.

Plate tectonics Earth’s crust is cracked into pieces

that move in relation to one another.
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connections that shape our consciousness. This is not to
say subjective answers have no value, because no human
society can function for long unless its individuals share
standards for making judgments, even if they are subjec-
tive. Moral, aesthetic, and philosophical standards vary
from one society to the next, but all help people decide
what is important and good. All give meaning to our lives.

Neither does science address the supernatural, or any-
thing that is “beyond nature.” Science neither assumes or
denies that supernatural phenomena occur, but scientists
often cause controversy when they discover a natural
explanation for something that was thought to have none.
Such controversy often arises when a society’s moral stan-
dards are interwoven with its understanding of nature.

For example, Nicolaus Copernicus concluded in 1540
that Earth orbits the sun. Today that idea is generally
accepted, but during Copernicus’s time the prevailing
belief system had Earth as the immovable center of the
universe. In 1610, astronomer Galileo Galilei published
evidence for the Copernican model of the solar system,
an act that resulted in his imprisonment. He was publicly
forced to recant his work, spent the rest of his life under
house arrest, and was never allowed to publish again.

As Galileo’s story illustrates, exploring a traditional
view of the natural world from a scientific perspective
might be misinterpreted as a violation of morality, even
though the two are not the same. As a group, scientists
are no less moral than anyone else. However, they follow
a particular set of rules that do not necessarily apply to
others: Their work concerns only the natural world, and
their ideas must be testable in ways others can repeat.

Science helps us communicate our experiences without
bias. As such, it may be as close as we can get to a univer-
sal language. We are fairly sure, for example, that the laws
of gravity apply everywhere in the universe. Intelligent
beings on a distant planet would likely understand the
concept of gravity. We might well use gravity or another
scientific concept to communicate with them, or anyone,
anywhere. The point of science, however, is not to com-
municate with aliens. It is to find common ground here
on Earth.

law of nature Generalization that describes a consistent natural
phenomenon for which there is incomplete scientific explanation.
scientific theory Hypothesis that has not been disproven after
many years of rigorous testing.

Take-Home M essage Why does science work?

> Science has built-in checks and balances that help us to be
objective about our observations.

> Because a scientific theory is revised until no one can prove
it wrong, it is our best way of describing reality.

h The Secret Life of Earth (revisited)

> We have discovered only a small fraction of the species
that share Earth with us.

Of an estimated 100 billion spe-

cies that have ever lived, at least
100 million are still with us today.
That number is only an estimate
because we are still discovering
them—Dby the thousands every
year. For example, a return
expedition to New Guinea’s Foja
Mountains turned up a mouse-
sized opossum and a cat-sized rat.
Other surveys revealed lemurs
(Figure 1.15) and sucker-footed
bats in Madagascar; birds in the

Figure 115 It is traditional for the discoverer of a new species to have the honor of nam-

ing it. Top, this tiny mouse lemur, discovered in Madagascar in 2005, was named Microce-
bus lehilahytsara in honor of primatologist Steve Goodman (lehilahytsara is a combination
of the Malagasy words for “good” and “man”). Bottom, Dr. Jason Bond holding a spider
he discovered in California in 2008. Bond named the spider Aptostichus stephencolberti,
after TV personality Stephen Colbert.

Philippines; monkeys in Tanzania, Brazil, and India; cave-dwelling spiders
and insects in two of California’s national parks; carnivorous sponges near
Antarctica; whales, sharks, giant jellylike animals, fishes, and other aquatic
wildlife; and scores of plants and single-celled organisms. Most were discov-
ered by biologists who were simply trying to find out what lives where.

Biologists make discoveries every day, though we may never hear of
them. Each new species they discover is another reminder that we do not
yet know all of the organisms on our own planet. We don’t even know how
many to look for. The vast information about the 1.8 million species we do
know about changes so quickly that collating it has been impossible—until
recently. A new web site, titled the Encyclopedia of Life, is intended to be
an online reference source and database of species information that is main-
tained by collaborative effort. See its progress at www.eol.org.

How Would You Vote? There is a possibility that substantial populations of
some species currently listed as endangered may exist in unexplored areas. Should we
wait to protect endangered species until all of Earth has been surveyed? See Cengage-
Now for details, then vote online (cengagenow.com).
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Summary

Section 1.1 Biology is the systematic study
of life. We have encountered only a fraction
of the organisms that live on Earth, in part
because we have explored only a fraction of
its inhabited regions.

Section 1.2 Biologists think about life at
different levels of organization. Emergent
properties appear at successively higher
levels. Life emerges at the cellular level. All
matter consists of atoms, which combine
as molecules. Organisms are individuals that consist of
one or more cells. Cells of larger multicelled organisms
are organized as tissues, organs, and organ systems. A
population is a group of individuals of a species in a given
area; a community is all populations of all species in a
given area. An ecosystem is a community interacting
with its environment. The biosphere includes all regions
of Earth that hold life.

Section 1.3 Life has underlying unity in
that all living things have similar character-
istics. (1) All organisms require energy and
nutrients to sustain themselves: producers
harvest energy from the environment to
make thelr own food by processes such as photosynthe-
sis; consumers eat other organisms, or their wastes and

remains. (2) Organisms keep the conditions in their inter-
nal environment within ranges that their cells tolerate—a
process called homeostasis. (3) DNA contains informa-
tion that guides all of an organism’s metabolic activities,
including growth, development, and reproduction. The
passage of DNA from parents to offspring is inheritance.

Section 1.4 The different types of organ-
isms that currently exist on Earth differ
greatly in details of body form and func-
tion. Biodiversity is the sum of differences
among living things. Bacteria and archae-
ans are all single-celled, and their DNA is not contained
within a nucleus. Eukaryotes (protists, plants, fungi, and
animals) can be single-celled or multicelled. Their DNA is
contained within a nucleus.

Section 1.5 Each type of organism has a
w two-part name. The first part is the genus

name. When combined with the specific
w epithet, it designates a particular species.

Linnean taxonomy ranks all species into
successive taxa on the basis of shared traits.

Section 1.6 Critical thinking, the self-
directed act of judging the quality of in-
formation as one learns, is an important
part of science. Generally, a researcher
observes something in nature, uses induc-
tive reasoning to form a hypothesis (testable explanation)
for it, then uses deductive reasoning to make a prediction

about what might occur if the hypothesis is not wrong.
Predictions are tested with observations, experiments,
or both. Experiments typically are performed on an ex-
perimental group as compared with a control group, and
sometimes on models. Conclusions are drawn from ex-
perimental results, or data. A hypothesis that is not consis-
tent with data is modified. Making, testing, and evaluating
hypotheses is the scientific method.

Biological systems are usually influenced by many
interacting variables. An independent variable influences
a dependent variable.

Section 1.7 Scientific approaches differ, but
experiments are typically designed in a con-
sistent way. A researcher changes an inde-
pendent variable, then observes the effects

- of the change on a dependent variable. This
practice allows the researcher to unravel a cause-and-effect
relationship in a complex natural system.

Section 1.8 Small sample size increases
the potential for sampling error in experi-
mental results. In such cases, a subset may
be tested that is not representative of the
whole. Researchers design experiments
carefully to minimize sampling error and bias, and they
use probability rules to check the statistical significance
of their results. Science is ideally a self-correcting process
because scientists check and test one another’s ideas.

Section 1.9 Science helps us be objective

about our observations because it is only

concerned with testable ideas about observ-

able aspects of nature. Opinion and belief

have value in human culture, but they are
not addressed by science. A scientific theory is a long-
standing hypothesis that is useful for making predictions
about other phenomena. It is our best way of describing
reality. A law of nature describes something that occurs
without fail, but for which we do not have a complete sci-
entific explanation.

Sel.f— Q__Uiz Answers in Appendix ||

1 are fundamental building blocks of all matter.
2. The smallest unit of life is the

3. move around for at least part of their life.

4. Organisms require and to maintain

themselves, grow, and reproduce.

5. is a process that maintains conditions in the
internal environment within ranges that cells can tolerate.

6. DNA
a. guides growth
and development
b.is the basis of traits

c. is transmitted from
parents to offspring
d. all of the above

7. A process by which an organism produces offspring is
called .
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Data Analysis Activities

\

Peacock Butterfly Predator Defenses

The photographs on the right represent
the actual experimental and control groups
used in the peacock butterfly experiment
discussed in Section 1.7.

A Wing spots
painted out

See if you can identify the experimental )
groups, and match them up with the rel-

evant control group(s). Hint: Identify which
variable is being tested in each group (each

variable has a control).

D Wings painted
but spots visible

B Wing spots vis-
ible; wings silenced

C Wing spots painted
out; wings silenced

\‘.

E Wings cut
but not silenced

F Wings painted, spots vis-
ible; wings cut, not silenced

is the transmission of DNA to offspring.
a. Reproduction c. Homeostasis
b. Development d. Inheritance

9. An animal is a(n)
a. organism
b. domain
c. species
d. eukaryote

(choose all that apply).
e. consumer

f. producer

g. hypothesis

h. trait

10. Plants are
a. organisms
b. a domain
c. a species
d. eukaryotes

(choose all that apply).
e. consumers
f. producers
g. hypotheses
h. traits

11. Science only addresses that which is
a. alive c. variable

b. observable d. indisputable

12. A control group is
a. a set of individuals that have a certain characteristic
or receive a certain treatment
b. the standard against which an experimental group
is compared
c. the experiment that gives conclusive results

13. Match the terms with the most suitable description.

___emergent a. statement of what a hypo-
property thesis leads you to expect

___ species b. type of organism

__ scientific c. occurs at a higher organiza-
theory tional level

___hypothesis d. time-tested hypothesis

___ prediction e. testable explanation

___ probability f. measure of chance

Additional questions are available on CENGAGENOW.

Critical Thinking

1. A person is declared to be dead upon the irreversible
cessation of spontaneous body functions: brain activity,
or blood circulation and respiration. However, only about
1% of a person’s cells have to die in order for all of these

things to happen. How can someone be dead when 99% of
his or her cells are still alive?

2. Why would you think twice about ordering from a cafe
menu that lists the genus name but not the specific epi-
thet of its offerings? Hint: Look up Homarus americanus,
Ursus americanus, Ceanothus americanus, Bufo americanus,
Lepus americanus, and Nicrophorus americanus.

3. Once there was a highly intelligent turkey that had
nothing to do but reflect on the world’s regularities. Morn-
ing always started out with the sky turning light, followed
by the master’s footsteps, which were always followed

by the appearance of food. Other things varied, but food
always followed footsteps. The sequence of events was so
predictable that it eventually became the basis of the tur-
key’s theory about the goodness of the world. One morn-
ing, after more than 100 confirmations of the goodness
theory, the turkey listened for the master’s footsteps, heard
them, and had its head chopped off.

Any scientific theory is modified or discarded upon
discovery of contradictory evidence. The absence of abso-
lute certainty has led some people to conclude that “facts
are irrelevant—facts change.” If that is so, should we stop
doing scientific research? Why or why not?

4. In 2005, researcher Woo-suk Hwang reported that he
had made immortal stem cells from human patients. His
research was hailed as a breakthrough for people affected
by degenerative diseases, because stem cells may be used
to repair a person’s own damaged tissues. Hwang pub-
lished his results in a peer-reviewed journal. In 2006, the
journal retracted his paper after other scientists discovered
that Hwang’s group had faked their data. Does the incident
show that results of scientific studies cannot be trusted?
Or does it confirm the usefulness of a scientific approach,
because other scientists discovered and exposed the fraud?

Animations and Interactions on CENGAGENOW:

> Life’s building blocks; Life’s levels of organization;
Energy flow and materials cycling; Life’s diversity;
Three domains of life; Sampling error.

See an annotated scientific paper in Appendix II.
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< Links to Earlier Concepts

Take a moment to review Section 1.2 because life’s L Atoms and Elements Whg Electrons Matter
organization starts with atoms. Life’s organization Atoms, the building blocks How an atom interacts with

requires continuous inputs of energy (1.3). Organ- of all matter, differ in their z other atoms depends on the
isms store that energy in chemical bonds between

numbers of protons, neu- number and arrangement of
atoms. You will see examples of how the body’s trons, and electrons. its electrons.

built-in mechanisms maintain homeostasis (1.3),
and how scientists make major discoveries (1.6).
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2 Life's Chemical Basis

Mercury Rising

Actor Jeremy Piven, best known for his Emmy-winning role on
the television series Entourage, began starring in a Broadway
play in 2008. He quit suddenly after two shows, citing medical
problems. Piven said he was suffering from mercury poisoning
caused by eating too much sushi. The play’s producers and his
co-actors were skeptical. The playwright ridiculed Piven, saying
he was leaving to pursue a career as a thermometer. But mer-
cury poisoning is no laughing matter.

Mercury is a naturally occurring metal. Most of it is safely
locked away in rocky minerals, but volcanic activity and other
geologic processes release it into the atmosphere. So do human
activities, especially burning coal (Figure 2.1). Once airborne,
mercury can drift long distances before settling to Earth’s sur-
face. There, microbes combine it with carbon to form a sub-
stance called methylmercury.

Unlike mercury alone, methylmercury easily crosses skin
and mucous membranes. In water, it ends up in the tissues of
aquatic organisms. All fish and shellfish contain methylmercury.
Humans contain it too, mainly as a result of eating seafood.

When mercury enters the body, it damages the nervous sys-
tem, brain, kidneys, and other organs. A dose as low as 3 micro-
grams per kilogram of body weight (about 200 micrograms for
an average-sized adult) can cause tremors, itching or burning
sensations, and loss of coordination. Exposure to larger amounts

can result in thought and memory impairment, coma, and death.

The developing brain is particularly sensitive to mercury
because the metal interferes with nerve formation. Thus, mer-
cury is acutely toxic in infants, and it causes long-term neurolog-
ical effects in children. Methylmercury in a pregnant woman'’s
blood passes to her unborn child, along with a legacy of perma-
nent developmental problems.

The U.S. Food and Drug Administration requires that foods
contain less than 1 part per million of mercury, and for the most
part they do. However, it takes months or even years for mer-

Figure 2.1 Atmospheric fallout from coal-fired power plant emissions is
now the biggest cause of mercury pollution. Opposite, mercury can accumu-
late to toxic levels in the tissues of tuna and other large predatory fish.

cury to be cleared from the body, so it can build up to high lev-
els if even small amounts are ingested on a regular basis. That is
why large predatory fish have the most mercury in their tissues.
It is also why the U.S. Environmental Protection Agency recom-
mends that adults ingest less than 0.1 microgram of mercury per
kilogram of body weight per day. For an average-sized person,
that limit works out to be about 7 micrograms per day, which is
not a big amount if you eat seafood. A two-ounce piece of sushi
tuna typically contains about 40 micrograms of mercury, and the
occasional piece has many times that amount. It doesn’t matter
if the fish is raw, grilled, or canned, because mercury is unaf-
fected by cooking. Eat a medium-sized tuna steak, and you could
be getting more than 700 micrograms of mercury along with it.

With this chapter, we turn to the first of life’s levels of orga-
nization: atoms. Interactions between atoms make the molecules
that sustain life, and also some that destroy it.

Atoms Bond

~ Atoms of many elements inter-
| act by acquiring, sharing, and
giving up electrons. Interacting
atoms may form ionic, cova-
lent, or hydrogen bonds.

Water of Life

Water stabilizes temperature.
It also has cohesion, and it
can act as a solvent for many
other substances. These prop-
erties make life possible.

The Power of Hydrogen
Most of the chemistry of life
occurs in a narrow range of
pH, so the fluids inside organ-
isms are buffered to stay
within that range.
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r¥3 Start With Atoms

) The behavior of elements, which make up all living things,
starts with the structure of individual atoms.

> The number of protons in the atomic nucleus defines the
element, and the number of neutrons defines the isotope.

€ Link to Atoms 1.2

The idea that different structures can be assembled from
the same basic building blocks is a recurring theme in our
world. The theme is apparent in all levels of nature’s orga-
nization, including atomic structure. Life’s unique charac-
teristics start with the properties of different atoms, tiny
particles that are building blocks of all substances. Even
though they are about 20 million times smaller than a
grain of sand, atoms consist of even smaller subatomic
particles: positively charged protons (p*), uncharged
neutrons, and negatively charged electrons (e7). Charge
is an electrical property. Opposite charges attract, and like
charges repel. Protons and neutrons cluster in an atom’s
central core, or nucleus, and electrons move around the
nucleus (Figure 2.2).

Atoms differ in their number of subatomic particles.
The number of protons in an atom’s nucleus is called the
atomic number, and it determines the type of atom, or
element. Elements are pure substances, each consisting
only of atoms that have the same number of protons in
their nucleus. For example, the atomic number of carbon
is 6, so all atoms with six protons in their nucleus are
carbon atoms, no matter how many electrons or neutrons
they have. A chunk of carbon consists only of carbon
atoms, and all of those atoms have six protons.

The same elements that make up a living body also
occur in nonliving things, but their proportions differ.
For example, a human body contains a much larger pro-

Figure 2.3 Animated The periodic table. The table was
created in 1869 by chemist Dmitry Mendeleyev (left), who
arranged the known elements by chemical properties. The
arrangement turned out to be by atomic number. Until he
came up with the table, Mendeleyev had been known mainly
for his extravagant hair (he cut it only once per year).

He
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Figure 2.2 Atoms consist of elec-
‘ trons moving around a core, or
nucleus, of protons and neutrons.
Models such as this diagram can-
© not show what atoms really look
@® proton like. Electrons zoom around in
fuzzy, three-dimensional spaces
@ neutron about 10,000 times bigger than
© electron the nucleus.

portion of carbon atoms than do rocks or seawater. Why?
Unlike rocks or seawater, a body consists of a very high
proportion of the molecules of life, which in turn consist
of a high proportion of carbon atoms.

Knowing about the numbers of electrons, protons, and
neutrons helps us predict how elements will behave. For
example, elements in each vertical column of the periodic
table behave in similar ways. The periodic table shows
all of the known elements arranged in order of atomic
number (Figure 2.3). Each of the 117 elements is listed in
the table by a symbol that is usually an abbreviation of
the element’s Latin or Greek name. For instance, Pb (lead)
is short for plumbum; the word “plumbing” is related—
ancient Romans made their water pipes with lead. Car-
bon’s symbol, C, is from carbo, the Latin word for coal
(which is mostly carbon).

The first ninety-four elements occur in nature. We
know about the rest because we have synthesized them a
few atoms at a time. An atomic nucleus cannot be altered
by heat or any other ordinary means, so synthesizing an
element requires a particle accelerator and other equip-
ment found only in nuclear physics laboratories.

atom Particle that is a fundamental building block of all matter.
atomic number Number of protons in the atomic nucleus; deter-
mines the element.

charge Electrical property. Opposite charges attract, and like
charges repel.

electron Negatively charged subatomic particle that occupies
orbitals around an atomic nucleus.

element A pure substance that consists only of atoms with the
same number of protons.

isotopes Forms of an element that differ in the number of neu-
trons their atoms carry.

mass number Total number of protons and neutrons in the
nucleus of an element’s atoms.

neutron Uncharged subatomic particle in the atomic nucleus.
nucleus Core of an atom; occupied by protons and neutrons.
periodic table Tabular arrangement of the known elements by
atomic number.

proton Positively charged subatomic particle that occurs in the
nucleus of all atoms.

radioactive decay Process by which atoms of a radioisotope emit
energy and/or subatomic particles when their nucleus spontane-
ously disintegrates.

radioisotope Isotope with an unstable nucleus.

tracer A molecule labelled with a detectable substance.
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Figure 2.4 Animated PET scans. The result of a PET scan is a
digital image of a process in the body’s interior. These PET scans
show the activity of a molecule called MAO-B in the body of a non-
smobker (left) and a smoker (right). The activity is color coded from
red (highest activity) to purple (lowest). Low MAO-B activity is asso-
ciated with violence, impulsiveness, and other behavioral problems.

Isotopes and Radioisotopes

Atoms of an element that differ in their number of neu-
trons are called isotopes. All elements have isotopes. We
define isotopes by their mass number, which is the total
number of protons and neutrons in their nucleus. Mass
number is written as a superscript to the left of an ele-
ment’s symbol. For example, the most common isotope
of carbon has six protons and six neutrons, so it is des-
ignated 12C, or carbon 12. The other naturally occurring
isotopes of carbon are 13C (six protons, seven neutrons),
and 1C (six protons, eight neutrons).

In 1896, physicist Henri Becquerel made a discovery
after leaving some crystals of a uranium salt in a desk
drawer, on top of a metal screen. Under the screen was
an exposed film wrapped tightly in black paper. When
Becquerel developed the film, he was surprised to see a
negative image of the screen. He realized that “invisible
radiations” coming from the uranium salts had passed
through the paper and exposed the film around the screen.

Uranium, like many other elements, has radioactive
isotopes, or radioisotopes. The atoms of radioisotopes
spontaneously emit subatomic particles or energy (radia-
tion) when their nucleus breaks down. This process, radio-
active decay, can transform one element into another. For
example, carbon 14 is a radioisotope that decays when

Each radioisotope decays at a constant rate into certain
products. This process occurs independently of external
factors such as temperature, pressure, or whether the
atoms are part of molecules, so it is very predictable. For
example, we can reliably predict that about half of the
atoms of 14C in any sample will be 1*N atoms after 5,730
years. Thus, we can use the isotope content of a rock or
fossil to estimate its age (we will return to this topic in
Section 16.5).

Researchers and clinicians also use radioisotopes
to track biological processes inside living organisms.
Remember, isotopes are atoms of the same element. All
isotopes of an element generally have the same chemi-
cal properties regardless of the number of neutrons in
their atoms. This consistent chemical behavior means
that organisms use atoms of one isotope (such as 14C) the
same way that they use atoms of another (such as 12C).
Thus, radioisotopes can be used in tracers. A tracer is any
molecule with a detectable substance attached.

A typical radioactive tracer is a molecule in which
radioisotopes have been swapped for one or more atoms.
Researchers deliver radioactive tracers into a biological
system such as a cell or a multicelled body. Instruments
that can detect radioactivity let researchers follow the
tracer as it moves through the system. For example, Mel-
vin Calvin and his colleagues used a radioactive tracer
to identify specific reaction steps of photosynthesis. The
researchers made carbon dioxide with 4C, then let green
algae (simple aquatic organisms) take up the radioactive
gas. Using instruments that detected the radioactive decay
of 14C, they tracked carbon through steps by which the
algae—and all plants—make sugars.

Radioisotopes have medical applications as well. For
example, PET (short for positron-emission tomography)
helps us “see” a functional process inside the body. By this
procedure, a radioactive sugar or other tracer is injected
into a patient, who is then moved into a PET scanner.
Inside the patient’s body, cells with differing rates of
activity take up the tracer at different rates. The scan-
ner detects radioactive decay wherever the tracer is, then
translates that data into an image (Figure 2.4).

Take-Home Message What are the basic building blocks of all

matter?

> All matter consists of atoms, tiny particles that in turn consist of electrons

moving around a nucleus of protons and neutrons.

> An element is a pure substance that consists only of atoms with the same
number of protons. All elements occur as isotopes, which are forms of an ele-
ment that have different numbers of neutrons.

one of its neutrons splits into a proton and an electron. The
nucleus emits the electron, so an atom with eight neu-
trons and six protons (1C) becomes an atom with seven > The unstable nuclei of radioisotopes disintegrate spontaneously (decay) at a

neutrons and seven protons, which is nitrogen (N). predictable rate to form predictable products.
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Why Electrons Matter

> Atoms acquire, share, and donate electrons.

> Whether an atom will interact with other atoms depends
on how many electrons it has.

€ Link to Atomic interactions 1.2

orbitals from lower to higher
energy levels. The farther an
electron is from the nucleus
in the basement, the greater
its energy. An electron can
Energg Levels move to a room on a higher
Electrons are really, really small. How small are they?

If they were as big as apples, you would be about 3.5
times taller than our solar system is wide. Simple physics
explains the motion of, say, an apple falling from a tree,

floor if an energy input gives
it a boost, but it immediately
emits its extra energy and
moves back down.

but electrons are so tiny that such everyday physics can- Shell models help us visu-
not explain their behavior. However, that behavior under- alize how electrons populate

lies atomic interactions.

atoms. In this model, nested

A typical atom has about the same number of elec-
trons and protons. In larger atoms, a lot of electrons may
be zipping around one nucleus. Those electrons move at
nearly the speed of light (300,000 kilometers per second,
or 670 million miles per hour), but they never collide.
Why not? Electrons avoid one another because they travel
in different orbitals, which are defined volumes of space
around the nucleus.

Imagine that an atom is a multilevel apartment build-
ing with a nucleus in the basement. Each “floor” of the
building corresponds to a certain energy level, and each
has a certain number of “rooms” (orbitals) available for
rent to one or two electrons at a time. Electrons populate
rooms from the ground floor up; in other words, they fill

“shells” correspond to succes-
sively higher energy levels. Thus, a shell includes all of the
rooms on one floor of our atomic apartment building.

We draw a shell model of an atom by filling its shells
with electrons (represented as balls or dots), from the
innermost shell out, until there are as many electrons
as the atom has protons. For example, there is only one
room on the first floor, one orbital at the lowest energy
level. It fills up first. In hydrogen, the simplest atom, a
single electron occupies that room (Figure 2.5A). Helium,
with two protons, has two electrons that fill its first shell.
In larger atoms, more electrons rent the second-floor
rooms (Figure 2.5B). When the second floor fills, more
electrons rent third-floor rooms (Figure 2.3C), and so on.

A The first shell corresponds to the first energy level,
and it can hold up to 2 electrons. Hydrogen has one
proton, so it has 1 electron and 1 vacancy. A helium
atom has 2 protons, 2 electrons, and no vacancies.

1 proton

O —D ®

1 electron ——¢

The number of protons in each model is shown. first shell hydrogen (H) helium (He)
B The second shell corresponds to the second A /( . / S \
- O O O
energy level, and it can hold up to 8 electrons. < o < > 4 < > 5
Carbon has 6 protons, so its first shell is full. Its 6 P 8 P 10 pS
second shell has 4 electrons, and four vacancies. O O o /
Oxygen has 8 protons and two vacancies. Neon -0 -0 0-0
has 10 protons and no vacancies. second shell carbon (C) oxygen (O) neon (Ne)
0-0 0-0

C The third shell, which corresponds to the -0 -O
third energy level, can hold up to 8 electrons. / o \ /(‘ \
A sodium atom has 11 protons, so its first two o : 17 6 o O ¢ 18 Q0
shells are full; the third shell has one electron. € o Q o0
Thus, sodium has seven vacancies. Chlorine has \\ © / © /
17 protons and one vacancy. Argon has 18 pro- -0 ©-0
tons and no vacancies. 0-0 -0

third shell sodium (Na) chlorine (Cl) argon (Ar)

Figure 2.5 Animated Shell models. Each circle (shell) represents all orbitals at one energy level. A model
is filled with electrons from the innermost shell out, until there are as many electrons as protons. Atoms
with vacancies (room for additional electrons) in their outermost shell tend to interact with other atoms.
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If an atom’s outermost shell is full of electrons, we say
that it has no vacancies. Helium is an example. Atoms

electron gain © \ electron loss \

of such elements are chemically inactive, which means ©
they are most stable as single atoms. By contrast, if an Chlorine fﬁ Sodium
atom’s outermost shell has room for another electron, it atom i < \C Y atom
has a vacancy. Hydrogen has one vacancy. Atoms with gpj 00 (17> 00 1pt
vacancies tend to interact with other atoms: They give up, e \\g ﬂ e
. . . charge: 0 >-0 charge: 0

acquire, or share electrons until they have no vacancies in 00
their outermost shell. Any atom is in its most stable state
when it has no vacancies. (X h

Chloride -0 -0 Sodium
Swapping Electrons ion //mc x /c O\ o
The negative charge of an electron is the same magnitude 17p* g S <17> S g b4 (11) S 1p+
as the positive charge of a proton, so the two charges can- 18e” \ © / \ © / 10e~
cel one another. Thus, an atom with as many electrons as charge: -1 \(\'\/ -0 charge: +1

protons carries no overall (net) charge. An atom with dif- -0

ferent numbers of electrons and protons carries a charge.
When an atom is charged, we call it an ion.
An atom acquires a positive charge by losing an elec-

A A chlorine atom (Cl) becomes
a negatively charged chloride ion
(CI7) when it gains an electron
and fills the vacancy in its third,
outermost shell.

B A sodium atom (Na) becomes a posi-
tively charged sodium ion (Na*) when it
loses the electron in its third shell. The

atom’s full second shell is now its outer-

tron. Conversely, an atom acquires a negative charge by ¢ soith }
most, so I as no vacancies.

pulling an electron away from another atom (Figure 2.6).
Electronegativity is a measure of an atom’s ability to pull
electrons away from other atoms. Electronegativity is not
the same as charge. Rather, an atom'’s electronegativity
depends on its size and how many vacancies it has. For
example, when a chlorine atom is uncharged, it has 17
protons and 17 electrons. Seven electrons are in its outer
(third) shell, which can hold eight, so this atom has one
vacancy. An uncharged chlorine atom is highly electroneg-
ative—it can easily pull an electron away from another
atom to fill its third shell. When that happens, the atom
becomes a chloride ion (CI7) with 17 protons, 18 electrons,
and a net negative charge (Figure 2.6A).

As another example, an uncharged sodium atom has
11 protons and 11 electrons. This atom has one electron in
its outer (third) shell, which can hold eight. It has seven
vacancies. An uncharged sodium atom is weakly elec-
tronegative, so it cannot pull seven electrons from other
atoms to fill its third shell. Instead, it tends to lose the
single electron in its third shell. When that happens, two
full shells—and no vacancies—remain. The atom has now
become a sodium ion (Na*), with 11 protons, 10 electrons,
and a net positive charge (Figure 2.6B).

chemical bond An attractive force that arises between two atoms
when their electrons interact.

compound Type of molecule that has atoms of more than one
element.

electronegativity Measure of the ability of an atom to pull elec-
trons away from other atoms.

ion Charged atom.

mixture An intermingling of two or more types of molecules.
molecule Group of two or more atoms joined by chemical bonds.
shell model Model of electron distribution in an atom.

Figure 2.6 Animated lon formation.

Sharing Electrons
An atom can get rid of vacancies by participating in a
chemical bond, which is an attractive force that arises
between two atoms when their electrons interact. A mol-
ecule forms when two or more atoms of the same or dif-
ferent elements join in chemical bonds. The next section
explains the main types of bonds in biological molecules.
Compounds are molecules that consist of two or
more different elements. The proportions of elements in
a molecular substance do not vary. For example, all water
molecules have one oxygen atom bonded to two hydrogen
atoms. By contrast, a mixture is an intermingling of two
or more substances. The proportions of substances in a
mixture can vary because chemical bonds do not form.
For example, sugar may dissolve in water in variable
amounts because no chemical bonds form between the
two substances. A liquid mixture is called a solution.

Take-Home M essage Why do atoms interact?

> An atom’s electrons are the basis of its chemical behavior.

> Shells represent all electron orbitals at one energy level in an atom. When the

outermost shell is not full of electrons, the atom has a vacancy.

> Atoms tend to get rid of vacancies by gaining or losing electrons (thereby

becoming ions), or by sharing electrons with other atoms.

) Atoms with vacancies can form chemical bonds. Chemical bonds connect

atoms into molecules.
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Why Atoms Interact

> The characteristics of a bond arise from the properties
of atoms that take part in it.
€ Link to Molecules 1.2

Arranged in different ways, the same atomic building
blocks make different molecules. For example, carbon
atoms bonded one way form layered sheets of a soft,
slippery substance known as graphite. The same carbon
atoms bonded a different way form the rigid crystal lat-
tice of the hardest substance, which is diamond. Carbon
bonded to oxygen and hydrogen atoms make sugar.

Although bonding applies to a range of interactions
among atoms, we can categorize most bonds into distinct
types based on their different properties. Which type
forms—an ionic, covalent, or hydrogen bond—depends
on the atoms that take part in it.

lonic Bonds

Remember from the last section that a strongly electro-
negative atom tends to gain electrons until its outermost
shell is full. At that point it will be a negatively charged
ion. A weakly electronegative atom tends to lose electrons
until its outermost shell is full. At that point it will be a
positively charged ion.

An ionic bond is a strong mutual attraction of oppo-
sitely charged ions. Such bonds do not usually form
by the direct transfer of an electron from one atom to
another; rather, atoms that have already become ions stay
close together because of their opposite charges. Common
table salt offers an example. Each crystal of this substance
consists of a lattice of sodium and chloride ions interact-
ing in ionic bonds (Figure 2.7).

Table 2.1 Different Ways To Represent the Same Molecule

Common name Water Familiar term.

Chemical name Dihydrogen Systematically describes elemental

monoxide composition.

Chemical formula H,0 Indicates unvarying proportions
of elements. Subscripts show
number of atoms of an element
per molecule. The absence of
a subscript means one atom.

Structural formula H—O—H Represents each covalent bond as

o a single line between atoms. Bond
H™ > H angles also may be represented.

Structural model Shows the positions and relative

sizes of atoms.

o

Shell model Shows how pairs of electrons are

shared in covalent bonds.

A Each crystal of table salt is a cubic lattice of many sodium
and chloride ions locked in ionic bonds.

ionic bond -0
0o ‘ oo
c/ O \ / O \
; O A0¢ © 9
11> & V6 <17> oo
o\
0-O
Sodium ion Chloride ion
11p*, 10e~ 17p*, 18e~

B The mutual attraction of opposite charges holds the two
kinds of ions together in the lattice.

Figure 2.7 Animated lonic bonds.

Covalent Bonds

In a covalent bond, two atoms share a pair of electrons.
Such bonds typically form between atoms with similar
electronegativity and unpaired electrons. By sharing their
electrons, each atom’s vacancy becomes partially filled
(Figure 2.8). Covalent bonds can be stronger than ionic
bonds, but they are not always so.

Structural formulas show how covalent bonds connect
atoms. A line between two atoms represents a single cova-
lent bond, in which two atoms share one pair of electrons.
A simple example is molecular hydrogen (H,), with one
covalent bond between hydrogen atoms (H—H).

Many atoms participate in more than one covalent
bond at the same time. The oxygen atom in a water mol-
ecule (H—O—H) is one example (Table 2.1). Two, three, or
even four covalent bonds may form between two atoms
when they share multiple pairs of electrons. For example,
two atoms sharing two pairs of electrons are connected by
two covalent bonds. Such double bonds are represented
by a double line between the atoms. A double bond links
the two oxygen atoms in molecular oxygen (O=0). Three
lines indicate a triple bond, in which two atoms share
three pairs of electrons. A triple covalent bond links the
two nitrogen atoms in molecular nitrogen (N=N).

Some covalent bonds are nonpolar, meaning that the
atoms participating in the bond are sharing electrons
equally. There is no difference in charge between the two
ends of such bonds. The molecular hydrogen (H,), oxygen
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Molecular hydrogen (H—H)

Two hydrogen atoms, each with
one proton, share two electrons in
a single nonpolar covalent bond.

° Molecular oxygen (O =0)

Two oxygen atoms, each with eight
protons, share four electrons in a
double covalent bond.

Water molecule (H—O—H)

Two hydrogen atoms share electrons

with an oxygen atom in two polar
(o] [+]
1 0) 8 )1 covalent bonds. The oxygen exerts a
b ¢ b greater pull on the shared electrons,

/ so it has a slight negative charge. Each
hydrogen has a slight positive charge.

Figure 2.8 Animated Covalent bonds, in which atoms with
unpaired electrons in their outermost shell become more stable
by sharing electrons. Two electrons are shared in each covalent
bond. When sharing is equal, the bond is nonpolar. When one
atom exerts a greater pull on the electrons, the bond is polar.

(O5), and nitrogen (N,) mentioned earlier are examples.
These molecules are some of the gases that make up air.

Atoms participating in polar covalent bonds do not
share electrons equally. Such bonds can form between
atoms with a difference in electronegativity. The atom
that is more electronegative pulls the electrons a little
more toward its “end” of the bond, so that atom bears a
slightly negative charge. The atom at the other end of the
bond bears a slightly positive charge. The greater the dif-
ference in electronegativity between the atoms, the more
polar is the covalent bond that forms between them.

For example, a water molecule has two polar covalent
bonds. The oxygen atom carries a slight negative charge,
and each of the hydrogen atoms carries a slight positive
charge. Any such separation of charge into distinct posi-
tive and negative regions is called polarity. As you will
see in the next section, the polarity of the water molecule
is very important for the world of life.

Hydrogen Bonds

Hydrogen bonds form between polar regions of two
molecules, or between regions of the same molecule.

covalentbond Chemical bond in which two atoms share a pair of
electrons.

hydrogen bond Attraction that forms between a covalently
bonded hydrogen atom and another atom taking part in a separate
covalent bond.

ionic bond Type of chemical bond in which a strong mutual
attraction forms between ions of opposite charge.

polarity Any separation of charge into distinct positive and nega-
tive regions.

hydrogen bond

@
\

®
water molecule  water molecule

A A hydrogen (H) bond is an
attraction between an electroneg-
ative atom and a hydrogen atom
taking part in a separate polar
covalent bond.

B Hydrogen bonds are individually
weak, but many of them form. Collec-
tively, they are strong enough to sta-
bilize the structures of large biological
molecules such as DNA, shown here.

Figure 2.9 Animated Hydrogen bonds. Hydrogen bonds form at
a hydrogen atom taking part in a polar covalent bond. The hydro-
gen atom’s slight positive charge weakly attracts an electronegative
atom. As shown here, hydrogen (H) bonds can form between mol-
ecules or between different parts of the same molecule.

A hydrogen bond is a weak attraction between a cova-
lently bonded hydrogen atom and another atom taking
part in a separate polar covalent bond. In a hydrogen
bond, the atom interacting with the hydrogen is typically
an oxygen, nitrogen, or other highly electronegative atom.

Like ionic bonds, hydrogen bonds form by the mutual
attraction of opposite charges: The hydrogen atom carries
a slight positive charge and the other atom carries a slight
negative charge. However, unlike ionic bonds, hydrogen
bonds do not make molecules out of atoms, so they are
not chemical bonds.

Hydrogen bonds are individually weak. They form and
break much more easily than covalent or ionic bonds.
Even so, many of them form between molecules, or
between different parts of a large one. Collectively, they
are strong enough to stabilize the characteristic structures
of large biological molecules such as DNA (Figure 2.9).

Take-Home Message How do atoms interact?

> A chemical bond forms when the electrons of two atoms interact. Depending
on the atoms, the bond may be ionic or covalent.

> An ionic bond is a strong mutual attraction between two ions of opposite charge.

> Atoms share a pair of electrons in a covalent bond. When the atoms share elec-
trons equally, the bond is nonpolar. When they share electrons unequally, the
bond is polar.

> A hydrogen bond is a weak attraction between a highly electronegative atom
and a hydrogen atom taking part in a separate polar covalent bond.

> Hydrogen bonds are individually weak, but collectively strong.
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Water’s Life-Giving Properties

> Water is essential to life because of its unique properties.
> The unique properties of water are a result of the extensive
hydrogen bonding among water molecules.

Life evolved in water. All living organisms are mostly
water, many of them still live in it, and all of the chemical
reactions of life are carried out in water. What is so spe-
cial about water?

Each Water Molecule Is Polar

Water’s special properties as a liquid begin with the two
polar covalent bonds in each water molecule. Overall, the
molecule has no charge, but the oxygen pulls the shared
electrons a bit more than the hydrogen atoms do. Thus,
each of the atoms in a water molecule carries a slight
charge. The oxygen atom is slightly negative, and the
hydrogen atoms are slightly positive:

slight negative charge

slight positive charge  slight positive charge

The separation of charge means that the water molecule
itself is polar. The polarity is very attractive to other water
molecules, and hydrogen bonds form between them in
tremendous numbers (Figure 2.10). Extensive hydrogen
bonding between water molecules imparts unique proper-
ties to liquid water that make life possible.

Figure 2.11 Animated Water molecules that surround an
ionic solid pull its atoms apart, thereby dissolving them.

Water Is an Excellent Solvent

Water is a solvent—a substance, usually a liquid, that can
dissolve other substances. When a substance dissolves,

its individual molecules or ions become solutes as they
disperse. Salts, sugars, and other compounds that dissolve
easily in water are polar, so many hydrogen bonds form
between them and water molecules.

A salt is a compound that dissolves easily in water
and releases ions other than H* and OH~ when it does.
Sodium chloride (NaCl) is an example of a salt. Water
easily dissolves salts and other hydrophilic (water-loving)
substances. Hydrogen bonds form between water and the
polar molecules of such substances. These bonds dissolve
solutes by pulling their molecules away from one another
and keeping them apart (Figure 2.11).

You can see how water interacts with hydrophobic
(water-dreading) substances if you shake a bottle filled
with water and salad oil, then set it on a table and watch
what happens. Salad oil consists of nonpolar molecules,
and hydrogen bonds do not form between nonpolar mol-
ecules and water. Shaking breaks some of the hydrogen
bonds that keep water molecules together, so the water
breaks into small droplets that mix with the oil. However,
the water quickly begins to cluster into larger and larger
drops as new hydrogen bonds form among its molecules.
The bonding excludes molecules of oil and pushes them
together into drops that rise to the surface of the water.
The same interactions occur at the thin, oily membrane
that separates the watery fluid inside of cells from the

cohesion Tendency of molecules to resist separating from one
another.

evaporation Transition of a liquid to a gas.

hydrophilic Describes a substance that dissolves easily in water.
hydrophobic Describes a substance that resists dissolving in water.
salt Compound that releases ions other than H* and OH~ when it
dissolves in water.

solute A dissolved substance.
solvent Liquid that can dissolve other substances.
temperature Measure of molecular motion.

Figure 210 Animated Water. Many hydrogen bonds (dashed lines) that
quickly form and break keep water molecules clustered together tightly. The
extensive hydrogen bonding in liquid water gives it unique properties.

30 Unit1 Principles of Cellular Life

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Figure 2.12 Visible effect of cohesion: a wasp drinking, not sinking.
Cohesion imparts surface tension to liquid water, which means that
the surface of liquid water behaves a bit like a sheet of elastic.

watery fluid outside of them. The organization of mem-
branes—and of life—starts with such interactions (you
will read more about membranes in Chapter 4).

Cohesion

Another life-sustaining property of water is cohesion,
which means that water molecules resist separating from
one another. Hydrogen bonds collectively exert a continu-
ous pull on individual water molecules. You can see the
effect of cohesion as surface tension (Figure 2.12).

Cohesion is an important component of many pro-
cesses that sustain multicelled bodies. As one example,
water molecules constantly escape from the surface of lig-
uid water as vapor, a process called evaporation. Evapora-
tion is resisted by the hydrogen bonding that keeps water
molecules together. In other words, overcoming water’s
cohesion takes energy. Thus, evaporation sucks energy in
the form of heat from liquid water, lowering the water’s
surface temperature. Evaporative water loss can help you
and some other mammals cool off when you sweat in hot,
dry weather. Sweat, which is about 99 percent water, cools
the skin as it evaporates.

Cohesion works inside organisms, too. For instance,
plants continually absorb water from soil as they grow.
Water molecules evaporate from leaves, and replacements
are pulled upward from roots. Cohesion makes it possible
for columns of liquid water to rise from roots to leaves
inside narrow pipelines of vascular tissue. In some trees,
these pipelines extend straight up for hundreds of feet.
Section 26.4 returns to this topic.

o
€ ¢

Figure 2.13 Ice floats on water. Left, a covering of ice can insulate water underneath it, thus keeping
aquatic organisms from freezing during harsh winters. Right, ice forms below about 0°C (32°F), as
hydrogen bonds lock water molecules in a rigid, three-dimensional lattice. It floats because the mol-
ecules pack less densely than in water.

Water Stabilizes Temperature

Temperature is a way to measure the energy of molecu-
lar motion. All molecules jiggle nonstop, and they jiggle
faster as they absorb heat. However, extensive hydrogen
bonding restricts the movement of water molecules—it
keeps them from jiggling as much as they would other-
wise. Thus, it takes more heat to raise the temperature of
water compared with other liquids. Temperature stability
is an important component of homeostasis, because most
of the molecules of life function properly only within a
certain range of temperature.

Below 0°C (32°F), water molecules do not jiggle enough
to break hydrogen bonds, and they become locked in the
rigid, lattice-like bonding pattern of ice. Individual water
molecules pack less densely in ice than they do in water,
so ice floats on water. Sheets of ice that form near the sur-
face of ponds, lakes, and streams can insulate the water
under them from subfreezing air temperatures. Such “ice
blankets” protect aquatic organisms during extremely cold
winters (Figure 2.13).

Take-Home Message Whyis water essential to life?

> Extensive hydrogen bonding among water molecules imparts unique proper-
ties to water that make life possible.

> Hydrogen bonds form between water and polar molecules. This bonding dis-
solves hydrophilic substances easily. Hydrogen bonds do not form between
water and nonpolar molecules of hydrophobic substances.

> Individual water molecules tend to stay together (cohesion).
> The temperature of water is more stable than that of other liquids.

) Ice is less dense than liquid water, so it floats. Ice insulates water beneath it.
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r¥3 Acids and Bases

> pH is a measure of the concentration of hydrogen ions.

> Most biological processes occur within a narrow range of
pH, typically around pH 7.

€ Link to Homeostasis 1.3
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Figure 2.14 Animated A pH scale. Here, red dots signify hydro-
gen ions (H*) and blue dots signify hydroxyl ions (OH"). Also
shown are approximate pH values for some common solutions.

This pH scale ranges from 0 (most acidic) to 14 (most basic). A
change of one unit on the scale corresponds to a tenfold change

in the amount of H* ions.

» Figure It Out What is the approximate pH of cola?

G amsuy

In liquid water, water molecules spontaneously separate
into hydrogen ions (H*) and hydroxide ions (OH™). These
ions can combine again to form water:

HyO ———> H+* + OH ——> H0

water hydrogen hydroxide water

ions ions

Concentration refers to the amount of a particular solute
that is dissolved in a given volume of fluid. Hydrogen ion
concentration is a special case. We measure the number
of hydrogen ions in a solution using a value called pH.
When the number of H* ions is the same as the number
of OH™ ions, the pH of the solution is 7, or neutral. The
pH of pure water (but not rainwater or seawater) is like
this. The higher the number of hydrogen ions, the lower
the pH. A one-unit decrease in pH corresponds to a ten-
fold increase in the number of H* ions, and a one-unit
increase corresponds to a tenfold decrease in the number
of H* ions (Figure 2.14).

One way to get a sense of pH is to taste dissolved bak-
ing soda (pH 9), distilled water (pH 7), and lemon juice
(pH 2). Nearly all of life’s chemistry occurs near pH 7.
Most of your body’s internal environment (tissue fluids
and blood) stays between pH 7.3 and 7.5.

Substances called acids give up hydrogen ions when
they dissolve in water, so they lower the pH of fluids and
make them acidic (below pH 7). Bases accept hydrogen
ions, so they can raise the pH of fluids and make them
basic, or alkaline (above pH 7).

Acids and bases can be weak or strong. Weak acids
are stingy H* donors. Strong acids give up more H* ions.
Hydrochloric acid (HCI) is a strong acid that, when added
to water, very easily separates into H* and CI™:

HCI p—— H+ cr
hydrochloric hydrogen chloride
acid ions ions

Inside your stomach, the H* from HCl makes gastric fluid
acidic (pH 1-2). The acidity activates enzymes that digest
proteins in your food.

Most biological molecules can function properly only
within a narrow range of pH. Even a slight deviation from
that range can halt cellular processes. Under normal cir-
cumstances, the fluids inside cells and bodies stay within

acid Substance that releases hydrogen ions in water.

base Substance that accepts hydrogen ions in water.

buffer Set of chemicals that can keep the pH of a solution stable
by alternately donating and accepting ions that contribute to pH.
concentration The number of molecules or ions per unit volume
of a solution.

pH Measure of the number of hydrogen ions in a fluid.

32 Unit1 Principles of Cellular Life
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Figure 2.15 Corrosive

effect of acid rain. Airborne
pollutants dissolve in water
vapor and form compounds
that change the pH of rain.

a consistent range of pH because they are buffered. A
buffer is a set of chemicals, often a weak acid or base and
a salt, that can keep the pH of a solution stable. The two
chemicals can alternately donate and accept ions that con-
tribute to pH changes.

For example, when a base is added to an unbuffered
fluid, the number of OH™ ions increases, so the pH rises.
However, if the fluid is buffered, the addition of base
causes the buffer to release H* ions. These combine with
OH™ ions to form water, which has no effect on pH. So a
buffered fluid’s pH stays the same when base is added.

Carbon dioxide gas becomes a weak acid when it dis-
solves in the fluid portion of human blood:

HoO + COp ———> HoCO3

carbon dioxide carbonic acid

Carbonic acid can separate into hydrogen ions and bicar-
bonate ions, which can in turn recombine to form car-
bonic acid:

HoCO3 —> H* + HCO3~ —> HoCO3

carbonic acid bicarbonate carbonic acid

Together, carbonic acid and bicarbonate constitute a buf-
fer. Any excess OH™ in blood combines with the H* to
form water, which does not contribute to pH. Any excess
H* in blood combines with the bicarbonate. Thus bonded,
the hydrogen does not affect pH. The exchange of ions
between carbonic acid and bicarbonate keeps the blood
pH between 7.3 and 7.5, but only up to a point. A buffer
can neutralize only so many ions. Even slightly more than
that limit and the pH of the fluid changes dramatically.
Buffer failure can be catastrophic in a biological
system. For example, too much carbonic acid forms in
blood when breathing is impaired suddenly. The result-
ing decline in blood pH may cause an individual to enter
a coma, which is a dangerous level of unconsciousness.
Hyperventilation (sustained rapid breathing) causes the
body to lose too much CO,. The loss can result in a rise in

h Mercury Rising (revisited)

Today, all ecosystems on Earth have
detectable effects of air pollution.
However, such effects are understud-
ied, so they are probably underesti-
mated. We do know that the amount
of mercury in Earth’s waters is rising
(inset). The concentration of mercury
in the Pacific Ocean is predicted to
double within forty years. We also
know that this rise is occurring as a
consequence of human activities that
release mercury into the atmosphere.
In 2005 alone, our activities released
more than 2,000 tons of mercury
worldwide.

All human bodies, too, now have
detectable amounts of mercury. Some of it comes from dental fillings,
particularly when bleached. Imported skin-bleaching cosmetics and bro-
ken fluorescent lamps also contribute. However, most comes from eating
contaminated fish and shellfish. Tuna harvested from the Pacific Ocean
accounts for almost half of the mercury in human bodies.

How Would You Vote? A U.S. Food and Drug Administration advisory warns
children, and women who are pregnant, nursing, or planning to conceive, to avoid
eating tuna because of high mercury levels. The California attorney general requires
products that contain dangerous chemicals from non-natural sources to carry warn-
ing labels. A typical 6-ounce can of albacore tuna contains about 60 micrograms of
mercury. Canned tuna companies say that most of that mercury comes from natural
sources, and consider the federal advisory to be sufficient. Do you think cans of tuna
should carry labels warning of mercury content? See CengageNow for details, then
vote online (cengagenow.com),

blood pH. If blood pH rises too much, prolonged muscle
spasm (tetany) or coma may occur.

Burning fossil fuels such as coal releases sulfur and
nitrogen compounds that affect the pH of rain and other
forms of precipitation. Water is not buffered, so the addi-
tion of acids or bases has a dramatic effect. In places with
a lot of fossil fuel emissions, the rain and fog can be more
acidic than vinegar (Figure 2.15). This acid rain drastically
changes the pH of water in soil, lakes, and streams. Such
changes can overwhelm the buffering capacity of fluids
inside organisms, with lethal effects. We will return to the
topic of acid rain in Section 42.9.

Take-Home M essage Why are hydrogen ions important in
biological systems?

> pH reflects the number of hydrogen ions in a fluid. Most biological systems
function properly only within a narrow range of pH.

> Acids release hydrogen ions in water; bases accept them. Salts release ions
other than H* and OH".

> Buffers help keep pH stable. Inside organisms, they are part of homeostasis.

Chapter 2 Life’s Chemical Basis 33
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Summary

Section 2.1 At life’s first level of organiza-
tion, atoms interact with other atoms to
form molecules. The properties of mole-
cules depend on, but differ from, those
of their atomic components.

© Section 2.2 Atoms consist of electrons,
which carry a negative charge, moving

@ about a nucleus of positively charged pro-
tons and (except for hydrogen) uncharged

0 neutrons (Table 2.2). The periodic table lists

elements in order of their atomic number. Isotopes are
atoms of an element that differ in the number of neutrons,
so they also differ in mass number. Researchers can make
tracers with radioisotopes, which spontaneously emit par-
ticles and energy by the process of radioactive decay.

Table 2.2 Players in the Chemistry of Life

Atoms Particles that are basic building blocks of all matter; the
smallest unit that retains an element’s properties.

Proton (p*) Positively charged particle of an atom’s nucleus.

Electron (e7) Negatively charged particle that can occupy a volume of
space (orbital) around an atom’s nucleus.

Neutron Uncharged particle of an atom’s nucleus.

Element Pure substance that consists entirely of atoms with the
same, characteristic number of protons.

Isotopes Atoms of an element that differ in the number of neutrons.

Radioisotope Unstable isotope that emits particles and energy when its
nucleus disintegrates.

Tracer Molecule that has a detectable substance (such as a
radioisotope) attached. Used to track the movement or
destination of the molecule in a biological system.

lon Atom that carries a charge after it has gained or lost one
or more electrons. A single proton without an electron is a
hydrogen ion (H*).

Molecule Two or more atoms joined in a chemical bond.

Compound Molecule of two or more different elements in unvarying
proportions (for example, water).

Mixture Intermingling of two or more elements or compounds in
proportions that can vary.

Solute Molecule or ion dissolved in some solvent.

Hydrophilic Refers to a substance that dissolves easily in water. Such
substances consist of polar molecules.

Hydrophobic Refers to a substance that resists dissolving in water. Such
substances consist of nonpolar molecules.

Acid Compound that releases H* when dissolved in water.
Base Compound that accepts H* when dissolved in water.
Salt Compound that releases ions other than H* or OH™ when

dissolved in water.

Solvent Substance that can dissolve other substances.

Section 2.3 Up to two electrons occupy each
orbital (volume of space) around a nucleus.
Which orbital an electron occupies depends
on its energy. A shell model represents suc-
cessive energy levels as concentric circles.
Atoms fill vacancies by gaining or losing electrons, or
by sharing electrons with other atoms. Electronegativity is
a measure of how strongly an atom attracts electrons from
other atoms. lons are charged atoms. A chemical bond is
an attractive force that unites two atoms as a molecule. A
compound is a molecule that consists of two or more ele-
ments. A mixture is an intermingling of substances.

vacancy

Section 2.4 Atoms form different types

of bonds depending on their electronega-
tivity. An ionic bond is a strong association
between oppositely charged ions; it arises
from the mutual attraction of opposite
charges. Atoms share a pair of electrons in a covalent
bond, which is nonpolar if the sharing is equal, and polar
if it is not. A molecule that has a separation of charge is
said to show polarity. Hydrogen bonds collectively stabi-
lize the structures of large molecules.

Section 2.5 Polar covalent bonds join two
hydrogen atoms to one oxygen atom in
each water molecule. The polarity invites
extensive hydrogen bonding between water
molecules, and this bonding is the basis of
unique properties that sustain life: a capacity to act as a
solvent for salts and other polar solutes; resistance to
temperature changes; and cohesion. Hydrophilic sub-
stances dissolve easily in water; hydrophobic substances
do not. Evaporation is the transition of a liquid to a gas.

Section 2.6 A solute’s concentration refers
to the amount of solute in a given volume
of fluid. pH reflects the number of hydro-
gen ions (HY) in a fluid. At neutral pH (7),
the amounts of H* and OH™ ions are the
same. Acids release hydrogen ions in water; bases accept
them. A buffer keeps a solution within a consistent range
of pH. Most cell and body fluids are buffered because most
molecules of life work only within a narrow range of pH.

Sel.f— Q_uiz Answers in Appendix ||

1. Is this statement true or false? All atoms consist of
electrons, protons, and neutrons.

2. In the periodic table, symbols for the elements are
arranged according to .
a. size c. mass number

b. charge d. atomic number
3. A(n) is a molecule into which a radioisotope
has been incorporated.

a. compound c. salt

b. tracer d.acid

34 Unit1 Principles of Cellular Life
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Data Analysis Activities

Mercury Emissions By weight, coal does not contain much
mercury, but we burn a lot of it. In addition to coal-fired
power plants, several other industries contribute substan-
tially to atmospheric mercury pollution. Figure 2.16 shows
mercury emissions from different regions of the world in
the year 2006.

1. About how many tons of mercury were released world-
wide in 20067

2. Which industry tops the list of mercury-pollution
offenders? Which industry is next on the list?

3. Which region emits the most mercury from producing
cement?

4. About how many tons of mercury were released from
gold production in South America?

15004 Asia

Dental amalgam (cremation)

B Waste incineration

B Chlorine production

1000+ Cement production

1 Artisanal and small-scale gold production

1 ——Large-scale gold production

Metal production

Fossil fuel combustion for power and heating

Mercury emissions (tons)

500+
B North
{ South
i America ) ELﬂpe AfricaAmerica
i == Russia Oceania g
ol e

Figure 2.16 Global mercury emissions, 2006. Source: Global
Atmospheric Mercury A
Nations Envir | Pr Chemicals Branch. 2008

: Sources, Emissions and Transport. United

4. Anion is an atom that has
a. the same number of electrons and protons
b. different numbers of electrons and protons

5. The measure of an atom’s ability to pull electrons
away from another atom is called

a. electronegativity c. charge

b. polarity d. concentration

6. The mutual attraction of opposite charges holds atoms
together as molecules in a(n) bond.

a. ionic c. polar covalent

b. hydrogen d. nonpolar covalent
7. Atoms share electrons unequally in a(n)
bond.
8. A(n) substance repels water.

a. acidic c. hydrophobic

b. basic d. polar

9. A salt releases ions other than in water.

10. Hydrogen ions (H*) are .
a. indicated by a pH scale c. in blood
b. unbound protons d. all of the above

11. When dissolved in water, a(n) donates HY;
a(n) accepts H*.

a. acid; base c. buffer; solute

b. base; acid d. base; buffer
12. A(n) is a chemical partnership between a
weak acid or base and its salt.

a. covalent bond c. buffer

b. hydrogen bond d.pH
13. A(n) is dissolved in a solvent.

a. molecule c. salt

b. solute d. acid

14. Match the terms with their most suitable description.
_ hydrophilic
____atomic number b. number of protons in nucleus
__charged atom  c. polar; easily dissolves in water
___mass number  d.ion
___ temperature e. protons < electrons
___uncharged f. protons = electrons
____negative charge g. measure of molecular motion
___ positive charge h.number of protons and

neutrons in atomic nucleus

Additional questions are available on CENGAGENOW.

a. protons > electrons

Ciritical Thinking

Animations and Interactions on CENGAGENOW:
> Isotopes; PET scans; Shell models; Types of bonds; Ions
and ionic bonds; Hydrogen bonds; Water; Dissolution; pH.

1. Alchemists were medieval scholars and philosophers
who were the forerunners of modern-day chemists. Many
spent their lives trying to transform lead (atomic number
82) into gold (atomic number 79). Explain why they never
did succeed in that endeavor.

2. Draw a shell model of an uncharged nitrogen atom
(nitrogen has 7 protons).

3. Polonium is a rare element with 33 radioisotopes. The
most common one, 2101:.0' has 82 protons and 128 neu-
trons. When #10Po decays, it emits an alpha particle, which
is a helium nucleus (2 protons and 2 neutrons). 210Po
decay is tricky to detect because alpha particles do not
carry very much energy compared to other forms of radia-
tion. They can be stopped by, for example, a sheet of paper
or a few inches of air. That is one reason that authorities
failed to discover toxic amounts of 210Po in the body of
former KGB agent Alexander Litvinenko until after he died
suddenly and mysteriously in 2006. What element does an
atom of 210Po change into after it emits an alpha particle?

4. Some undiluted acids are not as corrosive as when they
are diluted with water. That is why lab workers are told to
wipe off splashes with a towel before washing. Explain.
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< Links to Earlier Concepts Keg Concepts

Having learned about atomic interactions (Section CHaOH Structure Dictates Function Carbohydrates
2.3), you are now in a position to understand the e We define cells partly by their Carbohydrates are the most
structure of the molecules of life. Keep the big pic- O capacity to build complex abundant biological mole-
ture in mind by reviewing Section 1.2. You will be e o carbohydrates and lipids, pro- cules. They function as energy
building on your knowledge of the nature of cova- e teins, and nucleic acids. All reservoirs and structural
lent bonding (2.4), acids and bases (2.6), and the of these organic compounds materials. Different types of
effects of hydrogen bonds (2.4) as you learn about have functional groups attached to a back- carbohydrates are built from the same sugars,
how the molecules of life are put together. bone of carbon atoms. bonded in different patterns.
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3 Molecules of Life

Fear of Frying

The human body requires only about a tablespoon of fat each
day to stay healthy, but most people in developed countries eat
far more than that. The average American eats about 70 pounds
of fat per year, which may be part of the reason why the aver-
age American is overweight. Being overweight increases one’s
risk for many health conditions. However, the total quantity of
fat may be less important than the kinds of fats we eat. Fats are
more than just inert molecules that accumulate in strategic areas
of our bodies. They are major constituents of cell membranes,
and as such they have powerful effects on cell function.

The typical fat molecule has three fatty acids, each with a
long chain of carbon atoms. Different fats consist of different
fatty acids. Fats with a certain arrangement of hydrogen atoms
around that carbon chain are called trans fats (Figure 3.1). Small
amounts of trans fats occur naturally in red meat and dairy
products, but most of the trans fats that humans eat come from
partially hydrogenated vegetable oil, an artificial food product.

Hydrogenation, a manufacturing process that adds hydrogen
atoms to a substance, changes liquid vegetable oils into solid
fats. Procter & Gamble Co. developed partially hydrogenated
soybean oil in 1908 as a substitute for the more expensive solid
animal fats they had been using to make candles. However, the
demand for candles began to wane as more households in the
United States became wired for electricity, and P & G began to
look for another way to sell its proprietary fat. Partially hydroge-
nated vegetable oil looks a lot like lard, so in 1911 the company
began aggressively marketing it as a revolutionary new food: a
solid cooking fat with a long shelf life, mild flavor, and lower
cost than lard or butter.

By the mid-1950s, hydrogenated vegetable oil had become a
major part of the American diet. It was (and still is) found in
many manufactured and fast foods: french fries, butter substi-
tutes, cookies, crackers, cakes and pancakes, peanut butter, pies,
doughnuts, muffins, chips, granola bars, breakfast bars, choco-

late, microwave popcorn, pizzas, burritos, chicken nuggets, fish
sticks, and so on.

For decades, hydrogenated vegetable oil was considered more
healthy than animal fats because it was made from plants, but
we now know otherwise. The trans fats in hydrogenated vegeta-
ble oils raise the level of cholesterol in our blood more than any
other fat, and they directly alter the function of our arteries and
veins. The effects of such changes are quite serious. Eating as
little as 2 grams a day of hydrogenated vegetable oils increases
a person’s risk of atherosclerosis (hardening of the arteries), heart
attack, and diabetes. A small serving of french fries made with
hydrogenated vegetable oil contains about 5 grams of trans fat.

All organisms consist of the same kinds of molecules, but
small differences in the way those molecules are put together
can have big effects in a living organism. With this concept, we
introduce you to the chemistry of life. This is your chemistry. It
makes you far more than the sum of your body’s molecules.

H HHHHHHH H H H HHHH

s A A L A e R R N4
AR G A G A ISR SN A S A B SR

H HHHHHHHH H H H H H
oleic acid (a trans fatty acid)

H H H H

oy LT
H—G—0— GG e

homoRoH R R AH HHH A om0

elaidic acid (a cis fatty acid)

Figure 3.1 Trans fats, an unhealthy food. The arrangement of hydrogen atoms
around a double bond (in red) is what makes a fat trans (top) or cis (bottom). This
seemingly small difference in structure makes a big difference in our bodies.

Lipids

Lipids function as energy
reservoirs and as waterproof-
ing or lubricating substances.
Some are remodeled into
other compounds such as
vitamins. Lipids are the main structural com-
ponent of all cell membranes.

Proteins

Structurally and functionally,
proteins are the most diverse
molecules of life. They include
enzymes and structural mate-
rials. A protein’s function
arises from and depends on its structure.

Nucleic Acids

Nucleotides are the build-
ing blocks of nucleic acids;
some have additional roles in
metabolism. DNA and RNA
are part of a cell’s system of
storing and retrieving heritable information.
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k¥d The Molecules of Life—From Structure to Function

) All of the molecules of life are built with carbon atoms.

. . . . . Group Character  Location Structure
> The function of organic molecules in biological systems
begins with their structure. hydroxyl polar amino acids; —OH
€ Links to Elements 2.2, lons 2.3, Covalent bonds 2.4, Polar- sugars, alcohols
ity 2.4, Acids and bases 2.6 H
methyl nonpolar  fatty acids, [
Carbon accounts for a high proportion of the elements SR e —C—H

id
in living things, mainly because the molecules of life— e ,.‘.

complex carbohydrates and lipids, proteins, and nucleic

: B . . . . carbonyl polar, sugars, — @@= —Q=
acids—are organic. Organic compounds consist primarily rrahe | entmects, i i
of carbon and hydrogen atoms. The term is a holdover nucleotides 0 0
from a time when such molecules were thought to be (aldehyde)  (ketone)
made only by living things, as opposed to “inorganic” mol- carboxyl  acidic fatty acids, —(ljl—OH —CH;—o’

.. amino acids,
ecules that formed by nonliving processes. The term per- carbohydrates o) o)
sists, even though we now know that organic compounds (ionized)
were present on Earth long before organisms were.
P . . . . amine basic amino acids, some H
Carbon’s importance to life starts with its versatile ; \
nucleotide bases — N—H — NH+

bonding behavior: Each carbon atom can form cova- | |
lent bonds with up to four other atoms. Most organic H H

. ionized
compounds have a backbone, or chain, of carbon atoms, (o)
that may include rings. Using different models to repre- phosphate high nucleotides (e.g., ?’
sent organic compounds allows us to visualize different CRcre R LATR); IDNALIRINA I G -®

. polar phospholipids, I
aspects of their structure. many proteins o) e
Structural formulas show how all of the atoms connect
(Figure 3.2A). Some atoms or bonds may be implied but sulfhydryl ~forms cysteine (an —SH —S—5—
. . . disulfide amino acid i

not shown (Figure 3.2B). For further simplification, carbon bridges ) (i';l:ﬂl;:)e

ring structures are often represented as polygons that
imply atoms at their corners (Figure 3.2C).

Molecular models show the positions of atoms in three
dimensions. Atoms in such models are typically repre-
sented by colored balls, the size of which reflects relative
atomic size. Ball-and-stick models show covalent bonds
as a stick (Figure 3.2D). Space-filling models show overall

Figure 3.3 Animated Common functional groups. Such groups
impart specific chemical characteristics to organic compounds.

Functional Groups

shape (Figure 3.2E). To reduce visual complexity, other An organic molecule that consists only of hydrogen and

types of models omit individual atoms. Such models can
reveal large-scale features, such as folds or pockets, that
can be difficult to see when individual atoms are shown.
For example, very large molecules are often shown as rib-
bons, which highlight structural features such as coils (see

carbon atoms is called a hydrocarbon. Methane, the sim-
plest hydrocarbon, is one carbon atom bonded to four
hydrogen atoms. Most of the molecules of life have at
least one functional group, which is a cluster of atoms
covalently bonded to a carbon atom of an organic mol-

Figure 3.14 for an example). ecule. Functional groups impart specific chemical proper-

H H
H\(‘D/fOfH CHo0OH 90
H N0 H HO ﬂ
NN 0 0 L1
AN 50 ¢
H—O /Cic\ O—H ..O
Wl D HO OH Q, o
[ OH .
H H
A glucose B glucose C glucose D glucose E glucose

Figure 3.2 Modeling an organic molecule. A A structural formula shows atoms and
bonds. B,C Structural formulas are often abbreviated to omit labels for some atoms
such as the carbons at the corners of ring structures. D A ball-and-stick model shows the

® C

carbon

® 6 O

oxygen

arrangement of atoms in three dimensions. E A space-filling model shows a molecule’s
overall shape. Right, typical color code for elements in molecular models.

hydrogen nitrogen phosphorus
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ties su.ch as polarity or ac1d1ty-(Figu're 3.3). The chemical RS e el B e Orapme Cammzemrds
behavior of the molecules of life arises largely from

the number, kind, and arrangement of their functional Type of Reaction What Happens
groups. For example, hydroxyl groups (—OH) impart
polarity to alcohols. Thus, alcohols (at least the small Condensation Two molecules covalently bond and become a larger molecule.
ones) dissolve quickly in water. Larger alcohols do not dis- Hydrolysis A molecule splits into two smaller molecules.
solve as easily because their long, hydrophobic hydrocar- Functional group A functional group is transferred from one molecule to another.
bon chains repel water. transfer

Electron transfer One molecule accepts electrons from another.

What Cells Do to Organic Compounds _ )
Rearrangement Juggling of covalent bonds converts one organic compound

All biological systems are based on the same organic mol- I
ecules, a similarity that is one of many legacies of life’s

common origin. However, the details of those molecules

differ among organisms. Simple organic building blocks : A Condensation. Cells build a large mol-

bonded in different numbers and arrangements form ecule from smaller ones by this reaction.

different versions of the molecules of life, just as atoms An enzyme removes a hydroxyl group from

in di . OH + HO
bonded in different numbers and arrangements form dif- one molecule and a hydrogen atom from
f lecules. Cell intai f I . ¢ another. A covalent bond forms between
erent molecules. Cells maintain reserves of small organic the two molecules, and water alss forme.

molecules that they can assemble into complex carbohy-
drates, lipids, proteins, and nucleic acids. When used as
O

subunits of larger molecules, the small organic molecules

(simple sugars, fatty acids, amino acids, and nucleotides) +
are called monomers. Molecules that consist of multiple =0+ 5

monomers are called polymers.

¥
Cells build polymers from monomers, and break down H—O—H

polymers to release monomers. Metabolism refers to B Hydrolysis. Cells split a large mol-
R . . ecule into smaller ones by this water-

activities by which cells acquire and use energy as they . .

. o requiring reaction. An enzyme attaches

make and break apart organic compounds. These activi- a hydroxyl group and a hydrogen atom

ties help cells stay alive, grow, and reproduce. Metabolism (both from water) at the cleavage site. OH + HO

also requires enzymes, which are organic molecules that

speed up reactions without being changed by them. Figure 3.4 Animated Two common metabolic processes by which cells build
Table 3.1 lists some common metabolic reactions. For and break down organic molecules.

now, start thinking about two types of reactions. Large

organic molecules are often built from smaller ones by

condensation, a process in which an enzyme covalently from one of the molecules combines with a hydrogen

bonds two molecules together. Water usually forms as a atom from the other molecule (Figure 3.4A). Hydrolysis,

product of condensation when a hydroxyl group (—OH) which is the reverse of condensation, breaks apart large

organic molecules into smaller ones (Figure 3.4B). Hydro-
lysis enzymes break a bond by attaching a hydroxyl group

condensation Process by which enzymes build large molecules

from smaller subunits; water also forms. to one atom and a hydrogen atom to the other. The —OH
enzyme Compound (usually a protein) that speeds a reaction and —H come from a water molecule, so this reaction
without being changed by it. requires water.

functional group A group of atoms bonded to a carbon of an

organic compound; imparts a specific chemical property.

hydrocarbon Compound or region of one that consists only of

carbon and hydrogen atoms.

hydrolysis Process by which an enzyme breaks a molecule into Take-Home M essage How do organic molecules function in

smaller subunits by attaching a hydroxyl group to one part and a livi o)

hydrogen atom to the other. ving systems:
ydrog

metabolism All the enzyme-mediated chemical reactions by > The molecules of life are organic, which means they consist mainly of carbon

which cells acquire and use energy as they build and break down and hydrogen atoms.

organic molecules.

monomers Molecules that are subunits of polymers.

organic Type of compound that consists primarily of carbon and

hydrogen atoms. > Cells assemble large polymers from smaller monomers. They also break apart

polymer Molecule that consists of multiple monomers. polymers into component monomers.

> Functional groups impart certain chemical characteristics to organic molecules.
Such groups contribute to the particular function of a biological molecule.

Chapter 3 Molecules of Life 39
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Carbohydrates

> Carbohydrates are the most plentiful biological molecules.

) Cells use some carbohydrates as structural materials; they
use others for fuel, or to store or transport energy.

< Link to Hydrogen bonds 2.4

Carbohydrates are organic compounds that consist of
carbon, hydrogen, and oxygen in a 1:2:1 ratio. Cells use
different kinds as structural materials, for fuel, and for
storing and transporting energy. The three main types of
carbohydrates in living systems are monosaccharides, oli-
gosaccharides, and polysaccharides.

Simple Sugars

“Saccharide” is from sacchar, a Greek word that means
sugar. Monosaccharides (one sugar unit) are the simplest
type of carbohydrate, but they have extremely important
roles as components of larger molecules. Common mono-
saccharides have a backbone of five or six carbon atoms,
one carbonyl group, and two or more hydroxyl groups.
Enzymes can easily break the bonds of monosaccharides
to release energy (we will return to carbohydrate metabo-
lism in Chapter 7). The solubility of these molecules also
means that they move easily throughout the water-based
internal environments of all organisms.

Monosaccharides that are com-
ponents of the nucleic acids DNA
and RNA have five carbon atoms.
Glucose (at left) has six. Glucose
can be used as a fuel to drive cel-

CHoOH

lular processes, or as a structural

material to build larger molecules.
It can also be used as a precursor,
or parent molecule, that is remod-
eled into other molecules. For example, cells of plants and
many animals make vitamin C from glucose (human cells

glucose

cannot, so we need to get our vitamin C from food).

Short-Chain Carbohydrates

An oligosaccharide is a short chain of covalently bonded
monosaccharides (oligo- means a few). Disaccharides con-

CHu0H

glucose +

fructose

sist of two sugar monomers. The lactose in milk is a disac-
charide, with one glucose and one galactose unit. Sucrose,
the most plentiful sugar in nature, has a glucose and a
fructose unit (Figure 3.5). Sucrose extracted from sugar-
cane or sugar beets is our table sugar. Oligosaccharides
with three or more sugar units are often attached to lipids
or proteins that have important functions in immunity.

Complex Carbohydrates

The “complex” carbohydrates, or polysaccharides, are
straight or branched chains of many sugar monomers—
often hundreds or thousands of them. There may be one
type or many types of monomers in a polysaccharide.

The most common polysaccharides are cellulose, glyco-
gen, and starch. All consist of glucose monomers, but they
differ dramatically in their chemical properties. Why? The
answer begins with differences in patterns of covalent
bonding that link their glucose monomers.

Cellulose, the major structural material of plants, is
the most abundant biological molecule in the biosphere.
It consists of long, straight chains of glucose monomers.
Hydrogen bonds lock the chains into tight, sturdy bundles
(Figure 3.6A). In plants, these tough cellulose fibers act
like reinforcing rods that help stems resist wind and other
forms of mechanical stress.

Cellulose does not dissolve in water, and it is not eas-
ily broken down. Some bacteria and fungi make enzymes
that break it apart into its component sugars, but humans
and other mammals do not. When we talk about dietary
fiber, or “roughage,” we are usually referring to the cel-
lulose and other indigestible polysaccharides in our veg-
etable foods. Bacteria that live in the gut of termites and
grazers such as cattle and sheep help these animals digest
the cellulose in plants.

In starch, a different covalent bonding pattern between
glucose monomers makes a chain that coils up into a spi-
ral (Figure 3.6B). Starch is not as stable as cellulose, and
it does not dissolve easily in water. Both properties make
the molecule ideal for storing chemical energy in the

CHoOH

o HO
CHOH CHoOH + Hp0

CHQOH

CHo0H

sucrose + water

Figure 3.5 Animated The synthesis of a sucrose molecule is an example of a conden-
sation reaction. You are already familiar with sucrose—it is common table sugar.
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A Cellulose, a structural component of plants. Chains

of glucose units stretch side by side and hydrogen bond

at many —OH groups. The hydrogen bonds stabilize the
chains in tight bundles that form long fibers. Very few types
of organisms can digest this tough, insoluble material.

B In amylose, one type of starch, a series of glucose
units form a chain that coils. Starch is the main energy
reserve in plants, which store it in their roots, stems,
leaves, fruits, and seeds (such as coconuts).

o 03

Figure 3.6 Structure of A cellulose, B starch, and C glycogen, and their typical locations in a few
organisms. All three carbohydrates consist only of glucose units, but the different bonding patterns
that link the subunits result in substances with very different properties.

C Glycogen. In humans

and other animals, this poly-
saccharide functions as an
energy reservoir. It is stored
in muscles and in the liver.

watery, enzyme-filled interior of plant cells. Most plants OH HNCOCH; OH HNCOCHs  Figure 3.7 Chitin. This poly-
make much more glucose than they can use. The excess is o o o saccharide strengthens.the hard
stored as starch inside cells that make up roots, stems, and Y y chr:\SaochT:Esy small animals,
leaves. However, because it is insoluble, starch cannot be 0 0 ’
transported out of the cells and distributed to other parts HNCOCH OH HNCOCHg OH
of the plant. When sugars are in short supply, hydrolysis
enzymes break the bonds between starch’s monomers to Chitin is a polysaccharide similar to cellulose. Its
release glucose subunits. Humans also have enzymes that monomers are glucose with a nitrogen-containing car-
hydrolyze starch, so this carbohydrate is an important bonyl group (Figure 3.7). Long, unbranching chains of
component of our food. these monomers are linked by hydrogen bonds. As a

The covalent bonding pattern in glycogen forms highly structural material, chitin is durable, translucent, and flex-
branched chains of glucose monomers (Figure 3.6C). In ible. It strengthens hard parts of many animals, including
animals, glycogen is the sugar-storage equivalent of starch the outer cuticle of crabs, beetles, and ticks, and it rein-
in plants. Muscle and liver cells store it in reserve to meet forces the cell wall of many fungi.

a sudden need for glucose. When the sugar level in blood

falls, liver cells break down stored glycogen, and the

released glucose subunits enter the blood. Take-Home M essage What are carbohydrates?

> Subunits of simple carbohydrates (sugars), arranged in different ways, form
various types of complex carbohydrates.

carbohydrate Molecule that consists primarily of carbon, hydro-
gen, and oxygen atoms in a 1:2:1 ratio. 2 Cells use carbohydrates for energy or as structural materials.
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Lipids

) Lipids are hydrophobic organic compounds.
> Common lipids include triglycerides, phospholipids, waxes,
and steroids.
Lipids are fatty, oily, or waxy organic compounds. They
vary in structure, but all are hydrophobic. Many lipids
incorporate fatty acids, which are small organic mol-
ecules that consist of a hydrocarbon “tail” topped with
a carboxyl group “head” (Figure 3.8). The tail of a fatty
acid is hydrophobic (or fatty, hence the name), but the
carboxyl group (the “acid” part of the name) makes the
head hydrophilic. You are already familiar with the prop-
erties of fatty acids because these molecules are the main
component of soap. The hydrophobic tails attract oily dirt,
and the hydrophilic heads dissolve the dirt in water.
Fatty acids can be saturated or unsaturated. Saturated
types have only single bonds in their tails. In other words,
their carbon chains are fully saturated with hydrogen
atoms (Figure 3.8A). Saturated fatty acid tails are flexible
and they wiggle freely. The tails of unsaturated fatty acids
have one or more double bonds that limit their flexibil-
ity (Figure 3.8B,C). These bonds are termed cis or trans,
depending on the way the hydrogens are arranged around
them. You can see in Figure 3.1 how a cis bond kinks the
tail, and a trans bond keeps it straight.

Fats

The carboxyl group of a fatty acid easily forms bonds
with other molecules. Fats are lipids with one, two, or
three fatty acids bonded to a small alcohol called glycerol.
A fatty acid attaches to a glycerol via its carboxyl group

head—[

carboxyl group{

(head) — HfifH H—i—H Hfiﬁ'
H=C—H H—C—H H—C—H
H’%*H H*(%*H H—%—H
H—C—H H—C—H H—C—H
H—é—H H—é—H H—é—H
H l: H i et
H—i—H H—i—H H éﬁH
H—C—H - —H
N\ \ e
hydrocarbon —| Hg—H b - tails
! H#H H%,H H,%,H
tail
R H GH CH
H—i—H N N
i i
H—C—H H—C—H H—C—H
H-dn L g\\,H
H*%}*H +7H $7H
H—C—H H—C—H P -
L H*éfH H—i—H H—é—H L
I I I

A stearic acid B linoleic acid  C linolenic acid

Figure 3.8 Fatty acids. A The tail of stearic acid is fully saturated with hydrogen
atoms. B Linoleic acid, with two double bonds, is unsaturated. The first double
bond occurs at the sixth carbon from the end, so linoleic acid is called an omega-6
fatty acid. Omega-6 and C omega-3 fatty acids are “essential fatty acids.” Your
body does not make them, so they must come from food.

hydrophilic —
head one layer

of lipids ",
two one layer
hydrophobic — of lipids
tails

!r ”"‘\\ N*\"rf‘l*

Figure 3.10 Phospholipids as components of cell membranes.
Left, the head of a phospholipid is hydrophilic, and the tails are
hydrophobic. Right, a double layer of phospholipids—the lipid

bilayer—is the structural foundation of all cell membranes.

head. When it does, the fatty acid loses its hydrophilic
character. When three fatty acids attach to a glycerol,
the resulting molecule, which is called a triglyceride, is
entirely hydrophobic (Figure 3.9A).

Because they are hydrophobic, triglycerides do not dis-
solve easily in water. Most “neutral” fats, such as butter
and vegetable oils, are like this. Triglycerides are the most
abundant and richest energy source in vertebrate bodies.
They are concentrated in adipose tissue that insulates and
cushions body parts.

Animal fats are saturated, which means they consist
mainly of triglycerides with three saturated fatty acid
tails. Saturated fats tend to remain solid at room tem-
perature because their floppy saturated tails can pack

i 1 1 i Loy rre
i i " "y e
O\\c 0 O\\c e o\% O oy P o H O HHCH
H ‘ H H ‘ H H ‘ H Hé*H H—C—H
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H—C—H H H H—C—H H—C—H H—C—H
H—C—H Hbt Ht H—C—H H—C—H
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A a triglyceride B a phospholipid

Figure 3.9 Animated Lipids with fatty acid tails. A Fatty acid tails
of a triglyceride are attached to a glycerol head. B Fatty acid tails of
a phospholipid are attached to a phosphate-containing head.

» Figure It Out Is the triglyceride saturated or unsaturated?
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an estrogen testosterone

Figure 3.11 Estrogen and testosterone, steroid hormones that cause
different traits to arise in males and females of many species such as
wood ducks (Aix sponsa), pictured at right.

tightly together. Most vegetable oils are unsaturated,
which means these fats consist mainly of triglycerides
with one or more unsaturated fatty acid tails. Kinky

tails do not pack tightly, so unsaturated fats are typically
liquid at room temperature. The partially hydrogenated
vegetable oils that you learned about in Section 3.1 are an
exception. They are solid at room temperature. The spe-
cial trans double bond that keeps fatty acid tails straight
allows them to pack tightly, just like saturated fats do.

Phospholipids

A phospholipid has two fatty acid tails and a head that
contains a phosphate group (Figure 3.9B). The tails are
hydrophobic, but the highly polar phosphate group makes
the head very hydrophilic. The opposing properties of a
phospholipid molecule give rise to cell membrane struc-
ture. Phospholipids are the most abundant lipids in cell
membranes, which have two layers of lipids (Figure 3.10).
The heads of one layer are dissolved in the cell’s watery
interior, and the heads of the other layer are dissolved in
the cell’s fluid surroundings. In such lipid bilayers, all of
the hydrophobic tails are sandwiched between the hydro-
philic heads. You will read more about the structure of
cell membranes in Chapter 4.

fat Lipid that consists of a glycerol molecule with one, two, or
three fatty acid tails.

fatty acid Organic compound that consists of a chain of carbon
atoms with an acidic carboxyl group at one end. Carbon chain of
saturated types has single bonds only; that of unsaturated types
has one or more double bonds.

lipid Fatty, oily, or waxy organic compound.

phospholipid A lipid with a phosphate group in its hydrophilic

IWaxes

A wax is a complex, varying mixture of lipids with long
fatty acid tails bonded to long-chain alcohols or carbon
rings. The molecules pack tightly, so the resulting sub-
stance is firm and waterrepellent. A layer of secreted
waxes that covers the exposed surfaces of plants helps
restrict water loss and keep out parasites and other pests.
Other types of waxes protect, lubricate, and soften skin
- and hair. Waxes, together with

> fats and fatty acids, make feath-
ers waterproof. Bees store honey
and raise new generations of bees
inside honeycomb made from wax
that they secrete.

Steroids

Steroids are lipids with a rigid backbone of four carbon
rings and no fatty acid tails. All eukaryotic cell mem-
branes contain them. Cholesterol, the most common ste-
roid in animal tissue, is also a starting material that cells
remodel into many molecules, such as bile salts (which
help digest fats) and vitamin D (required to keep teeth
and bones strong). Steroid hormones are also derived
from cholesterol. Estrogens and testosterone, hormones
that govern reproduction and secondary sexual traits, are
steroid hormones (Figure 3.17).

Take-Home Message What are lipids?

) Lipids are fatty, waxy, or oily organic compounds. Common types include fats,

phospholipids, waxes, and steroids.

head, and two nonpolar fatty acid tails; main constituent of ) Triglycerides are lipids that serve as energy reservoirs in vertebrate animals.

eukaryotic cell membranes.

steroid Type of lipid with four carbon rings and no fatty acid tails.
triglyceride A fat with three fatty acid tails.

wax Water-repellent mixture of lipids with long fatty acid tails
bonded to long-chain alcohols or carbon rings.

) Phospholipids are the main lipid component of cell membranes.
> Waxes are lipid components of water-repelling and lubricating secretions.

) Steroids are lipids that occur in cell membranes. Some are remodeled into
other molecules.
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Proteins—Diversity in Structure and Function

) Proteins are the most diverse biological molecule. All cel-
lular processes involve them.

) Cells build thousands of different types of proteins by
stringing together amino acids in different orders.

< Link to Covalent bonding 2.4

Of all biological molecules, proteins are the most diverse
in both structure and function. Structural proteins sup-
port cell parts and, as part of tissues, multicelled bod-

ies. Spiderwebs, feathers, hooves, and hair, as well as
bones and other body parts, consist mainly of structural
proteins. A tremendous number of different proteins,
including some structural types, actively participate in all
processes that sustain life. Most enzymes that drive meta-
bolic reactions are proteins. Proteins move substances,
help cells communicate, and defend the body.

Amino Acids

Amazingly, cells can make all of the thousands of differ-
ent kinds of proteins they need from only twenty kinds of
monomers called amino acids. Proteins are polymers of
amino acids. An amino acid is a small organic compound
with an amine group, a carboxyl group (the acid), and one
or more atoms called an “R group.” In most amino acids,
all three groups are attached to the same carbon atom
(Figure 3.12). The structures of the twenty amino acids
used in eukaryotic proteins are shown in Appendix V.

H O
C—OH

carboxyl
group

Figure 3.12 Generalized structure of amino acids. Appendix V has
models of all twenty of the amino acids used in eukaryotic proteins.

Building Proteins
Protein synthesis involves covalently bonding amino acids
into a chain. For each type of protein, instructions coded
in DNA specify the order in which any of the twenty kinds
of amino acids will occur at every place in the chain.
During protein synthesis, the amine group of one
amino acid becomes bonded to the carboxyl group of the
next. The bond that forms between the two amino acids
is called a peptide bond (Figure 3.13). Enzymes repeat this
bonding process hundreds or thousands of times, so a long
chain of amino acids (a polypeptide) forms (Figure 3.14).
The linear sequence of amino acids in the polypeptide is
called the protein’s primary structure . You will learn
more about protein synthesis in Chapter 9.

Protein Structure

You and all other organisms depend on working proteins:
enzymes that speed metabolic processes, receptors that
receive signals, hemoglobin that carries oxygen in your
red blood cells, and so on. One of the fundamental ideas
in biology is that structure dictates function. This idea is
particularly appropriate as applied to proteins, because
the shape of a protein defines its biological activity.

There are several levels of protein structure beyond
amino acid sequence. Even before a polypeptide is fin-
ished being synthesized, it begins to twist and fold as
hydrogen bonds form among the amino acids of the
chain. This hydrogen bonding may cause parts of the
polypeptide to form flat sheets or coils (helices), patterns
that constitute a protein’s secondary structure @. The pri-
mary structure of each type of protein is unique, but most
proteins have sheets and coils.

Much as an overly twisted rubber band coils back
upon itself, hydrogen bonding between different parts
of a protein make it fold up even more into compact
domains. A domain is a part of a protein that is organized

I
C—OH ——

Figure 3.13 Animated Polypeptide formation. Chapter 9
offers a closer look at protein synthesis.

A Two amino acids (here, methionine and serine) are joined
by condensation. A peptide bond forms between the carboxyl
group of the methionine and the amine group of the serine.

B One by one, additional amino acids are added to the car-
boxyl end of the chain. The resulting polypeptide can be thou-
sands of amino acids long.
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@ A protein’s primary structure
consists of a linear sequence

of amino acids (a polypeptide
chain). Each type of protein has
a unique primary structure.

Figure 3.14 Animated Protein structure.

as a structurally stable unit. Such
units are part of a protein’s overall
three-dimensional shape, or tertiary
structure @.

Tertiary structure is what makes a protein a
working molecule. For example, the sheets of some
proteins curl up into a barrel shape. A barrel domain
often functions as a tunnel for small molecules, allow-
ing them to pass, for example, through a cell membrane.
Globular domains of enzymes form chemically active
pockets that can make or break bonds of other molecules.

Many proteins also have quaternary structure, which
means they consist of two or more polypeptide chains

that are in close association or covalently bonded together.

Most enzymes and many other proteins consist of two or
more polypeptide chains that collectively form a roughly
spherical shape @.

Some proteins aggregate by many thousands into
much larger structures, with their polypeptide chains
organized into strands or sheets. The keratin in your hair
is an example @. Some fibrous proteins contribute to the
structure and organization of cells and tissues. Others,
such as the actin and myosin filaments in muscle cells,
are part of the mechanisms that help cells, cell parts, and
bodies move.

Enzymes often attach sugars or lipids to proteins. A
glycoprotein forms when oligosaccharides are attached to

@ Secondary structure arises as a
polypeptide chain twists into a coil
(helix) or sheet held in place by
hydrogen bonds between different
parts of the molecule. The same
patterns of secondary structure
occur in many different proteins.

© Tertiary structure occurs
when a chain’s coils and
sheets fold up into a func-
tional domain such as a
barrel or pocket. In this
example, the coils of a
globin chain form a pocket.

© Many proteins aggregate by
the thousands into much larger
structures, such as the keratin
filaments that make up hair.

a polypeptide. The molecules that allow a tissue or a body
to recognize its own cells are glycoproteins, as are other
molecules that help cells interact in immunity.

Some lipoproteins form when enzymes covalently
bond lipids to a protein. Other lipoproteins are aggre-
gate structures that consist of variable
amounts and types of proteins and lipids. protein
These aggregate molecules carry fats and
cholesterol through the bloodstream. Low-
density lipoprotein, or LDL, transports
cholesterol out of the liver and into cells.
High-density lipoprotein, or HDL, ferries
the cholesterol that is released from dead
cells back to the liver.

amino acid Small organic compound that is a subunit of proteins.
Consists of a carboxyl group, an amine group, and a characteristic
side group (R), all typically bonded to the same carbon atom.
peptide bond A bond between the amine group of one amino acid
and the carboxyl group of another. Joins amino acids in proteins.
polypeptide Chain of amino acids linked by peptide bonds.
protein Organic compound that consists of one or more chains of
amino acids (polypeptides).

Take-Home M essage What are proteins?

) Proteins are chains of amino acids. The order of amino acids in a polypeptide

chain dictates the type of protein.

2 Polypeptide chains twist and fold into coils, sheets, and loops, which fold and

pack further into functional domains.

> A protein’s shape is the source of its function.
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@ Some proteins have quaternary
structure, in which two or more

polypeptide chains associate as one
molecule. Hemoglobin, shown here,
consists of four globin chains (green
and blue). Each globin pocket now
holds a heme group (red).

an HDL particle



The Importance of Protein Structure

> Changes in a protein’s shape may have drastic conse-
quences to health.

Protein shape depends on many hydrogen bonds and
other interactions that heat, some salts, shifts in pH, or
detergents can disrupt. At such times, proteins denature,
which means they unwind and otherwise lose their shape.
Once a protein’s shape unravels, so does its function.

You can see denaturation in action when you cook an
egg. A protein called albumin is a major component of
egg white. Cooking does not disrupt the covalent bonds
of albumin’s primary structure, but it does destroy the
weaker hydrogen bonds that maintain the protein’s shape.
When a translucent egg white turns opaque, the albumin
has been denatured. For very few proteins, denaturation is
reversible if normal conditions return, but albumin is not
one of them. There is no way to uncook an egg.

Prion diseases, including mad cow disease (bovine
spongiform encephalitis, or BSE) in cattle, Creutzfeldt—
Jakob disease in humans, and scrapie in sheep, are the
dire aftermath of a protein that changes shape. These

}\
| My
al

Conformational

change
_—

PrpC prion
protein protein

Figure 3.16 The PrPC protein becomes a prion when it misfolds into
an as yet unknown conformation. Prions cause other PrPC proteins
to misfold, and the misfolded proteins aggregate into long fibers.

coils. In itself, a single misfolded protein molecule would
not pose much of a threat. However, when this particular
protein misfolds, it becomes a prion, or infectious protein
(Figure 3.16). The altered shape of a misfolded PrPC pro-
tein somehow causes normally folded PrPC proteins to
misfold too. Because each protein that misfolds becomes
infectious, the number of prions increases exponentially.

The shape of misfolded PrPC proteins allows them to
align tightly into long fibers. Fibers composed of aggre-
gated prion proteins begin to accumulate in the brain as
large, water-repellent patches (Figure 3.15B). The patches
grow as more prions form, and they begin to disrupt
brain cell function, causing symptoms such as confusion,
memory loss, and lack of coordination. Tiny holes form in
the brain as its cells die. Eventually, the brain becomes so
riddled with holes that it looks like a sponge.

In the mid-1980s, an epidemic of mad cow disease in
Britain was followed by an outbreak of a new variant of
Creutzfeldt-Jakob disease (vC]D) in humans. Research-

Figure 3.15 Variant Creutzfeldt-Jakob disease (vCJD). . A S K o
ers isolated a prion similar to the one in scrapie-infected

sheep from cows with BSE, and also from humans
affected by the new type of Creutzfeldt-Jakob disease.

A Charlene Singh, here being cared for by her mother, was one of three people
who developed symptoms of vCJD disease while living in the United States. Like
the others, Singh most likely contracted the disease elsewhere; she spent her

childhood in Britain. She was diagnosed in 2001, and she died in 2004. How did the prion get from sheep to cattle to people?

B Slice of brain tissue from a person with vCJD. Characteristic holes and prion

Prions are not denatured by cooking or typical treatments
protein fibers radiating from several deposits are visible.

infectious diseases may be inherited, but more often they
arise spontaneously. All are characterized by relentless
deterioration of mental and physical abilities that eventu-
ally causes the individual to die (Figure 3.15A).

All prion diseases begin with a protein that occurs nor-
mally in mammals. One such protein, PrPC, is found in
cell membranes throughout the body. This copper-binding
protein is especially abundant in brain cells, but we still
know very little about what it does. Very rarely, a PrPC
protein spontaneously misfolds so that it loses some of its

denature To unravel the shape of a protein or other large biologi-
cal molecule.
prion Infectious protein.

that inactivate other types of infectious agents. The cattle
became infected by the prion after eating feed prepared
from the remains of scrapie-infected sheep, and people
became infected by eating beef from the infected cattle.

Two hundred people have died from vCJD since 1990.
The use of animal parts in livestock feed is now banned,
and the number of cases of BSE and vCJD has since
declined. Cattle with BSE still turn up, but so rarely that
they pose little threat to human populations.

Take-Home M essage Whyis protein structure
important?
> A protein’s function depends on its structure, so changes in
a protein’s structure may also alter its function.
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k%8 Nucleic Acids

> Nucleotides are subunits of DNA and RNA. Some have
roles in metabolism.
< Links to Inheritance 1.3, Diversity 1.4, Hydrogen bonds 2.4

Nucleotides are small organic molecules that function
as energy carriers, enzyme helpers, chemical messengers,
and subunits of DNA and RNA. Each consists of a sugar
with a five-carbon ring, bonded to a nitrogen-containing
base and one or more phosphate groups. The nucleotide
ATP (adenosine triphosphate) has a row of three phos-
phate groups attached to its ribose sugar (Figure 3.177A).
When the outer phosphate group of an ATP is transferred
to another molecule, energy is transferred along with it.
You will read about such phosphate-group transfers and
their important metabolic role in Chapter 5.

base: adenine (A)  p,

3 phosphate ZCH
groups

sugar: ribose

OH OH

A ATP, a nucleotide monomer of RNA, and also an essential
participant in many metabolic processes.

C DNA consists of two
chains of nucleotides,
twisted into a double helix.

B A chain of nucleotides is
a nucleic acid. The sugar of
one nucleotide is covalently
bonded to the phosphate Hydrogen bonding main-
tains the three-dimensional
structure of this nucleic acid.

group of the next, forming a
sugar-phosphate backbone.

Figure 3.17 Animated Nucleic acid structure.

foods, so it makes sense from an evolutionary \
standpoint that our bodies may not have enzymes

to deal with them efficiently. The enzymes that |
hydrolyze cis fatty acids have difficulty breaking

Ce-
down trans fatty acids, a problem that may be a '\ ¥y
factor in the ill effects of trans fats on our health. k‘

How Would You Vote? All prepackaged foods in the United States are now
required to list trans fat content, but may be marked “zero grams of trans fats” even
when a single serving contains up to half a gram. Should hydrogenated oils be bann
from all food? See CengageNow for details, then vote online (cengagenow.com).

-
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Trans fatty acids are relatively rare in unprocessed " p i /" |
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Nucleic acids are polymers, chains of nucleotides in
which the sugar of one nucleotide is joined to the phos-
phate group of the next (Figure 3.17B). An example is
RINA, or ribonucleic acid, named after the ribose sugar
of its component nucleotides. RNA consists of four kinds
of nucleotide monomers, one of which is ATP. RNA mol-
ecules carry out protein synthesis, which we discuss in
detail in Chapter 9.

DNA, or deoxyribonucleic acid, is a nucleic acid
named after the deoxyribose sugar of its component
nucleotides. A DNA molecule consists of two chains of
nucleotides twisted into a double helix (Figure 3.177C).
Hydrogen bonds between the nucleotides hold the two
chains together.

Each cell starts out life with DNA inherited from a
parent cell. That DNA contains all of the information nec-
essary to build a new cell and, in the case of multicelled
organisms, an entire individual. The cell uses the order of
nucleotide bases in DNA—the DNA sequence—to guide
production of RNA and proteins. Parts of the sequence are
identical or nearly so in all organisms, but most is unique
to a species or an individual (Chapter 8 returns to the
topic of DNA structure and function).

ATP Adenosine triphosphate. Nucleotide that consists of an ade-
nine base, a five-carbon ribose sugar, and three phosphate groups.
DNA Deoxyribonucleic acid. Nucleic acid that carries hereditary
information about traits; consists of two nucleotide chains twisted
in a double helix.

nucleic acid Single- or double-stranded chain of nucleotides
joined by sugar-phosphate bonds; for example, DNA, RNA.
nucleotide Monomer of nucleic acids; has five-carbon sugar,
nitrogen-containing base, and phosphate groups.

RNA Ribonucleic acid. Some types have roles in protein synthesis.

Take-Home M essage What are nucleic acids?

> Nucleotides are monomers of the nucleic acids DNA and RNA. Many kinds,
such as ATP, have other functions in metabolism.

> DNA'’s nucleotide sequence encodes heritable information.

> RNA molecules have roles in the processes by which a cell uses the informa-
tion in its DNA.
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Summary

Section 3.1 All organisms consist of the
same kinds of molecules. Seemingly small
differences in the way those molecules are
put together can have big effects inside a
~d4 1 living organism.

B Section 3.2 Under present-day conditions
in nature, only living things make the mole-
.%" cules of life—complex carbohydrates and
lipids, proteins, and nucleic acids. All of
these molecules are organic, which means
they consist primarily of carbon and hydrogen atoms.
Hydrocarbons have only carbon and hydrogen atoms.

Carbon chains or rings form the backbone of the mol-
ecules of life. Functional groups attached to the backbone
influence the function of these compounds.

Metabolism includes all processes by which cells
acquire and use energy as they make and break the bonds
of organic compounds. By metabolic reactions such as
condensation, enzymes build polymers from monomers
of simple sugars, fatty acids, amino acids, and nucleotides.
Reactions such as hydrolysis release the monomers by
breaking apart the polymers.

TN Section 3.3 Enzymes assemble complex
: | carbohydrates such as cellulose, glycogen,

and starch from simple carbohydrate
(sugar) subunits. Cells use carbohydrates
for energy, and as structural materials.

Section 3.4 Lipids are fatty, oily, or waxy
compounds. All are nonpolar. Fats and
some other lipids have fatty acid tails; tri-
glycerides have three.

Cells use lipids as major sources of
energy and as structural materials. Phospholipids are the
main structural component of cell membranes. Waxes
are lipids that are part of water-repellent and lubricating
secretions. Steroids occur in cell membranes, and some are
remodeled into other molecules.

" "'.“"F -»'lu"
hdehdisd |

Section 3.5 Structurally and functionally,
proteins are the most diverse molecules of
life. The shape of a protein is the source
of its function.

Protein structure begins as a linear sequence of amino
acids linked by peptide bonds into a polypeptide (primary
structure). Polypeptides twist into loops, sheets, and coils
(secondary structure) that can pack further into functional
domains (tertiary structure).

Many proteins, including most enzymes, consist of two
or more polypeptides (quaternary structure). Fibrous pro-
teins aggregate into much larger structures.

Section 3.6 A protein’s structure dictates its
function, so changes in a protein’s structure
may also alter its function. Shifts in pH or
temperature, and exposure to detergent or
some salts may disrupt hydrogen bonds
and other molecular interactions that are responsible for
the protein’s shape. If that happens, the protein unravels,
or denatures, and so loses its function. Prion diseases are
a consequence of misfolded proteins.

Section 3.7 Nucleotides are small organic
molecules consisting of a sugar, a phos-
phate group, and a nitrogen-containing
base. Nucleotides are monomers of DNA
: and RNA, which are nucleic acids. Some
nucleotides have additional functions. For example, ATP
energizes many kinds of molecules by phosphate-group
transfers. DNA encodes heritable information that guides
the synthesis of RNA and proteins. RNAs interact with
DNA and with one another to carry out protein synthesis.

Self_ Q__Uiz Answers in Appendix ||

1. Organic molecules consist mainly of atoms.
c. carbon and hydrogen
d. carbon and nitrogen

a. carbon
b. carbon and oxygen

2. Each carbon atom can share pairs of electrons with

as many as other atom(s).

3. groups impart polarity to alcohols.
a. Hydroxyl (—OH™) c. Methyl (—CH3)
b. Phosphate (—PO,) d. Sulthydryl (—SH)

4. is a simple sugar (a monosaccharide).
a. Glucose d. Starch
b. Sucrose e. both a and ¢
c. Ribose f. a,b,and c

5. Unlike saturated fats, the fatty acid tails of unsatu-
rated fats incorporate one or more .

a. phosphate groups c. double bond

b. glycerols d. single bonds

6. Is this statement true or false? Unlike saturated fats,
all unsaturated fats are beneficial to health because their
fatty acid tails kink and do not pack together.

7. Steroids are among the lipids with no
a. double bonds c. hydrogens
b. fatty acid tails d. carbons

8. Name three kinds of carbohydrates that can be built
using only glucose monomers.

9. Which of the following is a class of molecules that
encompasses all of the other molecules listed?

a. triglycerides c. waxes e. lipids
b. fatty acids d. steroids f. phospholipids
10. are to proteins as are to nucleic acids.

a. Sugars; lipids c. Amino acids; hydrogen bonds
b. Sugars; proteins d. Amino acids; nucleotides
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Data Analysis Activities

Effects of Dietary Fats on Lipoprotein Levels Cholesterol that is made by
the liver or that enters the body from food does not dissolve in blood,
so it is carried through the bloodstream by lipoproteins. Low-density
lipoprotein (LDL) carries cholesterol to body tissues such as artery walls,
where it can form deposits associated with cardiovascular disease. Thus,
LDL is often called “bad” cholesterol. High-density lipoprotein (HDL)
carries cholesterol away from tissues to the liver for disposal, so HDL is
often called “good” cholesterol.

In 1990, Ronald Mensink and Martijn Katan published a study that
tested the effects of different dietary fats on blood lipoprotein levels.
Their results are shown in Figure 3.18.

1. In which group was the level of LDL (“bad” cholesterol) highest?

2. In which group was the level of HDL (“good” cholesterol) lowest?

3. An elevated risk of heart disease has been correlated with increasing
LDL-to-HDL ratios. Which group had the highest LDL-to-HDL ratio?

Main Dietary Fats
cisfatty  transfatty  saturated optimal
acids acids fats level
LDL 103 117 121 <100
HDL 55 48 55 >40
ratio 1.87 2.44 2.2 <2

Figure 3.18 Effect of diet on lipoprotein levels. Researchers
placed 59 men and women on a diet in which 10 percent of
their daily energy intake consisted of cis fatty acids, trans fatty
acids, or saturated fats.

Blood LDL and HDL levels were measured after three weeks on

the diet; averaged results are shown in mg/dL (milligrams per
deciliter of blood). All subjects were tested on each of the diets.

4. Rank the three diets from best to worst according to their potential

effect on heart disease.

The ratio of LDL to HDL is also shown.

11. A denatured protein has lost its
a. hydrogen bonds c. function

b. shape d. all of the above
12. consists of nucleotides.
a.Sugars  b.DNA c¢.RNA d.bandc

13. Which of the following is not found in DNA?
a. amino acids
b. sugars

c. nucleotides
d. phosphate groups
14. In the following list, identify the carbohydrate, the
fatty acid, the amino acid, and the polypeptide:
a. NH,—CHR—COOH c. (methionine),

b. CgH 04 d. CH3(CH,),,COOH
15. Match the molecules with the best description.

_ wax a. protein primary structure

__ starch b. an energy carrier

__ triglyceride c. water-repellent secretions

___DNA d. carries heritable information

___polypeptide e. sugar storage in plants

___ATP f. richest energy source

16. Match each polymer with the most appropriate set of
component monomers.

___ protein a. glycerol, fatty acids, phosphate
___ phospholipid  b. amino acids, sugars

_ glycoprotein  c. glycerol, fatty acids

~ fat d. nucleotides

_nucleic acid e. sugars

___carbohydrate  f. sugar, phosphate, base
___nucleotide g. amino acids

___lipoprotein h. glucose, fructose

~sucrose i. lipids, amino acids

Additional questions are available on CENGAGENOW.

Critical Thinking

1. In 1976, a team of chemists in the United
Kingdom was developing new insecticides by
modifying sugars with chlorine (Cl,), phosgene
(C1,CO), and other toxic gases. One young
member of the team misunderstood his ver-
bal instructions to “test” a new molecule. He
thought he had been told to “taste” it. Luckily,
the molecule was not toxic, but it was very
sweet. It became the food additive sucralose.
Sucralose has three chlorine atoms substi-
tuted for three hydroxyl groups of sucrose. It
binds so strongly to the sweet-taste receptors
on the tongue that the human brain perceives it
as 600 times sweeter than sucrose (table sugar).
Sucralose was originally marketed as an artifi-
cial sweetener called Splenda®, but it is now
available under several other brand names.

HO

HO OH

sucrose

Cl

HO  OH

sucralose

Researchers proved that the body does not recognize
sucralose as a carbohydrate by feeding sucralose labeled

with C to volunteers. Analysis of the radioactive mol-
ecules in the volunteers’ urine and feces showed that 92.8
percent of the sucralose passed through the body without
being altered. Many people are worried that the chlo-
rine atoms impart toxicity to sucralose. How would you

respond to that concern?

Animations and Interactions on CENGAGENOW

> Functional groups; Condensation and hydrolysis;
Sucrose synthesis; Fatty acids; Triglyceride formation;

Amino acids; Peptide bond formation.
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< Links to Earlier Concepts

Reflect on the Section 1.2 overview of life’s levels

of organization. In this chapter, you will see how
the properties of lipids (3.4) give rise to cell mem-
branes; consider the location of DNA (3.7) and

the sites where carbohydrates are built and broken
apart (3.2, 3.3); and expand your understanding of
the vital roles of proteins in cell function (3.5, 3.6).
You will also see an application of tracers (2.2), and
revisit scientific philosophy (1.6, 1.9).

Copyright 2011 Cengage Learning,

What Is a Cell?

A cell is the smallest unit

of life. Each has a plasma
membrane that separates

its interior from the exterior
environment. A cell’s interior

contains cytoplasm and DNA.

Microscopes

Most cells are too small to see
with the naked eye. We use
different types of microscopes
to reveal different details of
their structure.
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4 Cell Structure

Food for Thought

We find bacteria at the bottom of the ocean, high up in the atmo-
sphere, miles underground—essentially anywhere we look. Mam-
malian intestines typically harbor fantastic numbers of them, but
bacteria are not just stowaways there. Intestinal bacteria make
vitamins that mammals cannot, and they crowd out more dan-
gerous germs. Cell for cell, bacteria that live in and on a human
body outnumber the person’s own cells by about ten to one.

Escherichia coli is one of the most common intestinal bacteria
of warm-blooded animals. Only a few of the hundreds of types,
or strains, of E. coli, are harmful. One that is called 0157:H7
(Figure 4.1) makes a potent toxin that can severely damage the
lining of the human intestine. After ingesting as few as ten
0157:H7 cells, a person may become ill with severe cramps and
bloody diarrhea that lasts up to ten days. In some people, com-
plications of O157:H7 infection result in kidney failure, blind-
ness, paralysis, and death. About 73,000 people in the United
States become infected with E. coli 0157:H7 each year, and more
than 60 of them die.

E. coli 0157:H7 can live in the intestines of other animals—
mainly cattle, deer, goats, and sheep—apparently without sicken-
ing them. Humans are exposed to the bacteria when they come
into contact with feces of animals that harbor it, for example,
by eating contaminated ground beef. During slaughter, meat can
come into contact with feces. Bacteria in the feces stick to the
meat, then get thoroughly mixed into it during the grinding pro-
cess. Unless contaminated meat is cooked to at least 71°C (160°F),
live bacteria will enter the digestive tract of whoever eats it.

People also become infected by eating fresh fruits and veg-
etables that have come into contact with animal feces. Wash-
ing contaminated produce with water does not remove E. coli
0157:H7, because the bacteria are sticky. In 2006, more than 200
people became ill and 3 died after eating fresh spinach grown
in a field close to a cattle pasture. Water contaminated with
manure may have been used to irrigate the field.

Figure 4.1 E. coli O157:H7 bacteria (red) clustering on intestinal cells of a small
child. This type of bacteria can cause a serious intestinal illness in people who eat

foods contaminated with it.

The economic impact of such outbreaks, which occur with
some regularity, extends beyond the casualties. Growers lost
$50-100 million recalling fresh spinach after the 2006 outbreak.
In 2007, about 5.7 million pounds of ground beef were recalled
after 14 people were sickened. More than 2.8 million pounds
of meat products were recalled between November, 2009 and
January, 2010. Food growers and processors are now using pro-
cedures that they hope will reduce E. coli 0157:H7 outbreaks.
Some meats and produce are now tested for pathogens before
sale, and improved documentation should allow a source of con-
tamination to be pinpointed more quickly.

What makes bacteria sticky? Why do people but not cows
get sick with E. coli 0157:H7? You will begin to find answers to
these and many more questions that affect your health in this
chapter, as you learn about cells and how they work.

Cell Membranes
= All cell membranes consist
/;S mainly of a lipid bilayer and
;; L ._,'l) different types of proteins.

The proteins carry out various
which substances cross the membrane.

tasks, including control over

Bacteria and Archaeans
Archaeans and bacteria have
few internal membrane-
enclosed compartments. In
general, they are the smallest
- and structurally the simplest
cells, but they are also the most numerous.

Eukaryotic Cells

Cells of protists, plants, fungi,
and animals are eukaryotic;
they have a nucleus and other
membrane-enclosed compart-
ments. Cells differ in internal
parts and surface specializations.
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What, Exactly, Is a Cell?

) All cells have a plasma membrane and cytoplasm, and all
start out life with DNA.
€ Links to Lipid structure 3.4, DNA 3.7

Traits Common to All Cells

A cell is the smallest unit that shows the properties of
life. Cells vary dramatically in shape and in function (Fig-
ure 4.2). Despite their differences, however, all cells share
certain organizational and functional features. Every cell
has a plasma membrane, an outer membrane that sepa-
rates the cell’s contents from its environment. A plasma
membrane is selectively permeable, which means it allows
only certain materials to cross. Thus, it controls exchanges
between the cell and its environment. All cell membranes,
including the plasma membrane, consist mainly of lipids.

The plasma membrane encloses a fluid or jellylike mix-
ture of water, sugars, ions, and proteins called eytoplasm.
Some or all of a cell's metabolism occurs in the cytoplasm,
and the cell’s internal components, including organelles,
are suspended in it. Organelles are structures that carry
out special metabolic functions inside a cell.

All cells start out life with DNA, although a few types
of cells lose it as they mature. We categorize cells based
on whether their DNA is housed in a nucleus or not (Fig-
ure 4.3). Only eukaryotic cells have a nucleus (plural,
nuclei), an organelle with a double membrane that con-
tains the cell’s DNA. In most bacteria and archaeans, the
DNA is suspended directly in the cytoplasm.

Constraints on Cell Size

Almost all cells are too small to see with the naked eye.
Why? The answer begins with the processes that keep a
cell alive. A living cell must exchange substances with

Figure 4.2 Examples of cells. Each one of the cells pictured here is
an individual organism; all are protists.

its environment at a rate that keeps pace with its metabo-
lism. These exchanges occur across the plasma membrane,
which can handle only so many exchanges at a time.
Thus, cell size is limited by a physical relationship called
the surface-to-volume ratio. By this ratio, an object’s
volume increases with the cube of its diameter, but its
surface area increases only with the square.

Apply the surface-to-volume ratio to a round cell. As
Figure 4.4 shows, when a cell expands in diameter, its
volume increases faster than its surface area does. Imag-
ine that a round cell expands until it is four times its
original diameter. The volume of the cell has increased
64 times (43), but its surface area has increased only 16
times (42). Each unit of plasma membrane must now
handle exchanges with four times as much cytoplasm
(64 = 16 X 4). If the cell gets too big, the inward flow
of nutrients and the outward flow of wastes across that
membrane will not be fast enough to keep the cell alive.

Surface-to-volume limits also affect the body plans of
multicelled species. For example, small cells attach end

= 139“- i
cytoplasm o, {% cytoplasm
e I‘\\él*.ﬁ
i I DNA in gl 4 B DA in
&? ; nucleus Q =82, nucleus
] i, - VNA
cytoplasm '\ A | N ph!
& ik - Vd o
——DNA e g A | e
3 Y 4 ==
. /——plasma = |‘plasma plasma
membrane membrane membrane

A Bacterial cell B Plant cell

C Animal cell

Figure 4.3 Animated Overview of the general organization of bacteria and eukaryotic cells. Archaeans
are similar to bacteria in overall structure. The three examples are not drawn to the same scale.

» Figure It Out: Which of these cells is/are eukaryotic?
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Diameter (cm) 2 8 6
Surface area (cm?) 12.6 28.2 113
Volume (cm?3) 4.2 14.1 113
Surface-to-volume ratio 3:1 2:1 1:1

Figure 4.4 Animated Three examples of the surface-to-volume
ratio. This physical relationship between increases in volume and
surface area constrains cell size and shape.

to end to form strandlike algae, so that each can interact
directly with its surroundings. Muscle cells in your thighs
are as long as the muscle in which they occur, but each is
thin, so it exchanges substances efficiently with fluids in
the tissue surrounding it.

Cell Theory

Nearly all cells are so small that no one even knew they
existed until after the first microscopes were invented.

In 1665, Antoni van Leeuwenhoek, a Dutch draper, wrote
about the tiny moving organisms he spied in rainwater,
insects, fabric, sperm, feces, and other samples. In scrap-
ings of tartar from his teeth, Leeuwenhoek saw “many
very small animalcules, the motions of which were very
pleasing to behold.” He (incorrectly) assumed that move-
ment defined life, and (correctly) concluded that the mov-
ing “beasties” he saw were alive. Perhaps Leeuwenhoek

cell Smallest unit that has the properties of life.

cell theory Theory that all organisms consist of one or more
cells, which are the basic unit of life.

cytoplasm Semifluid substance enclosed by a cell’s plasma
membrane.

nucleus Organelle with two membranes that holds a eukaryotic
cell’s DNA.

organelle Structure that carries out a specialized metabolic func-
tion inside a cell.

plasma membrane A cell’s outermost membrane.
surface-to-volume ratio A relationship in which the volume of
an object increases with the cube of the diameter, but the surface
area increases with the square.

was so pleased to behold his animalcules because he did
not grasp the implications of what he was seeing: Our
world, and our bodies, teem with microbial life. The term

cell was coined when Robert Hooke, a contemporary of
Leeuwenhoek, magnified a piece of thinly sliced cork.
Hooke named the tiny compartments he observed “cellae,”
a Latin word for the small chambers that monks lived in.

In the 1820s, botanist Robert Brown was the first to
identify a cell nucleus. Matthias Schleiden, another bota-
nist, hypothesized that a plant cell is an independent
living unit even when it is part of a plant. Schleiden
compared notes with the zoologist Theodor Schwann,
and both concluded that the tissues of animals as well as
plants are composed of cells and their products. Together,
the two scientists recognized that cells have a life of their
own even when they are part of a multicelled body.

Later, physiologist Rudolf Virchow realized that all
cells he studied descended from another living cell. These
and many other observations yielded four generalizations
that today constitute the cell theory:

1.
2. The cell is the structural and functional unit of all

Every living organism consists of one or more cells.

organisms. A cell is the smallest unit of life, individually
alive even as part of a multicelled organism.

3. All living cells come from division of preexisting cells.
4. Cells contain hereditary material, which they pass to
their offspring during division.

The cell theory, first articulated in 1839 by Schwann and
Schleiden and later revised, remains an important founda-
tion of modern biology.

How are all cells alike?

> All cells start life with a plasma membrane, cytoplasm, and a region of DNA,

which, in eukaryotic cells only, is enclosed by a nucleus.

> The surface-to-volume ratio limits cell size and influences cell shape.

> Observations of cells led to the cell theory: All organisms consist of one
or more cells; the cell is the smallest unit of life; each new cell arises from

another cell; and a cell passes hereditary material to its offspring.
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Spying on Cells

prism that
directs rays to
ocular lens

specimen
stage

Figure 4.5 Animated Examples of illuminator

microscopes. A A compound light
microscope. B A transmission elec-
tron microscope (TEM). A
(in base)

> We use different types of microscopes to study different
aspects of organisms, from the smallest to the largest.

€ Link to Tracers 2.2

Microscopes allow us to study cells in detail. The ones

that use visible light to illuminate objects are called light

microscopes (Figure 4.5). All light travels in waves. This

property makes light bend when it passes through curved

glass lenses. Inside a light microscope, such lenses focus

light that passes through a specimen, or bounces off

of one, into a magnified image. Photographs of images

enlarged with any microscope are called micrographs, and

you will find many of them in this book.

Phase-contrast microscopes shine light through speci-
mens. Most cells are nearly transparent, so their internal
details may not be visible unless they are first stained, or
exposed to dyes that only some cell parts soak up. Parts
that absorb the most dye appear darkest. Staining results

path of light rays (bottom to top) to eye

ocular lens

—— objective lenses

condenser lens

light source

incoming electron beam

condenser
—lens

specimen
; on grid
| . +— objective
lens
. —— projective
lens

B .. — phosphor
screen

in an increase in contrast (the difference between light
and dark) that allows us to see a greater range of detail
(Figure 4.6A\). Surface details can be revealed by reflected
light (Figure 4.6B).

With a fluorescence microscope, a cell or a molecule
is the light source; it fluoresces, or emits energy in the
form of light, when a laser beam is focused on it. Some
molecules fluoresce naturally (Figure 4.6C). More typically,
researchers attach a light-emitting tracer (Section 2.2) to
the cell or molecule of interest.

Other types of microscopes can reveal finer details.
For example, electron microscopes use electrons instead
of visible light to illuminate samples. Because electrons
travel in wavelengths that are much shorter than those

light microscopes

electron microscopes

molecules of life

viruses

complex carbohydrates
proteins

small |
molecules

most
mitochondria, most eukaryotic
chloroplasts bacteria cells
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A Light micrograph. A phase- B Light micrograph. A C Fluorescence micrograph. D A transmission electron E A scanning electron micro-

contrast microscope yields reflected light microscope This image shows fluorescent  micrograph reveals fantas- graph shows surface details.
high-contrast images of trans- captures light reflected light emitted by chlorophyll tically detailed images of SEMs may be artificially colored
parent specimens. Dark areas from specimens. molecules in the cells. internal structures. to highlight specific details.

have taken up dye.

Figure 4.6 Different microscopes reveal different characteristics
of the same organism, a green alga (Scenedesmus).

of visible light, electron microscopes can resolve details
that are much smaller than you can see with light micro-
scopes. Electron microscopes use magnetic fields to focus
beams of electrons onto a sample. Transmission electron
microscopes beam electrons through a thin specimen. The
specimen’s internal details appear on the resulting image
as shadows (Figure 4.6D). Scanning electron microscopes
direct a beam of electrons back and forth across a surface
of a specimen, which has been coated with a thin layer
of gold or another metal. The metal emits both electrons
and x-rays, which are converted into an image of the sur-

Figure 4.7 Relative sizes. Below, the diameter of most
cells is in the range of 1 to 100 micrometers. Right, con-
verting among units of length; also see Units of Measure,
Appendix IX.

or a water molecule? 3[N22|0W J2TBM Y/ tJaMSUY

human eye (no microscope)

small animals
frog eggs

.

e

1 mm

face (Figure 4.6E). Both types of electron microscopes can
resolve structures as small as 0.2 nanometer.

Figure 4.7 compares the resolving power of light
and electron microscopes with that of the unaided
human eye.

Take-Home Message How do we see cells?
> Most cells are visible only with the help of microscopes.

) Different types of microscopes reveal different aspects of cell structure.

1 centimeter (cm) = 1/100 meter, or 0.4 inch

1 millimeter (mm) = 1/1000 meter, or 0.04 inch
1 micrometer (um) = 1/1,000,000 meter, or 0.00004 inch

1 nanometer (nm) = 1/1,000,000,000 meter, or 0.00000004 inch
» Figure It Out: Which one is smallest: a protein, a lipid, 1meter = 102cm = 103mm = 108 um = 109 nm

largest organisms

s.)-- humans

N
7
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M Membrane Structure and Function

> A cell membrane is organized as a lipid bilayer with many
proteins embedded in it and attached to its surfaces.

€ Links to Emergent properties 1.2, Enzyme 3.2, Lipids 3.4,
Proteins 3.5

Lipids—mainly phospholipids—make up the bulk of a
cell membrane. A phospholipid consists of a phosphate-
containing head and two fatty acid tails (Section 3.4). The
polar head is hydrophilic, which means that it interacts
with water molecules. The nonpolar tails are hydrophobic,
so they do not interact with water molecules, but they do
interact with the tails of other phospholipids. As a result
of these influences, phospholipids swirled into water will
spontaneously organize themselves into a lipid bilayer,
two layers of lipids with nonpolar tails sandwiched
between polar heads. Lipid bilayers are the basic struc-
tural and functional framework of all cell
membranes (Figure 4.8A). In water, a lipid
bilayer spontaneously shapes itself into
a sheet or bubble. A cell is essentially
a lipid bilayer bubble filled with fluid
(Figure 4.9).

Figure 4.9 At its most basic, a cell is a
lipid bilayer bubble filled with fluid.

Table 41 Common Types of Membrane Proteins

Category Function Examples
Passive Allow ions or small molecules Porins; glucose
transporters to cross a membrane to the side transporter
where they are less concentrated.
Open or gated channels.

Active Pump ions or molecules through Calcium pump;

transporters membranes to the side where they serotonin
are more concentrated. Require transporter
energy input, as from ATP.

Receptors Initiate change in a cell activity by Insulin receptor;
responding to an outside signal (e.g., B cell receptor
by binding a signaling molecule or
absorbing light energy).

Adhesion Help cells stick to one another and Integrins;

proteins to protein matrixes that are part of cadherins
tissues.

Recognition Identify cells as self (belonging to MHC

proteins one’s own body or tissue) or nonself molecules
(foreign to the body).

Enzyme Speeds a specific reaction. Membranes Cytochrome

provide a relatively stable reaction site
for enzymes that work in series
with other molecules.

¢ oxidase of
mitochondria

A In a watery fluid, phospholipids spontaneously line up
into two layers, tails to tails. This lipid bilayer spontane-
ously shapes itself into a sheet or a bubble. It is the basic
structural and functional framework of all cell membranes.
Many types of proteins intermingle among the lipids.

x l one layer
of lipids

one layer
of lipids

il

Figure 4.8 Animated Cell membrane structure. A Organization of
phospholipids in cell membranes. B-E Examples of common mem-
brane proteins.

Other molecules, including steroids and proteins, are
embedded in or associated with the lipid bilayer of every
cell membrane. Most of these molecules move around the
membrane more or less freely. A cell membrane behaves
like a two-dimensional liquid of mixed composition, so
we describe it as a fluid mosaic. The “mosaic” part of the
name comes from a cell membrane’s mixed composition
of lipids and proteins. The fluidity occurs because the
phospholipids in a cell membrane are not bonded to one
another. They stay organized as a bilayer as a result of col-
lective hydrophobic and hydrophilic attractions, which, on
an individual basis, are relatively weak. Thus, phospholip-
ids in a bilayer can drift sideways and spin around their
long axis, and their tails can wiggle.

Membrane Proteins

A cell membrane physically separates an external environ-
ment from an internal one, but that is not its only task.
Many types of proteins are associated with a cell mem-
brane, and each type adds a specific function to it (Table
4.). Thus, different cell membranes can have different
characteristics depending on which proteins are associ-
ated with them.

For example, a plasma membrane has certain pro-
teins that no internal cell membrane has. Many plasma
membrane proteins are enzymes. Others are adhesion
proteins, which fasten cells together in animal tissues.
Recognition proteins function as identity tags for a cell
type, individual, or species (Figure 4.8B). Being able to
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B Recognition proteins C Receptor proteins such as this B cell D Transport proteins bind to mole- E This transport protein,
such as this MHC molecule receptor bind substances outside the cell. cules on one side of the membrane, an ATP synthase, makes
tag a cell as belonging to B cell receptors help the body eliminate and release them on the other side. ATP when hydrogen ions
one’s own body. toxins and infectious agents such as bacteria. This one transports glucose. flow through its interior.

recognize “self” means that foreign cells (harmful ones,

in particular) can also be recognized. Receptor proteins
bind to a particular substance outside of the cell, such as a
hormone or toxin (Figure 4.8C). Binding triggers a change
in the cell’s activities that may involve metabolism, move-
ment, division, or even cell death. Receptors for different
types of substances occur on different cells, but all are
critical for homeostasis.

Additional proteins occur on all cell membranes.
Transport proteins move specific substances across a
membrane, typically by forming a channel through it.
These proteins are important because lipid bilayers are
impermeable to most substances, including ions and polar
molecules. Some transport proteins are open channels
through which a substance moves on its own across a
membrane (Figure 4.8D,E). Others use energy to actively
pump a substance across. We return to the topic of mem-
brane transport in the next chapter.

adhesion protein Membrane protein that helps cells stick together
in tissues.

fluid mosaic Model of a cell membrane as a two-dimensional fluid
of mixed composition.

lipid bilayer Structural foundation of cell membranes; double
layer of lipids arranged tail-to-tail.

receptor protein Plasma membrane protein that binds to a par-
ticular substance outside of the cell.

recognition protein Plasma membrane protein that identifies a
cell as belonging to self (one’s own body).

transport protein Protein that passively or actively assists specific
ions or molecules across a membrane.

Lipid Cytoplasm
Bilayer

Variations on the Model

Membranes differ in composition. For example, differ-
ent kinds of cells may have different kinds of membrane
phospholipids. Fatty acid tails of membrane phospholip-
ids vary in length and saturation. Usually, at least one of
the two tails is unsaturated (Section 3.4).

Some proteins stay put, such as those that cluster as
rigid pores. Protein filaments inside the cell lock these
and other proteins in place. For example, plasma mem-
brane adhesion proteins connect the internal filaments
of adjacent cells in animal tissues. This arrangement
strengthens a tissue, and it can constrain certain mem-
brane proteins to an upper or lower surface of the cells.

Archaeans do not build their phospholipids with fatty
acids. Instead, they use molecules that have reactive
side chains, so the tails of archaean phospholipids form
covalent bonds with one another. As a result of this rigid
crosslinking, archaean phospholipids do not drift, spin,
or wiggle in a bilayer. Thus, the membranes of archaeans
are far more rigid than those of bacteria or eukaryotes, a
characteristic that may help these cells survive in extreme
habitats that destroy other cells.

Take-Home M essage Whatis the function of a cell membrane?

> A cell membrane selectively controls exchanges between the cell and its sur-
roundings. It is a mosaic of different kinds of lipids and proteins.

> The foundation of cell membranes is the lipid bilayer—two layers of lipids
(mainly phospholipids), with tails sandwiched between heads.
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Introducing Bacteria and Archaeans

> All bacteria and archaeans are single-celled organisms with
no nucleus.
< Links to Domains 1.4, Polysaccharides 3.3, ATP 3.7

All bacteria and archaeans are single-celled, and none
have a nucleus. Outwardly, they appear so similar that
archaeans were once thought to be an unusual group of
bacteria. Both were classified as prokaryotes, a word that
means “before the nucleus.” By 1977, it had become clear
that archaeans are more closely related to eukaryotes than
to bacteria, so they were given their own separate domain.
The term “prokaryote” is now being retired.

As a group, bacteria and archaeans are the smallest
and most metabolically diverse forms of life that we know
about. They inhabit nearly all of Earth’s environments,
including some very hostile places. The two kinds of cells
differ in structure and metabolic details (Figure 4.10).
Chapter 19 revisits them in more detail; here we present
an overview of their structure (Figure 4.11).

Most bacteria and archaeans are not much bigger
than a few micrometers. None has a complex internal
framework, but protein filaments under the plasma mem-
brane reinforce the cell’s shape. Such filaments also act
as scaffolding for internal structures. The cytoplasm of
these cells contains many ribosomes (organelles upon
which polypeptides are assembled), and in some species,
additional organelles. Plasmids also occur in cytoplasm.
These small circles of DNA carry a few genes (units of
inheritance) that can provide advantages, such as resis-
tance to antibiotics. The cell’s single chromosome, a cir-
cular DNA molecule, is located in an irregularly shaped
region of cytoplasm called the nucleoid. Some nucleoids
are enclosed by a membrane, but most are not.

Many bacteria and archaeans have one or more flagella
projecting from their surface. Flagella (singular, flagel-
lum) are long, slender cellular structures used for motion.
A bacterial flagellum rotates like a propeller that drives

flagellum

Figure 411 Animated Generalized body
plan of a bacterium or archaean.

pilus capsule wall

W

A Protein filaments, or pili,
anchor bacterial cells to one
another and to surfaces. Here,
Salmonella typhimurium cells
(red) use their pili to invade
human cells.

B Ball-shaped Nostoc cells are
a type of freshwater photo-
synthetic bacteria. The cells in
each strand stick together in
a sheath of their own jellylike
secretions.

Figure 410 A sampling of bacteria (this page) and archaeans
(facing page).

the cell through fluid habitats, such as an animal’s body
fluids. Some bacteria also have protein filaments called
pili (singular, pilus) projecting from their surface. Pili help
cells cling to or move across surfaces (Figure 4.10A). One
kind, a “sex” pilus, attaches to another bacterium and then
shortens. The attached cell is reeled in, and a plasmid is
transferred from one cell to the other through the pilus.

A durable cell wall surrounds the plasma membrane
of nearly all bacteria and archaeans. Dissolved substances
easily cross this permeable layer on the way to and from
the plasma membrane. The cell wall of most archaeans
consists of proteins. The wall of most bacteria consists of
a polymer of peptides and polysaccharides.

Sticky polysaccharides form a slime layer, or capsule,
around the wall of many types of bacteria. The sticky
capsule helps these cells adhere to many types of surfaces

DNA in
nucleoid

cell  plasma

cytoplasm,

membrane with ribosomes
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C The archaean Pyrococcus furiosus was dis-
covered in ocean sediments near an active
volcano. It lives best at 100°C (212°F),
and it makes a rare kind of enzyme that

contains tungsten atoms. intact at extreme hea

(such as spinach leaves and meat), and it also offers some
protection against predators and toxins.

The plasma membrane of all bacteria and archaeans
selectively controls which substances move into and out
of the cell, as it does for eukaryotic cells. The plasma
membrane bristles with transporters and receptors, and
it also incorporates proteins that carry out important
metabolic processes. For example, part of the plasma
membrane of cyanobacteria (Figure 4.10B) folds into the
cytoplasm. Molecules that carry out photosynthesis are
embedded in this membrane, just as they are in the inner
membrane of chloroplasts, which are organelles special-
ized for photosynthesis in eukaryotic cells (we return to
chloroplasts in Section 4.9).

Figure 412 A biofilm. A single
species of bacteria, Bacillus sub-
tilis, formed this biofilm. Note
the distinct “neighborhoods.”

0

.5cm

biofilm Community of microorganisms living within a shared
mass of slime.

cell wall Semirigid but permeable structure that surrounds the
plasma membrane of some cells.

flagellum Long, slender cellular structure used for motility.
nucleoid Region of cytoplasm where the DNA is concentrated
inside a bacterium or archaean.

pilus A protein filament that projects from the surface of some
bacterial cells.

plasmid Small circle of DNA in some bacteria and archaeans.
ribosome Organelle of protein synthesis.

D Ferroglobus placidus prefers superheated water
spewing from the ocean floor. The durable
composition of archaean lipid bilayers (note
the gridlike texture) keeps their membranes

E Metallosphaera prunae, an archaean dis-
covered in a smoking pile of ore at a ura-
nium mine, prefers high temperatures and
low pH. (White shadows are an artifact of

tand pH. electron microscopy.)

Biofilms

Bacterial cells often live so close together that an entire
community shares a layer of secreted polysaccharides

and proteins. A communal living arrangement in which
single-celled organisms live in a shared mass of slime is
called a biofilm. In nature, a biofilm typically consists of
multiple species, all entangled in their own mingled secre-
tions. It may include bacteria, algae, fungi, protists, and
archaeans. Participating in a biofilm allows the cells to lin-
ger in a favorable spot rather than be swept away by fluid
currents, and to reap the benefits of living communally.
For example, rigid or netlike secretions of some species
serve as permanent scaffolding for others; species that
break down toxic chemicals allow more sensitive ones to
thrive in polluted habitats that they could not withstand
on their own; and waste products of some serve as raw
materials for others.

Like a bustling metropolitan city, a biofilm organizes
itself into “neighborhoods,” each with a distinct microen-
vironment that stems from its location within the biofilm
and the particular species that inhabit it (Figure 4.12).

Take-Home M essage How are bacteria and archaeans alike?

) Bacteria and archaeans do not have a nucleus. Most kinds have a cell wall
around their plasma membrane. The wall is permeable, and it reinforces and

imparts shape to the cell body.

) The structure of bacteria and archaeans is relatively simple, but as a group
these organisms are the most diverse forms of life. They inhabit nearly all

regions of the biosphere.

> Some metabolic processes occur at the plasma membrane of bacteria and
archaeans. They are similar to complex processes that occur at certain internal

membranes of eukaryotic cells.
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Introducing Eukaryotic Cells

Figure 4.13

Transmission elec-

tron micrographs

of eukaryotic cells.

A Human white
blood cell.

B Photosynthetic
cell from a blade
of timothy grass.

) Eukaryotic cells carry out much of their metabolism inside
organelles enclosed by membranes.

All protists, fungi, plants, and animals are eukaryotes.
Some of these organisms are independent, free-living
cells; others consist of many cells working together as a
body. By definition, a eukaryotic cell starts out life with a
nucleus (eu— means true; karyon means nut, or kernel).

Like many other organelles, a nucleus has a membrane.
An organelle’s outer membrane controls the types and
amounts of substances that cross it. Such control main-
tains a special internal environment that allows the organ-
elle to carry out its particular function. That function may
be isolating toxic or sensitive substances from the rest of
the cell, transporting substances through cytoplasm, main-
taining fluid balance, or providing a favorable environ-
ment for a special process. For example, a mitochondrion
makes ATP after concentrating hydrogen ions inside its
membrane system.

Much as interactions among organ systems keep an
animal body running, interactions among organelles keep
a cell running. Substances shuttle from one kind of organ-
elle to another, and to and from the plasma membrane.
Some metabolic pathways take place in a series of differ-
ent organelles.

Figure 4.13 shows two typical eukaryotic cells. In addi-
tion to a nucleus, these and most other eukaryotic cells
contain an endomembrane system (ER, vesicles, and Golgi
bodies), mitochondria, and a cytoskeleton, which is
a dynamic “skeleton” of proteins (cyto— means cell).
Certain cell types have additional organelles that
allow them to do particular tasks (Table 4.2). We will
discuss the main components of eukaryotic cells in
the remaining sections of this chapter.

cell wall

central
vacuole

vacuole

Table 4.2 Components of Eukaryotic Cells

Organelles with membranes

Nucleus Protecting and controlling access to DNA

Endoplasmic
reticulum (ER)

Routing, modifying new polypeptide
chains; synthesizing lipids; other tasks

Golgi body Modifying new polypeptide chains;
sorting, shipping proteins and lipids
Vesicles Transporting, storing, or digesting

substances in a cell; other functions

Mitochondrion Making ATP by glucose breakdown

Chloroplast Making sugars in plants, some protists
Lysosome Intracellular digestion

Peroxisome Inactivating toxins

Vacuole Storage

Organelles without membranes

Ribosomes Assembling polypeptide chains

Centriole Anchor for cytoskeleton

Other components

Cytoskeleton Contributes to cell shape, internal

organization, movement

Take-Home Message What do all eukaryotic
cells have in common?

> All eukaryotic cells start life with a nucleus and other
membrane-enclosed organelles.

S ——plasma

membrane

chloroplast

mitochondrion

nucleus
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A8 The Nucleus
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nucleolus

nuclear pore

nucleoplas

cytoplasm

Figure 4.14 Animated The cell nucleus. TEM at right, nucleus of a mouse pancreas cell.

> A nucleus protects and controls access to a eukaryotic
cell’s DNA.

A eukaryotic cell’s nucleus serves two important functions.
First, it keeps the cell’s genetic material—its DNA—safe
and sound. Isolated in its own compartment, the cell's DNA
stays separated from the bustling activity of the cytoplasm,
and from metabolic processes that might damage it.

The second function of a nucleus is to control the pas-
sage of certain molecules between the nucleus and the
cytoplasm. The nuclear membrane, which is called the
nuclear envelope, carries out this function. A nuclear
envelope consists of two lipid bilayers folded together as
a single membrane. As Figure 4.14 shows, the outer bilayer
of the membrane is continuous with the membrane of
another organelle, the ER.

Receptors and transporters stud both sides of the
nuclear envelope; other proteins cluster to form tiny
pores that span it (Figure 4.15). These molecules and struc-
tures work as a system that selectively transports various
molecules across the nuclear membrane.

Cells access their DNA when they make RNA and pro-
teins, so the molecules involved in this process must pass
into the nucleus and out of it. Control over their transport
through the nuclear membrane is one way the cell regu-
lates the amount of RNA and proteins it makes.

nuclear pore

——cytoplasm

Figure 415 Animated Nuclear pores. Each is an organized cluster of membrane
proteins that selectively allows substances to cross the nuclear membrane.

The nuclear envelope encloses nucleoplasm, a vis-
cous fluid that is similar to cytoplasm. The nucleus also
contains at least one nucleolus (plural, nucleoli), a dense,
irregularly shaped region where subunits of ribosomes
are assembled from proteins and RNA. The subunits pass
through nuclear pores into the cytoplasm, where they join
and become active in protein synthesis.

nuclear envelope A double membrane that constitutes the outer
boundary of the nucleus.

nucleolus In a cell nucleus, a dense, irregularly shaped region
where ribosomal subunits are assembled.

nucleoplasm Viscous fluid enclosed by the nuclear envelope.

Take-Home M essage What s the function of a nucleus?
> A nucleus protects and controls access to a eukaryotic cell's DNA.

> The nuclear envelope is a double lipid bilayer. Proteins embedded in it
control the passage of molecules between the nucleus and cytoplasm.
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The Endomembrane System

> The endomembrane system is a set of organelles that
makes, modifies, and transports proteins and lipids.
< Links to Lipids 3.4, Proteins 3.5

The endomembrane system is a series of interacting
organelles between the nucleus and the plasma mem-
brane. Its main function is to make lipids, enzymes, and
proteins for secretion, or for insertion into cell mem-
branes. It also destroys toxins, recycles wastes, and has
other specialized functions. The system’s components
vary among different types of cells, but here we present
the most common ones (Figure 4.16).

Rough ER

Modifies proteins made by
ribosomes attached to it
Smooth ER

% Makes lipids, breaks down
- carbohydrates and fats,
e 7 inactivates toxins

‘-."__;‘7"3:‘&—3 Golgi Body
- - y

- = Finishes, sorts, ships lipids,

i '[‘ g enzymes, and proteins
Lysosome

Digests, recycles materials

Endoplasmic Reticulum

Part of the endomembrane system is an extension of the
nuclear envelope called endoplasmic reticulum, or ER..
ER forms a continuous compartment that folds into flat-
tened sacs and tubes. The space inside the compartment
is the site where many new polypeptide chains are modi-
fied. Two kinds of ER, rough and smooth, are named for
their appearance in electron micrographs. Thousands of
ribosomes are attached to the outer surface of rough ER.
These ribosomes make polypeptides that thread into the
interior of the ER as they are assembled @. Inside the ER,
the polypeptides fold and take on their tertiary structure.
Some of them become part of the ER membrane itself.

Cells that make, store, and secrete proteins have a lot
of rough ER. For example, ER-rich gland cells in the pan-
creas make and secrete enzymes that help digest meals in
the small intestine.

Smooth ER does not make protein, so it has no ribo-
somes @. Some of the polypeptides made in the rough
ER end up as enzymes in the smooth ER. These enzymes
assemble most of the lipids that form the cell’s mem-
branes. They also break down carbohydrates, fatty acids,
and some drugs and poisons. In skeletal muscle cells, one
type of smooth ER stores calcium ions and has a role in
muscle contraction.

A Variety of Vesicles

Small, membrane-enclosed, saclike vesicles form in great
numbers, in a variety of types, either on their own or by
budding @. Many vesicles transport substances from one
organelle to another, or to and from the plasma mem-

Figure 416 Animated Endomembrane system, where many proteins are
modified and lipids are built. These molecules are sorted and shipped to
cellular destinations or to the plasma membrane for export. polypeptide

N W
RNA

@ RoughER

Some of the RNA in the
cytoplasm is translated
into polypeptide chains
by ribosomes attached to
the rough ER. The chains
enter the rough ER,
where they are modified
into final form.

© Vesicles

Vesicles that bud from
the rough ER carry some
of the new proteins to
Golgi bodies. Other pro-
teins migrate through
the interior of the rough
ER, and end up in the
smooth ER.

nucleus ribosome
attached to ER

vesicle budding
from ER
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brane. Endocytic vesicles form as a patch of plasma mem-
brane sinks into the cytoplasm. Exocytic vesicles bud from
the ER or Golgi membranes and transport substances

to the plasma membrane for export. Still other vesicles
form on their own in the cytoplasm. Eukaryotic cells also
contain vacuoles, which are vesicles that appear empty
under a microscope. Amino acids, sugars, toxins, and ions
accumulate in the fluid-filled interior of a plant cell’s large
central vacuole (Figure 4.13B). Fluid pressure in a central
vacuole keeps plant cells plump, so stems, leaves, and
other structures stay firm.

Other types of vesicles are a bit like trash cans that col-
lect waste, debris, or toxins. These vesicles dispose of their
contents by fusing with other vesicles called lysosomes.
Lysosomes that bud from Golgi bodies take part in intra-
cellular digestion. They contain powerful enzymes that

central vacuole Fluid-filled vesicle in many plant cells.
endomembrane system Series of interacting organelles (endo-
plasmic reticulum, Golgi bodies, vesicles) between nucleus and
plasma membrane; produces lipids, proteins.

endoplasmic reticulum (ER) Organelle that is a continuous sys-
tem of sacs and tubes; extension of the nuclear envelope. Rough
ER is studded with ribosomes; smooth ER is not.

Golgibody Organelle that modifies polypeptides and lipids; also
sorts and packages the finished products into vesicles.

lysosome Enzyme-filled vesicle that functions in intracellular
digestion.

peroxisome Enzyme-filled vesicle that breaks down amino acids,
fatty acids, and toxic substances.

vacuole A fluid-filled organelle that isolates or disposes of waste,
debris, or toxic materials.

vesicle Small, membrane-enclosed, saclike organelle; different
kinds store, transport, or degrade their contents.

can break down carbohydrates, proteins, nucleic acids,
and lipids. Vesicles inside white blood cells or amoebas
deliver ingested bacteria, cell parts, and other debris to
lysosomes for destruction.

In plants and animals, vesicles called peroxisomes
form and divide on their own, so they are not part of the
endomembrane system. Peroxisomes contain enzymes
that digest fatty acids and amino acids. They also break
down hydrogen peroxide, a toxic by-product of fatty
acid metabolism. Peroxisome enzymes convert hydrogen
peroxide to water and oxygen, or use it in reactions that
break down alcohol and other toxins.

Golgi Bodies

Some vesicles fuse with and empty their contents into a
Golgi body. This organelle has a folded membrane that
typically looks like a stack of pancakes @. Enzymes in a
Golgi body put finishing touches on proteins and lipids
that have been delivered from the ER. They attach phos-
phate groups or oligosaccharides, and cut certain poly-
peptides. The finished products are sorted and packaged
into new vesicles that carry them to lysosomes or to the
plasma membrane @.

Take-Home M essage Whatis the endomembrane system?

> The endomembrane system includes rough and smooth endoplasmic reticu-
lum, vesicles, and Golgi bodies.

) This series of organelles works together mainly to make and modify cell mem-
brane proteins and lipids.

Some proteins from the
rough ER are packaged into
new vesicles and shipped to
Golgi bodies. Others become
enzymes of the smooth ER.
These enzymes assemble lip-
ids and inactivate toxins.

protein in
smooth ER

=— @ Plasma membrane

A vesicle’s membrane fuses
with the plasma mem-
brane, so the contents of
the vesicle are released to
the exterior of the cell.

@ Colgibody
Proteins arriving in
vesicles from the ER
are modified into final
form and sorted. New
vesicles carry them to
the plasma membrane
or to lysosomes.
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XD Mitochondria and Plastids

> Eukaryotic cells make most of their ATP in mitochondria.

> Organelles called plastids function in storage and photo-
synthesis in plants and some types of algae.

€ Links to Metabolism 3.2, ATP 3.7

Mitochondria

The mitochondrion (plural, mitochondria) is a type of
organelle that specializes in making ATP (Figure 4.17).
Aerobic respiration, an oxygen-requiring series of reac-
tions that proceeds inside mitochondria, can extract more
energy from organic compounds than any other metabolic
pathway. With each breath, you are taking in oxygen
mainly for mitochondria in your trillions of aerobically
respiring cells.

outer membrane

outer
compartment

inner compartment

inner membrane

by aerobic respiration

Figure 417 Animated The mitochondrion. This organelle special-
izes in producing large quantities of ATP.

> Figure It Out: What organelle is visible in the upper right-hand
corner of the TEM?

Typical mitochondria are between 1 and 4 micrometers
in length; a few are as long as 10 micrometers. Some are
branched. Mitochondria can change shape, split in two,
and fuse together. Each has two membranes, one highly
folded inside the other. This arrangement creates two
compartments. During aerobic respiration, hydrogen ions
accumulate between the two membranes. The buildup
causes the ions to flow across the inner mitochondrial
membrane, through the interior of membrane transport
proteins. That flow drives the formation of ATP.

Bacteria and archaeans have no mitochondria; they
make ATP in their cell walls and cytoplasm. Nearly all
eukaryotic cells have mitochondria, but the number varies
by the type of cell and by the type of organism. For exam-
ple, a single-celled yeast (a type of fungus) might have
only one mitochondrion, but a human skeletal muscle cell
may have a thousand or more. Cells that have a very high
demand for energy tend to have many mitochondria.

Mitochondria resemble bacteria in size, form, and
biochemistry. They have their own DNA, which is similar
to bacterial DNA. They divide independently of the cell,
and have their own ribosomes. Such clues led to a theory
that mitochondria evolved from aerobic bacteria that took
up permanent residence inside a host cell. By the theory
of endosymbiosis, one cell was engulfed by another cell,
or entered it as a parasite, but escaped digestion. The
ingested cell kept its plasma membrane and reproduced
inside its host. In time, the cell’s descendants became
permanent residents that offered their hosts the benefit
of extra ATP. Structures and functions once required for
independent life were no longer needed and were lost
over time. Later descendants evolved into mitochondria.
We will explore evidence for the theory of endosymbiosis
in Section 18.6.

Mitochondrion

Energy powerhouse;
produces many ATP

U3 y3noy :samsuy
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Chloroplasts and Other Plastids

Plastids are a category of membrane-enclosed organelles
that function in photosynthesis or storage in plant and
algal cells. Plastids called chloroplasts are organelles spe-
cialized for photosynthesis. In many ways, chloroplasts
resemble photosynthetic bacteria, and like mitochondria
they may have evolved by endosymbiosis.

Most chloroplasts are oval or disk-shaped (Figure 4.18).
Each has two outer membranes enclosing a semifluid
interior, the stroma, that contains enzymes and the chloro-
plast’s own DNA. Inside the stroma, a third, highly folded
membrane forms a single, continuous compartment. The
folded membrane resembles stacks of flattened disks. The
stacks are called grana (singular, granum). Photosynthesis
takes place at this membrane, which is called the thyla-
koid membrane.

The thylakoid membrane incorporates many pigments.
The most common ones are chlorophylls, which are green.
The abundance of chlorophylls in plant cell chloroplasts is
the reason most plants are green.

By the process of photosynthesis, chlorophylls and
other molecules in the thylakoid membrane harness the
energy in sunlight to drive the synthesis of ATP. The ATP
is then used inside the stroma to build carbohydrates
from carbon dioxide and water. (Chapter 6 describes the
process of photosynthesis in more detail.)

Chromoplasts are plastids that make and store pig-
ments other than chlorophylls. They typically have red,
orange, and yellow pigments that color many flowers,
leaves, fruits, and roots. For example, as a tomato ripens,
its chlorophyll-containing (green) chloroplasts are con-
verted to lycopene-containing (red) chromoplasts, so the
color of the fruit changes.

Amyloplasts are unpigmented plastids. Typical amy-
loplasts store starch grains, and are notably abundant in
starch-storing cells of stems, tubers (underground stems),
and seeds. Starch-packed amyloplasts are dense and heavy
compared to cytoplasm. In some plant cells, they function
as gravity-sensing organelles.

chloroplast Organelle of photosynthesis in the cells of plants and
many protists.

mitochondrion Double-membraned organelle that produces ATP
by aerobic respiration in eukaryotes.

plastid An organelle that functions in photosynthesis or storage;
for example, chloroplast, amyloplast.

Take-Home M essage What are some
organelles unique to specialized eukaryotic cells?

> Mitochondria are eukaryotic organelles that produce ATP
from organic compounds in reactions that require oxygen.

> Chloroplasts are plastids that carry out photosynthesis.

Chloroplast
Specializes in
photosynthesis

Mitochondrion

Figure 418 Animated The chloroplast, a defining character of photo-
synthetic eukaryotic cells. Bottom, transmission electron micrograph of a
chloroplast from a tobacco leaf (Nicotiana tabacum). The lighter patches are
nucleoids where the chloroplast’s own DNA is stored.

two outer
membranes

stroma

thylakoids
(inner membrane
system folded into
flattened disks)
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The Dynamic Cytoskeleton

) Eukaryotic cells have an extensive and dynamic internal
framework called a cytoskeleton.
€ Links to Protein structure and function 3.5, 3.6

Between the nucleus and plasma membrane of all eukary-
otic cells is a system of interconnected protein filaments
collectively called the eytoskeleton. Elements of the cyto-
skeleton reinforce, organize, and move cell structures, and
often the whole cell (Figure 4.19). Some are permanent;
others form only at certain times.

Microtubules are long, hollow cylinders that consist
of subunits of the protein tubulin. They form a dynamic
scaffolding for many cellular processes, rapidly assem-

polypeptide —
chain

Intermediate filament

Figure 419 Animated Cytoskel-
etal elements. Below, a fluorescence
micrograph shows microtubules (yel-
low) and actin microfilaments (blue)
in the growing end of a nerve cell.
These cytoskeletal elements support

I —— — and guide the cell’s lengthening.
25 nm 6-7 nm
Microtubule Microfilament

10 pm

bling when they are needed and then disassembling when
they are not. For example, before a eukaryotic cell divides,
microtubules assemble, separate the cell’s duplicated
chromosomes, then disassemble. As another example,
microtubules that form in the growing end of a young
nerve cell support and guide its lengthening in a particu-
lar direction.

Microfilaments are fibers that consist primarily of
subunits of the globular protein actin. They strengthen or
change the shape of eukaryotic cells. Crosslinked, bundled,
or gel-like arrays of them make up the cell cortex, which
is a reinforcing mesh under the plasma membrane. Actin
microfilaments that form at the edge of a cell drag or
extend it in a certain direction. Myosin and actin microfila-
ments interact to bring about contraction of muscle cells.

Intermediate filaments that support cells and tissues
are the most stable elements of the cytoskeleton. These
filaments form a framework that lends structure and
resilience to cells and tissues. Some kinds underlie and
reinforce membranes. The nuclear envelope, for example,
is supported by an inner layer of intermediate filaments
called lamins. Other kinds connect to structures that lock
cell membranes together in tissues.

Among the many accessory molecules associated with
cytoskeletal elements are motor proteins, which move cell
parts when energized by a phosphate-group transfer from
ATP. A cell is like a bustling train station, with molecules
and structures being transported continuously throughout
its interior. Motor proteins are like freight trains, dragging
their cellular cargo along tracks of dynamically assembled
microtubules and microfilaments (Figure 4.20).

=3
Figure 420 Animated Motor proteins. Q
Here, kinesin (tan) drags a pink vesicle as

it inches along a microtubule. -

‘ a0

basal body Organelle that develops from a centriole.

cell cortex Reinforcing mesh of cytoskeletal elements under a
plasma membrane.

centriole Barrel-shaped organelle from which microtubules grow.
cilium Short, movable structure that projects from the plasma
membrane of some eukaryotic cells.

cytoskeleton Dynamic framework of protein filaments that sup-
port, organize, and move eukaryotic cells and their internal struc-
tures.

intermediate filament Stable cytoskeletal element that structur-
ally supports cells and tissues.

microfilament Reinforcing cytoskeletal element; a fiber of actin
subunits.

microtubule Cytoskeletal element involved in cellular movement;
hollow filament of tubulin subunits.

motor protein Type of energy-using protein that interacts with
cytoskeletal elements to move the cell’s parts or the whole cell.
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protein pair of microtubules
spokes in a central sheath

Figure 4.21 Examples of motile structures in cells.
A Flagellum of a human sperm, which is about to penetrate an egg.
B A predatory amoeba (Chaos carolinense) extending two pseudopods

around its hapless meal: a single-celled green alga (Pandorina). membrane dynein arms
A Sketch and micrograph of one
eukaryotic flagellum, cross-section.
Like a cilium, it contains a 9+2 array:
A motor protein called dynein interacts with organized a ring of nine pairs of microtubules
arrays of microtubules to bring about movement of plus one pair at its core. Stabilizing

spokes and linking elements that
connect to the microtubules keep
them aligned in this radial pattern.

eukaryotic flagella and cilia. Eukaryotic flagella are struc-
tures that whip back and forth to propel cells such as
sperm through fluid (Figure 4.21A). They have a different
internal structure and type of motion than flagella of

B Projecting from each pair of
microtubules in the outer ring are
“arms” of dynein, a motor protein
that has ATPase activity. Phosphate-
group transfers from ATP cause the
dynein arms to repeatedly bind the
adjacent pair of microtubules, bend,
and then disengage. The dynein

arms “walk” along the microtubules.
Their motion causes adjacent micro-
tubule pairs to slide past one another

bacteria and archaeans. Cilia (singular, cilium) are short,
hairlike structures that project from the surface of some
cells. Cilia are usually more profuse than flagella. The
coordinated waving of many cilia propels cells through
fluid, and stirs fluid around stationary cells.

A special array of microtubules extends lengthwise
through a flagellum or cilium. This 9+2 array consists of
nine pairs of microtubules ringing another pair in the
center (Figure 4.22). Protein spokes and links stabilize
the array. The microtubules grow from a barrel-shaped
organelle called the centriole, which remains below the C Short, sliding strokes occur in
a coordinated sequence around the
ring, down the length of each micro-
tubule pair. The flagellum bends as
the array inside bends:

—

finished array as a structure called a basal body.

Amoebas and other types of eukaryotic cells form
pseudopods, or “false feet.” As these temporary, irregular
lobes bulge outward, they move the cell and engulf a tar-
get such as prey (Figure 4.21B). Elongating microfilaments
force the lobe to advance in a steady direction. Motor
proteins that are attached to the microfilaments drag the
plasma membrane along with them.

Take-Home M essage Whatis a cytoskeleton?

> A cytoskeleton of protein filaments is the basis of eukary-

otic cell shape, internal structure, and movement. ——  basal body, a microtubule organizing
. . . center that gives rise to the 9+2 array
> Microtubules organize the cell and help move its parts. Net- and then remains beneath it, inside

works of microfilaments reinforce the cell surface. Interme- the cytoplasm
diate filaments strengthen and maintain the shape of cells
and tissues.

> When energized by ATP, motor proteins move along tracks
of microtubules and microfilaments. As part of cilia, fla- Figure 4.22 Animated Mechanism of movement of eukaryotic
gella, and pseudopods, they can move the whole cell. flagella and cilia.
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Cell Surface Specializations

> Many cells secrete materials that form a covering or matrix
outside their plasma membrane.
€ Links to Tissue 1.2, Chitin 3.3

Matrixes Between and Around Cells

Most cells of multicelled organisms are surrounded and
organized by a nonliving, complex mixture of fibrous
proteins and polysaccharides called extracellular matrix,
or ECM. Secreted by the cells it surrounds, ECM supports
and anchors cells, separates tissues, and functions in cell
signaling. Different types of cells secrete different kinds
of ECM. For example, a waxy ECM secreted by plant

cells forms a cuticle, or covering, that protects the plant’s
exposed surfaces and limits water loss (Figure 4.23). The
cuticle of crabs, spiders, and other arthropods is mainly
chitin, a polysaccharide. ECM in animals typically consists
of various kinds of carbohydrates and proteins; it is the

basis of tissue organization, and it provides structural sup-

port. Bone is mostly an extracellular matrix composed of
collagen, a fibrous protein, hardened by mineral deposits.
The cell wall around the plasma membrane of plant
cells is a type of ECM that is structurally different from
the cell wall of bacteria and archaeans. Both types of wall
protect, support, and impart shape to a cell. Both are also
porous: Water and solutes easily cross it on the way to

and from the plasma membrane. Cells could not live with-

out exchanging these substances with their environment.
A plant cell wall forms as a young cell secretes pectin and

thick, waxy
cuticle at
——Ileaf surface

cell of leaf
epidermis

photosynthetic
cell inside leaf

Figure 4.23 A plant ECM. Section through a plant leaf showing
cuticle, a protective covering of deposits secreted by living cells.

other polysaccharides onto the outer surface of its plasma
membrane. The sticky coating is shared between adjacent
cells, and it cements them together. Each cell then forms
a primary wall by secreting strands of cellulose into

the coating. Some of the coating remains as the middle
lamella, a sticky layer in between the primary walls of
abutting plant cells (Figure 4.24A).

Being thin and pliable, a primary wall allows a grow-
ing plant cell to enlarge. Cells with only a thin primary
wall can change shape as they develop. At maturity, cells
in some plant tissues stop enlarging and begin to secrete
material onto the primary wall’s inner surface. These
deposits form a firm secondary wall (Figure 4.24B). One
of the materials deposited is lignin, an organic compound
that makes up as much as 25 percent of the secondary

middle plasma

A Plant cell secretions lamella  membrane  cytoplasm middle lamella

form the middle lamella,
a layer that cements |

adjoining cells together. C Plasmodesmata

are channels across
the cell walls and the
plasma membranes
of living cells that are
pressed against one

primary ¥

B In many plant tissues, cell wall

cells also secrete materials

that are deposited in layers secondary another in tissues.
on the inner surface of their cell wall
primary wall. These layers (added in
strengthen the wall and layers)
maintain its shape. They
remain after the cells die, primary
and become part of cell wall
pipelines that carry A
water through |
the plant. | o plasmodesma
| pipeline :
—> . _~ made of middle lamella —————
I r abutting 5
cell walls

=

Figure 4.24 Animated Some characteristics of plant cell walls.
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Figure 425 Animated Three types of cell junctions in animal tissues:
tight junctions, gap junctions, and adhering junctions.

In the micrograph above, a profusion of tight junctions (green) seals
abutting surfaces of kidney cell membranes and forms a waterproof
tissue. The DNA in each cell nucleus appears red.

wall of cells in older stems and roots. Lignified plant parts
are stronger, more waterproof, and less susceptible to
plant-attacking organisms than younger tissues.

Cell Junctions

ECM does not prevent a cell from interacting with other
cells or the surroundings. In multicelled species, such
interaction occurs by way of cell junctions, which are
structures that connect a cell to other cells and to the envi-
ronment. Cells send and receive ions, molecules, or signals
through some junctions. Other kinds help cells recognize
and stick to each other and to extracellular matrix.

In most animal tissues, cells are connected to their
neighbors and to ECM by cell junctions (Figure 4.25). In
epithelial tissues that line body surfaces and internal cavi-
ties, rows of proteins that form tight junctions between
plasma membranes prevent body fluids from seeping
between adjacent cells. To cross these tissues, fluid must
pass directly through the cells. Thus, transport proteins

adhering junction Cell junction composed of adhesion proteins;
anchors cells to each other and extracellular matrix.

cell junction Structure that connects a cell to another cell or to
extracellular matrix.

cuticle Secreted covering at a body surface.

extracellular matrix (ECM) Complex mixture of cell secretions;
supports cells and tissues; has roles in cell signaling.

gap junction Cell junction that forms a channel across the plasma
membranes of adjoining animal cells.

lignin Material that stiffens cell walls of vascular plants.
plasmodesmata Cell junctions that connect the cytoplasm of
adjacent plant cells.

primary wall The first cell wall of young plant cells.

secondary wall Lignin-reinforced wall that forms inside the pri-
mary wall of a plant cell.

tight junctions Arrays of fibrous proteins; join epithelial cells and
collectively prevent fluids from leaking between them.

free surface of
epithelial tissue

tight junctions

gap junction

basement membrane
(extracellular matrix)

adhering junction

embedded in the cell membranes help control which

ions and molecules cross the tissue. For example, an
abundance of tight junctions in the lining of the stomach
normally keeps acidic fluid from leaking out. If a bacterial
infection damages this lining, acid and enzymes can erode
the underlying layers. The result is a painful peptic ulcer.

Adhering junctions composed of adhesion proteins
snap cells to each other and anchor them to ECM. Skin
and other tissues that are subject to abrasion or stretching
have a lot of adhering junctions. These cell junctions also
strengthen contractile tissues such as heart muscle. Gap
junctions form channels that connect the cytoplasm of
adjoining cells, thus permitting ions and small molecules
to pass directly from the cytoplasm of one cell to another.
By opening or closing, these channels allow entire regions
of cells to respond to a single stimulus. Heart muscle and
other tissues in which the cells perform a coordinated
action have many of these communication channels.

In plants, open channels called plasmodesmata (sin-
gular, plasmodesma) extend across cell walls, connecting
the cytoplasm of adjoining cells (Figure 4.24C). Substances
such as water, nutrients, and signaling molecules can flow
quickly from cell to cell through these cell junctions.

Take-Home M essage What structures form on the outside
of eukaryotic cells?

) Cells of many protists, nearly all fungi, and all plants have a porous wall
around the plasma membrane. Animal cells do not have walls.

> Plant cell secretions form a waxy cuticle that helps protect the exposed sur-
faces of soft plant parts.

2 Cell secretions form extracellular matrixes between cells in many tissues.

> Cells make structural and functional connections with one another and with
extracellular matrix in tissues.
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Cell Wall Chloroplast Central Vacuole
Protects, structurally Specializes in Increases cell surface area;
supports cell photosynthesis  stores metabolic wastes

Nucleus
y nuclear envelope [—Keeps DNA separated from
nucleolus cytoplasm; makes ribosome
'_ DNA in subunits; controls access
Cytoskeleton microtubules to DNA

nucleoplasm
Structurally

supports, imparts
shape to cell; intermediate
moves cell and filaments
its components (not shown)

microfilaments Ribosomes

(attached to rough ER
and free in cytoplasm)
Sites of protein synthesis

Rough ER
Modifies proteins made by
ribosomes attached to it

Mitochondrion
Energy powerhouse; produces
many ATP by aerobic respiration
Smooth ER
Makes lipids, breaks down
carbohydrates and fats,
inactivates toxins

Plasmodesma
Communication junction
between adjoining cells

Golgi Body

Finishes, sorts, ships lipids,
enzymes, and proteins

Plasma Membrane

Selectively controls the kinds and
amounts of substances moving
into and out of cell; helps maintain
cytoplasmic volume, composition

Lysosome-Llike Vesicle
Digests, recycles materials

A Typical plant cell components.

Nucleus
nuclear envelope —Keeps DNA separated from
— i .
nucleolus cytoplasm; makes ribosome
4 . subunits; controls access
- DNA in to DNA

nucleoplasm

Cytoskeleton microtubules
Structurally
supports, imparts
shape to cell;
moves cell and
its components

——Ribosomes
(attached to rough
ER and free in cytoplasm)
Sites of protein synthesis

microfilaments

intermediate
filaments

Rough ER

Modifies proteins made by
ribosomes attached to it
Smooth ER

Makes lipids, breaks down
carbohydrates and fats,
inactivates toxins

Mitochondrion
Energy powerhouse; produces
many ATP by aerobic respiration

Centrioles
Special centers that produce and
organize microtubules

Golgi Body

Plasma Membrane

Selectively controls the kinds and
amounts of substances moving
into and out of cell; helps maintain
cytoplasmic volume, composition

enzymes, and proteins

Ly me
Digests, recycles materials

B Typical animal cell components.

Figure 426 Animated Organelles and structures typical of A plant cells and B animal cells.
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The Nature of Life

> We define life by describing the set of properties that is
unique to living things.

< Links to Life’s levels of organization 1.2, Homeostasis 1.3,
Philosophy of science 1.9

In this chapter, you learned about the structure of cells,
which have at their minimum a plasma membrane,
cytoplasm, and a region of DNA. Most cells have many
other components. But what, exactly, makes a cell, or an
organism that consists of them, alive? We say that life is
a property that emerges from cellular components, but a
collection of those components in the right amounts and
proportions is not necessarily alive.

We know intuitively what “life” is, but defining it
unambiguously is challenging, if not impossible. We can
more easily describe what sets living things apart from
nonliving things, but even that is tricky. For example,
living organisms have a high proportion of the organic
molecules of life, but so do the remains of dead organ-
isms such as coal and other fossil fuels. Living things use
energy to reproduce themselves, but computer viruses,
which are arguably not alive, can do that too.

So how do biologists, who study life as a profession,
describe it? The short answer is that their best description
of life is very long. It consists of a list of properties associ-
ated with things we know to be alive. You already know
about two of these properties of organisms:

1. They make and use the organic molecules of life.
2. They consist of one or more cells.

The remainder of this book details the other properties
of living things:

3. They engage in self-sustaining biological processes
such as metabolism and homeostasis.

4. They change over their lifetime, for example by grow-
ing, maturing, and aging.

5. They use DNA as their hereditary material.

6. They have the collective capacity to change over succes-
sive generations, for example by adapting to environmen-
tal pressures.

Collectively, these properties characterize living things as
different from nonliving things.

Take-Home Message Whatis life?

> We describe the characteristic of “life” in terms of a
set of properties. The set is unique to living things.

> In living things, the molecules of life are organized
as one or more cells that engage in self-sustaining
biological processes.

> Organisms use DNA as their hereditary material.

) Living things change over lifetimes, and over generations.

h Food for Thought (revisited)

One food safety measure involves sterilization, which kills E. coli 0157:H7
and other bacteria. Recalled, contaminated ground beef is typically cooked
or otherwise sterilized, then processed into ready-to-eat products. Raw
beef trimmings are effectively sterilized when sprayed with ammonia and
ground to a paste. The resulting meat product is now routinely added to
hamburger patties, fresh ground beef, hot dogs, lunch meats, sausages, fro-
zen entrees, canned foods, and other items sold to quick service restaurants,
hotel and restaurant chains, institutions, and school lunch programs. Meat,
poultry, milk, and fruits sterilized by exposure to radiation are available in
@y, supermarkets. By law, irradiated foods must be marked with the
"V" symbol on the left, but foods sterilized with chemicals are not cur-

rently required to carry any disclosure. Some worry that steriliza-
tion may alter food or leave harmful chemicals in it. Whether any health
risks are associated with consuming sterilized foods is unknown.

How Would You Vote? Some think the safest way to protect consumers from
food poisoning is by sterilizing food with chemicals or radiation to kill any bacteria that
may be in it. Others think we should make sure our food does not get contaminated in
the first place. Would you choose sterilized food? See CengageNow for details, then
vote online (cengagenow.com).

Summary

Sections 4.1 and 4.2 The cell is the smallest
unit of life. Although cells differ in size,
shape, and function, each starts out life
with a plasma membrane, cytoplasm, and
a region of DNA—in eukaryotic cells, a
nucleus. A lipid bilayer is the structural foundation of cell
membranes, including organelle membranes.

The surface-to-volume ratio limits cell size. By the
cell theory, all organisms consist of one or more cells; the
cell is the smallest unit of life; each new cell arises from
another, preexisting cell; and a cell passes hereditary mate-
rial to its offspring.

Section 4.3 Most cells are far too small to
see with the naked eye. We use different
types of microscopes and techniques to
reveal cells and their internal and external
details.

Section 4.4 A cell membrane is a mosaic of
lipids (mainly phospholipids) and proteins.
It functions as a selectively permeable bar-
rier that separates an internal environment
from an external one. The lipids are orga-
nized as a lipid bilayer: a double layer of lipids in which
the nonpolar tails of both layers are sandwiched between
the polar heads.

The membranes of most cells can be described as a fluid
mosaic. Proteins associated with a membrane carry out
most membrane functions. All membranes have transport

proteins. Plasma membranes also have receptor proteins,
adhesion proteins, enzymes, and recognition proteins.
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Summary

Section 4.5 Bacteria and archaeans have
no nucleus, but they have nucleoids and
ribosomes. Many have a cell wall, flagella
or pili, and plasmids. Bacteria and other
microbial organisms often share living
arrangements in biofilms.

Sections 4.6, 4.7 Eukaryotic cells start out
life with membrane-enclosed organelles,
including a nucleus. A nucleus has a double-
membraned nuclear envelope surrounding
A nucleoplasm. In the nucleus, ribosome sub-
units are assembled in dense regions called nucleoli.

Section 4.8 The endomembrane system
includes rough and smooth endoplasmic
reticulum (ER.), vesicles, and Golgi bod-
ies. This system makes and modifies lipids
and proteins; it also recycles and disposes
of molecules and particles. Peroxisomes, lysosomes, and

vacuoles (including central vacuoles) are vesicles.

Section 4.9 Mitochondria make ATP by
breaking down organic compounds in the

N

oxygen-requiring pathway of aerobic respi-
ration. Chloroplasts are plastids that pro-
duce sugars by photosynthesis.

Section 4.10 A cytoskeleton includes
microtubules, microfilaments, and inter-
mediate filaments. A microfilament cell
cortex reinforces plasma membranes. Inter-

\ actions between motor proteins and micro-
tubules move cilia and eukaryotic flagella. Centrioles give
rise to microtubules, then become basal bodies.

Section 4.11 Cuticle is an example of
extracellular matrix (ECM). Pliable pri-
mary walls enclose secondary walls
strengthened with lignin. Cell junctions
connect cells to one another and to ECM.
Adhering junctions, gap junctions, and tight junctions con-
nect animal cells. Plasmodesmata connect plant cells.

Sections 4.12, 4.13 We describe the characteristic of life as
a set of properties. The set is unique to living things.

Table 4.3 Summary of Typical Components of Cells

Eukaryotes
Cell Main Bacteria,
Component Functions Archaeans Protists Fungi Plants | Animals
Cell wall Protection, structural support v* v* (4 v None
Plasma membrane Control of substances moving into and out of cell 4 v v v v
Nucleus Physical separation of DNA from cytoplasm None (4 v v v
DNA Encoding of hereditary information v v v v 4
RNA Transcription, translation v v v 4 v
Nucleolus Assembly of ribosome subunits None v v 4 4
Ribosome Protein synthesis v v v 4 4
Endoplasmic Initial modification of polypeptide chains; None 4 v v v
reticulum (ER) lipid synthesis
Golgi body Final modification of proteins, lipid assembly, and None v v v 4
packaging of both for use inside cell or export
Lysosome Intracellular digestion None v v* v* v
Mitochondrion ATP formation ** v v v v
Photosynthetic pigments Light-to-energy conversion v* v* None v None
Chloroplast Photosynthesis; some starch storage None v* None v None
Central vacuole Increasing cell surface area; storage None None v* v None
Bacterial flagellum Locomotion through fluid surroundings v* None None None None
Eukaryotic flagellum Locomotion through or motion within fluid None v* v* v* v
or cilium surroundings
Cytoskeleton Cell shape; internal organization; basis of cell Rudimentary*** v* v* v* v
movement and, in many cells, locomotion

* Known to be present in cells of at least some groups.

** Many groups use oxygen-requiring (aerobic) pathways of ATP formation, but mitochondria are not involved.
*** Protein filaments form a simple scaffold that helps support the cell wall in at least some species.
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Data Analysis Activities

Abnormal Motor Proteins Cause Kartagener Syndrome An abnormal form of
a motor protein called dynein causes Kartagener syndrome, a genetic disorder
characterized by chronic sinus and lung infections. Biofilms form in the thick
mucus that collects in the airways, and the resulting bacterial activities and
inflammation cause recurring respiratory infections that damage tissues.
Affected people are usually infertile. Men can produce sperm (Figure 4.27), A
and some have become fathers after a doctor injects their sperm cells directly
into eggs. Review Figure 4.22, then explain how abnormal dynein could cause

infertility in males.
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drome and B an unaffected male.

Self_ Quiz Answers in Appendix ||

1. The is the smallest unit of life.

2. Every cell is descended from another cell. This idea is
part of

a. evolution

b. the theory of heredity

c. the cell theory

d. cell biology

3. True or false? Some protists have no nucleus.

4. Cell membranes consist mainly of a
a. carbohydrate bilayer and proteins
b. protein bilayer and phospholipids
c. lipid bilayer and proteins

5. Unlike eukaryotic cells, bacterial cells
a. have no plasma membrane
b. have RNA but not DNA

c. have no nucleus
d.aand c

6. In a lipid bilayer, of all the lipid molecules
are sandwiched between all the

a. hydrophilic tails; hydrophobic heads

b. hydrophilic heads; hydrophilic tails

c. hydrophobic tails; hydrophilic heads

d. hydrophobic heads; hydrophilic tails

7. Enzymes contained in break down worn-out
organelles, bacteria, and other particles.

8. Put the following structures in order according to the
pathway of a secreted protein:
a. plasma membrane
b. Golgi bodies

c. endoplasmic reticulum
d. post-Golgi vesicles

9. The main function of the endomembrane system is
building and modifying and

10. Is this statement true or false? The plasma membrane
is the outermost component of all cells. Explain.

11. Most membrane functions are performed by
a. proteins
b. phospholipids

c. nucleic acids
d. hormones

12. No animal cell has a .
a. plasma membrane
b. flagellum

c. lysosome
d. cell wall

13. connect the cytoplasm of plant cells.
a. Plasmodesmata
b. Adhering junctions

c. Tight junctions
d.aand b

14. Match each cell component with its function.

____mitochondrion a. protein synthesis
___ chloroplast b. associates with
__ribosome ribosomes
__smooth ER c. ATP production
___ Golgi body d. sorts and ships
__rough ER e. assembles lipids

f. photosynthesis
Additional questions are available on CENGAGENOW.

Ciritical Thinking

1. In aclassic episode of Star Trek, a gigantic amoeba
engulfs an entire starship. Spock blows the cell to bits
before it reproduces. Think of at least one problem a
biologist would have with this particular scenario.

2. A student is examining different samples with a trans-
mission electron microscope. She discovers a single-celled
organism swimming in a freshwater pond (below). Which
of this organism’s structures can you identify? What type
of cell do you think this is? Be as specific as you can. Look
ahead to Section 20.3 to check your answers.

Animations and Interactions on CENGAGENOW:

> Overview of cells; Surface-to-volume ratio; Microscopes;
Lipid bilayer; Membrane proteins; Bacterial structure;
Eukaryotic organelles; The nuclear envelope; Endomem-
brane system; Mitochondria; Chloroplasts; Cytoskeletal
elements; Motor proteins; Eukaryotic flagella and cilia;
Plant cell walls; Animal cell junctions.
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Figure 4.27 Cross-section of the flagellum of a sperm
cell from A a human male affected by Kartagener syn-



< Links to Earlier Concepts

Here, we revisit electrons (Section 2.3), chemical
bonds (2.4), carbohydrates (3.3), ATP (3.7), motor
proteins (4.10), solutes (2.5), and plant cell walls
(4.11), as we discuss how organisms use energy

to maintain their organization (1.2, 1.3). Protein
structure and function (3.5, 3.6), membrane pro-
teins (4.4), and vesicles (4.8) reappear in the con-
text of metabolism (3.2). You will learn about how
enzymes work, and how factors such as tempera-
ture (2.5) and pH (2.6) affect them.
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Energy Flow

Organisms maintain their

organization only by con-

tinually harvesting energy

from their environment. ATP

couples reactions that release
usable energy with reactions that require it.

How Enzymes Work
Enzymes tremendously
increase the rate of metabolic
reactions. Cofactors assist

l enzymes, and environmental
— factors such as temperature,
salt, and pH can influence enzyme function.
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5 Ground Rules of Metabolism

A Toast to Alcohol Dehydrogenase

The next time someone asks you to have a drink, stop for a
moment and think about the cells in your body that detoxify
alcohol. It makes no difference whether a person drinks a bottle
of beer, a glass of wine, or 1-1/2 ounces of vodka. Each holds the
same amount of alcohol or, more precisely, ethanol. Ethanol mol-
ecules move quickly from the stomach and small intestine into
the bloodstream. Almost all of the ethanol ends up in the liver,
which is a large organ in the abdomen. The liver has impressive
numbers of enzymes. One of them, alcohol dehydrogenase, helps
rid the body of ethanol and other toxins (Figure 5.1).

Ethanol harms the liver. For one thing, breaking it down
produces molecules that directly damage liver cells, so the more
a person drinks, the fewer liver cells are left to do the break-
ing down. Ethanol also interferes with normal processes of
metabolism. For example, oxygen that would normally take part
in breaking down fatty acids is diverted to breaking down etha-
nol, so fats tend to accumulate as large globules in the tissues
of heavy drinkers. A common outcome of such interference is
alcoholic hepatitis, a disease characterized by inflammation and
destruction of liver tissue. Long-term, heavy drinking can also
lead to cirrhosis, or scarring of the liver. (The term cirrhosis is
from the Greek kirros, meaning orange-colored, after the abnor-
mal skin color of people with the disease.)

Eventually, the liver of a heavy drinker may just quit work-
ing, with dire health consequences. The liver is the largest gland
in the human body, and it has many important functions. In
addition to breaking down fats and toxins, it helps regulate the
body’s blood sugar level, and it makes proteins that are essential
for blood clotting, immune function, and maintaining the solute
balance of body fluids.

Heavy drinking can be dangerous in the short term too.
Binge drinking, a self-destructive behavior that involves con-
suming large amounts of alcohol in a brief period of time, is
currently the most serious drug problem on college campuses

in the United States. Tens of thousands of undergraduate stu-
dents have been polled about their drinking habits in recent sur-
veys. More than half of them reported that they regularly drink
five or more alcoholic beverages within a two-hour period.

Figure 5.1 Alcohol metabolism. Alcohol dehydrogenase helps the body
break down toxic alcohols such as ethanol. This enzyme makes it possible
for humans to drink beer, wine, and other alcoholic beverages.

Binge drinking does far more than damage one’s liver. Aside
from the related 500,000 injuries from accidents, the 600,000
assaults by intoxicated students, 100,000 cases of date rape, and
400,000 incidences of unprotected sex among students, binge
drinking is responsible for killing or causing the death of more
than 1,700 college students every year. Ethanol is toxic: If you
put more of it into your body than your enzymes can deal with,
then you will die. With this sobering example, we invite you to
learn about how and why your cells break down organic com-
pounds, including toxic molecules such as ethanol.

The Nature of Metabolism

Metabolic pathways are

energy-driven sequences of

enzyme-mediated reactions.

They build, convert, and

dispose of materials in cells.
Controls that govern steps in metabolic path-
ways can quickly shift cell activities.

Movement of Fluids
f Gradients drive the directional
\,] movements of substances
\,_. across membranes. Water
\_____,/ tends to diffuse across selec-
tively permeable membranes,

including cell membranes, to regions where
solute concentration is higher.

Membrane Trafficking
Transport proteins that work
with or against gradients
adjust or maintain solute
concentrations. Large packets
of substances move across the
plasma membrane by processes of endocytosis
and exocytosis.
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Energy and the World of Life

> Energy input into living cells drives assembly of the mol-
ecules of life.

€ Links to Life’s organization 1.2, Energy 1.3, Laws of nature
1.9, Chemical bonding 2.4, ATP 3.7

Energy Disperses

We define energy as the capacity to do work, but this def-
inition is not very satisfying. Even the brilliant physicists
who study it cannot say what energy is, exactly. However,
even without a perfect definition, we have an intuitive
understanding of energy just by thinking about familiar
forms of it, such as light, heat, electricity, and motion.
We also understand intuitively that one form of energy
can be converted to another. Think about how a light-
bulb changes electricity into light, or how an automobile
changes gasoline into the energy of motion, which is also
called kinetic energy (Figure 5.2).

The formal study of heat and other forms of energy is
called thermodynamics (therm is a Greek word for heat;
dynam means energy). By making careful measurements,
thermodynamics researchers discovered that the total
amount of energy before and after every conversion is
always the same. In other words, energy cannot be created
or destroyed—a phenomenon that we call the first law of
thermodynamics. Remember, a law of nature describes
something that occurs without fail, but our explanation of

why it occurs is incomplete (Section 1.9).

Energy also tends to spread out, or disperse, until
no part of a system holds more than another part. In a
kitchen, for example, heat always flows from a hot pan
to cool air until the temperature of both is the same. We

Figure 5.2 Demonstration of a familiar type of energy: motion, or kinetic energy.
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Figure 5.3 Entropy. Entropy tends to increase, but the total
amount of energy in any system always stays the same.

never see cool air raising the temperature of a hot pan.
Entropy is a measure of how much the energy of a par-
ticular system has become dispersed. Let’s use the hot
pan in a cool kitchen as an example of a system. As heat
flows from the pan into the air, the entropy of the system
increases (Figure 5.3). Entropy continues to increase until
the heat is evenly distributed throughout the kitchen,

and there is no longer a net (or overall) flow of heat from
one area to another. Our system has now reached its
maximum entropy with respect to heat. The tendency of
entropy to increase is the second law of thermodynam-
ics. This is just a fancy way of saying that energy tends to
spread out spontaneously.

Biologists use the concept of entropy as it applies to
chemical bonding, because energy flow in living things
occurs mainly by the making and breaking of chemi-
cal bonds. How is entropy related to chemical bonding?
Think about it just in terms of motion. Two unbound
atoms can vibrate, spin, and rotate in every direction, so
they are at high entropy with respect to motion. A cova-
lent bond between the atoms restricts their movement, so
they are able to move in fewer ways than they did before
bonding. Thus, the entropy of two atoms decreases when
a bond forms between them. Such entropy changes are
part of the reason why some reactions occur spontane-
ously and others require an energy input, as you will see
in the next section.

Energy’s One-Way Flow

Work occurs as a result of an energy transfer. For exam-
ple, making ATP is work, so it requires energy. A plant
cell can do this work by transferring energy from the
environment (light) to molecules that use the energy to
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Figure 5.4 It takes more than
10,000 pounds of soybeans and
corn to raise a 1,000-pound steer.
Where do the other 9,000 pounds
go? About half of the steer’s food
is indigestible. The animal’s body
breaks down molecules in the
remaining half to access energy
stored in chemical bonds. Only
about 15% of that energy goes
toward building body mass. The
rest is lost during energy conver-
sions, as heat.

build ATP. This particular transfer involves an energy
conversion (light energy to chemical energy). Most other
types of cellular work occur by the transfer of chemical
energy from one molecule to another. For example, cells
make glucose by transferring chemical energy from ATP
to other molecules.

As you learn about such processes, remember that
every time energy is transferred, a bit of it disperses. The
energy lost from the transfer is usually in the form of
heat. As a simple example, a typical incandescent light-
bulb converts about 5 percent of the energy of electricity
into light. The remaining 95 percent of the energy ends
up as heat that radiates from the bulb.

Dispersed heat is not very useful for doing work, and
it is not easily converted to a more useful form of energy
(such as electricity). Because some of the energy in every
transfer disperses as heat, and heat is not useful for doing
work, we can say that the total amount of energy available
for doing work in the universe is always decreasing.

Is life an exception to this inevitable flow? An orga-
nized body is hardly dispersed. Energy becomes con-
centrated in each new organism as the molecules of life
organize into cells. Even so, living things constantly use
energy to grow, to move, to acquire nutrients, to repro-
duce, and so on. Inevitable losses occur during the energy
transfers that maintain life (Figure 5.4). Unless those
losses are replenished with energy from another source,
the complex organization of life will end.

Most of the energy that fuels life on Earth comes from
the sun. In our world, energy flows from the sun, through

energy The capacity to do work.

entropy Measure of how much the energy of a system is
dispersed.

first law of thermodynamics Energy cannot be created or
destroyed.

kinetic energy The energy of motion.

potential energy Stored energy.

second law of thermodynamics Energy tends to disperse
spontaneously.

nutrient cycling

Consumers
animals, most fungi,

many protists, bacteria

sunlight
energy

Energy In

Sunlight energy reaches
environments on Earth.
Producers in those envi-
ronments capture some
of the energy and convert
it to other forms that can
drive cellular work.

Energy Out

With each conversion,
some energy escapes into
the environment, mainly as
heat. Living things do not
use heat to drive cellular
work, so the energy flows
only in one direction.

Figure 5.5 Animated Energy flows from the environment into living
organisms, and then back to the environment. The flow drives a cycling
of materials among producers and consumers.

producers, then consumers (Figure 5.5). During this jour-
ney, the energy is transferred many times. With each
transfer, some energy escapes as heat until, eventually,
all of it is permanently dispersed. However, the second
law of thermodynamics does not say how quickly the
dispersal has to happen. Energy’s spontaneous dispersal
is resisted by chemical bonds. The energy in chemical
bonds is a type of potential energy, because it can be
stored. Think of all the bonds in the countless molecules
that make up your skin, heart, liver, fluids, and other
body parts. Those bonds hold the molecules, and you,
together—at least for the time being.

Take-Home Message Whatis energy?

> Energy is the capacity to do work. It can be transferred between systems or
converted from one form to another, but it cannot be created or destroyed.

> Energy disperses spontaneously.

> Some energy is lost during every transfer or conversion.

> Organisms can maintain their complex organization only as long as they
replenish themselves with energy they harvest from someplace else.
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Energy in the Molecules of Life

> All cells store and retrieve energy in chemical bonds of the
molecules of life.

> ATP functions as an energy carrier in cellular reactions.

< Links to Bonding 2.4, Carbohydrates 3.3, Nucleotides 3.7

Energy In, Energy Out

Cells store energy in chemical bonds, and access the
energy stored in chemical bonds by breaking them. Both
processes change molecules. Any process by which such
chemical change occurs is called a reaction.

During a reaction, one or more reactants (molecules
that enter a reaction) become one or more products (mol-
ecules that remain at the reaction’s end). Intermediate
molecules may form between reactants and products. We
show a chemical reaction as an equation in which an arrow
points from reactants to products (Figure 5.6). A number
before a chemical formula in the equation indicates the
number of molecules. Atoms shuffle around in a reaction,
but they never disappear: The same number of atoms that
enter a reaction remain at the reaction’s end.

Every chemical bond holds energy, and the amount of
energy depends on which elements are taking part in the
bond. For example, the covalent bond between an oxygen
and hydrogen atom in any water molecule always holds
the same amount of energy. That is the amount of energy
required to break the bond, and it is also the amount of
energy released when the bond forms. Bond energy and
entropy both contribute to a molecule’s free energy, which
is the amount of energy that is available (free) to do work.

5 2Ho  Oo
[
c
: f )
LQ‘E) energy out
1)
energy in
2H,0

Figure 5.7 Energy inputs and outputs in chemical reactions.

@ Endergonic reactions convert molecules with lower energy to
molecules with higher energy, so they require a net energy input in
order to proceed.

© Exergonic reactions convert molecules with higher energy to mol-
ecules with lower energy, so they end with a net energy output.

» Figure It Out Which law of thermodynamics explains energy

inputs and outputs in chemical reactions?
MEB| 3511 3| JaMSUY/

coco @9 o®c o®¢
2Ho 02 2H20
(hydrogen) (oxygen) (water)

4 hydrogen atoms
+ 2 oxygen atoms

4 hydrogen atoms
+ 2 oxygen atoms

Figure 5.6 Animated Chemical bookkeeping. In equations that
represent chemical reactions, reactants are written to the left of an
arrow that points to the products. A number before a formula indi-
cates the number of molecules. Atoms shuffle around in a reaction,
but they never disappear: The same number of atoms that enter a
reaction remain at the reaction’s end.

In most reactions, the free energy of reactants differs
from the free energy of products (Figure 5.7). Reactions in
which reactants have less free energy than products will
not proceed without a net energy input. Such reactions
are endergonic, which means “energy in” @. In other
reactions, reactants have greater free energy than prod-
ucts. Such reactions are exergonic, which means “energy
out,” because they end with a net release of free energy
@. Cells access the free energy of molecules by running
exergonic reactions. An example is the overall process of
aerobic respiration, which converts glucose and oxygen to
carbon dioxide and water for a net energy output.

Why Earth Does Not Go Up in Flames

The molecules of life release energy when they combine
with oxygen. For example, think of how a spark ignites
tinder-dry wood in a campfire. Wood is mostly cellulose,
which is a carbohydrate that consists of long chains of
repeating glucose units. The spark initiates a reaction
that converts cellulose in the wood and oxygen in air to
water and carbon dioxide. The reaction is exergonic, and
it releases enough energy to initiate the same reaction
with other cellulose and oxygen molecules. That is why a
campfire keeps burning once it has been lit.

activation energy Minimum amount of energy required to start a
reaction.

ATP Adenosine triposphate; an energy carrier that couples ender-
gonic with exergonic reactions in cells.

ATP/ADP cycle Process by which cells regenerate ATP. ADP
forms when ATP loses a phosphate group, then ATP forms again
as ADP gains a phosphate group.

endergonic Type of reaction that requires a net input of free
energy to proceed.

exergonic Type of reaction that ends with a net release of free
energy.

phosphorylation Addition of a phosphate group to a molecule;
occurs by the transfer of a phosphate group from a donor mol-
ecule such as ATP.

product A molecule that remains at the end of a reaction.
reactant Molecule that enters a reaction.

reaction Process of chemical change.
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Reactants:
2H»> O
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Products: 2H>0O

Free energy
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Figure 5.8 Animated Activation energy. Most reactions will not
begin without an input of activation energy, which is shown here as
a bump in an energy hill. In this example, the reactants have more
energy than the products. Activation energy keeps this and other
exergonic reactions from starting spontaneously.

Earth is rich in oxygen—and in potential exergonic
reactions. Why doesn’t it burst into flames? Luckily,
energy is required to break the chemical bonds of reac-
tants, even in an exergonic reaction. Activation energy
is the minimum amount of energy that will get a chemi-
cal reaction started (Figure 5.8). Activation energy is a bit
like a hill that reactants must climb before they can coast
down the other side to products.

Both endergonic and exergonic reactions have activa-
tion energy, but the amount varies with the reaction.
Consider guncotton (nitrocellulose), a highly explosive
derivative of cellulose. Christian Schonbein accidentally
discovered a way to manufacture it when he used his
wife’s cotton apron to wipe up a nitric acid spill on his
kitchen table, then hung it up to dry next to the oven. The
apron exploded. Being a chemist in the 1800s, Schonbein
immediately thought of marketing guncotton as a firearm

explosive, but it proved to be too unstable to manufacture.

So little activation energy is needed to make guncotton
react with oxygen that it tends to explode unexpectedly.
The substitute? Gunpowder, which has a higher activation
energy for a reaction with oxygen.

ATP—The Cell's Energy Currency

ATP Cells pair reactions that require energy with
reactions that release energy. ATP and other

nucleotides are often part of that process. ATP, or adenos-
ine triphosphate, functions as an energy carrier by accept-
ing energy released by exergonic reactions, and delivering
energy to endergonic reactions. ATP is the main currency
in a cell’s energy economy, so we use a cartoon coin to
symbolize it.

ATP is a nucleotide with three phosphate groups (Fig-
ure 5.9A). The bonds that link those phosphate groups
hold a lot of energy. When a phosphate group is trans-

— &
adenine %
- three phosphate

;:,,,,g e

ribose W \‘ \r

A Structure of ATP.

ATP
AMP ADP

adenine
ribose

P—P—P

B After ATP loses one phosphate group, the nucleotide is ADP
(adenosine diphosphate); after losing two phosphate groups,
itis AMP (adenosine monophosphate).

> energy out

energy in \
ADP + phosphate

C ATP forms by endergonic reactions. ADP forms again when
ATP energy is transferred to another molecule along with a phos-
phate group. Energy from such transfers drives cellular work.

Figure 5.9 ATP, the energy currency of cells.

ferred from ATP to another molecule, energy is trans-
ferred along with the phosphate. That energy contributes
to the “energy in” part of an endergonic reaction. The
transfer of a phosphate group is called phosphorylation.

Cells constantly use up ATP to drive endergonic reac-
tions, so they constantly replenish it. When ATP loses a
phosphate, ADP (adenosine diphosphate) forms (Figure
5.9B). ATP forms again when ADP binds phosphate in an
endergonic reaction. The cycle of using and replenishing
ATP is called the ATP/ADP cycle (Figure 5.9C).

Take-Home M essage How do cells use energy?
) Cells store and retrieve energy by making and breaking chemical bonds.

) Activation energy is the minimum amount of energy required to start a
chemical reaction.

> Endergonic reactions cannot run without a net input of energy. Exergonic reac-
tions end with a net release of energy.

> Energy carriers such as ATP couple exergonic reactions with endergonic ones.
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How Enzymes Work

> Enzymes make specific reactions occur much faster than
they would on their own.

€ Links to Temperature 2.5, pH 2.6, Protein structure 3.5,
Denaturation 3.6

Centuries might pass before sugar would break down

to carbon dioxide and water on its own, yet that same
conversion takes just seconds inside your cells. Enzymes
make the difference. In a process called catalysis, an
enzyme makes a reaction run much faster than it would
on its own. The enzyme is unchanged by participating in
the reaction, so it can work again and again.

Most enzymes are proteins, but some are RNAs. Each
kind recognizes specific reactants, or substrates, and
alters them in a specific way. For instance, the enzyme
hexokinase adds a phosphate group to the hydroxyl group
on the sixth carbon of glucose. Such specificity occurs
because an enzyme’s polypeptide chains fold up into one
or more active sites, which are pockets where substrates
bind and where reactions proceed (Figure 5.10). An active

active site

enzyme

A Like other enzymes, hexokinase’s
active sites bind and alter specific sub-
strates. A model of the whole enzyme
is shown to the left.

B reactant(s)

B A close-up shows glucose and
phosphate meeting inside the enzyme’s
active site. The microenvironment of
the site favors a reaction between the
two substrate molecules.

@ product(s)

C Here, the glucose has bonded

with the phosphate. The product of
this reaction, glucose-6-phosphate, is
shown leaving the active site.

Free energy

—— Transition state

Products

Time ——
Figure 5.11 Animated An enzyme enhances the rate of a reaction
by lowering its activation energy.

» Figure It Out s this reaction endergonic or exergonic?

21u08uaxg aMsUY

site is complementary in shape, size, polarity, and charge
to the enzyme’s substrate. This fit is the reason why each
enzyme acts in a specific way on specific substrates.
When we talk about activation energy, we are really
talking about the energy required to break the bonds of
the reactants. Depending on the reaction, that energy may
force substrates close together, redistribute their charge,
or cause some other change. The change brings on the
transition state, when substrate bonds reach their breaking
point and the reaction will run spontaneously to product.
Enzymes can help bring on the transition state by lowering
activation energy (Figure 5.11). They do this by the follow-
ing four mechanisms, which work alone or in combination.

Helping Substrates Get Together Binding at an active
site brings two or more substrates close together. The
closer the substrates are to one another, the more likely
they are to react.

Orienting Substrates in Positions That Favor Reaction
On their own, substrates collide from random directions.
By contrast, binding at an active site positions substrates
so they align appropriately for a reaction.

Inducing a Fit Between Enzyme and Substrate By the
induced-fit model, an enzyme’s active site is not quite
complementary to its substrate. Interacting with a sub-

active site Pocket in an enzyme where substrates bind and a reac-
tion occurs.

antioxidant Substance that prevents molecules from reacting with
oxygen.

catalysis The acceleration of a reaction rate by a molecule that is
unchanged by participating in the reaction.

coenzyme An organic molecule that is a cofactor.

cofactor A metal ion or a coenzyme that associates with an
enzyme and is necessary for its function.

induced-fit model Substrate binding to an active site improves
the fit between the two.

Figure 5.10 An example of an active site. This one is in a hexokinase, an enzyme

that phosphorylates glucose and other six-carbon sugars. substrate A molecule that is specifically acted upon by an enzyme.

80 Unit1 Principles of Cellular Life

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



normal
tyrosinase

temperature-
sensitive
tyrosinase

Enzyme activity ——— >

T
30°C (86°F)
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20°C (68°F) 40°C (104°F)

Figure 512 Animated Enzymes and temperature. Tyrosi-
nase is involved in the production of melanin, a black pig-
ment in skin cells. The form of this enzyme in Siamese cats
is inactive above about 30°C (86°F), so the warmer parts
of the cat’s body end up with less melanin, and lighter fur.

strate molecule causes the enzyme to change shape so
that the fit between them improves. The improved fit may
result in a stronger bond between enzyme and substrate,
or it may better bring on the substrate’s transition state.

Shutting Out Water Molecules Metabolism occurs in
water-based fluids, but water molecules can interfere with
certain reactions. The active sites of some enzymes repel
water, and keep it away from the reactions.

Effects of Temperature, pH, and Salinity
Adding energy in the form of heat boosts free energy,
which is one reason why molecular motion increases with
temperature. The greater the free energy of reactants,

the closer a reaction is to its activation energy. Thus, the
rate of an enzymatic reaction typically increases with
temperature. However, that rule holds only up to a point.
An enzyme denatures above a characteristic temperature.
Then, the reaction rate falls sharply as the shape of the
enzyme changes and it stops functioning (Figure 5.12).

The pH tolerance of enzymes varies. Most enzymes
in the human body have an optimal pH between 6 and
8. For instance, the hexokinase molecule shown in Figure
5.10A is most active in areas of the small intestine where
the pH is around 8. Some enzymes work outside the typi-
cal range of pH. The enzyme pepsin functions only in
stomach fluid, where it breaks down proteins in food. The
fluid is very acidic, with a pH of about 2 (Figure 5.13).

An enzyme’s activity is also influenced by the amount
of salt in the surrounding fluid. Too much or too little salt
can disrupt the hydrogen bonding that holds an enzyme
in its three-dimensional shape.

Help From Cofactors
Cofactors are atoms or molecules (other than proteins)
that associate with enzymes and are necessary for their

glycogen
phosphorylase

Enzyme activity ——— >

Figure 5.13 Enzymes and pH. Left, how pH affects three enzymes. Right, carnivorous
plants of the genus Nepenthes grow in nitrogen-poor habitats. They secrete acids and
protein-digesting enzymes into a fluid-filled cup that consists of a modified leaf. The
enzymes release nitrogen from insects that are attracted to odors from the fluid and
then drown in it. One of these enzymes functions best at pH 2.6.

function. Some are metal ions. Organic molecules that are
cofactors are called coenzymes. Vitamin C is a coenzyme,
and many B vitamins are remodeled into coenzymes.

Coenzymes in some reactions are tightly bound to an
enzyme. In others, they participate as separate molecules.
Unlike enzymes, many coenzymes are modified by taking
part in a reaction. They typically become regenerated in
other reactions. For example, the coenzyme NAD* (nico-
tinamide adenine dinucleotide) becomes NADH by accept-
ing electrons and hydrogen atoms in a reaction. NAD* is
regenerated when the NADH gives up the electrons and
hydrogen atoms in a different reaction.

We can use an enzyme called catalase as an )
example of how cofactors work. Like hemoglobin, ien stom
catalase has four hemes. The iron atom at the center
of each heme (right) is a cofactor. Iron is a metal,
and metal atoms affect nearby electrons. Catalase
works by holding a substrate molecule close to one
of its iron atoms. The iron pulls on the substrate’s
electrons, which brings on the transition state.

Catalase is an antioxidant, which means its actions

a heme

stop other molecules from reacting with oxygen. Oxygen
reactions often produce free radicals: atoms or molecules
with unpaired electrons. Free radicals form during normal
metabolic reactions, but they are dangerous because they
attack the structure of biological molecules. Antioxidants
such as catalase are critical to health because they reduce
the amount of free radicals that form in the body.

Take-Home M essage How do enzymes work?

> Enzymes greatly enhance the rate of specific reactions. Binding at an enzyme’s
active site causes a substrate to reach its transition state. In this state, the sub-
strate’s bonds are at the breaking point, so the reaction can run spontaneously.

> Each enzyme works best at certain temperatures, pH, and salt concentration.

) Cofactors associate with enzymes and assist their function.

Chapter 5 Ground Rules of Metabolism 81

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Metabolism: Organized, Enzyme-Mediated Reactions

> ATP, enzymes, and other molecules interact in organized
pathways of metabolism.

€ Links to Electrons 2.3, Metabolism 3.2, Amino acids 3.5,
Membrane proteins 4.4

Types of Metabolic Pathways
Metabolism, remember, refers to the activities by which
cells acquire and use energy as they build and break
down organic molecules. Building, rearranging, or break-
ing down an organic substance often occurs stepwise, in a
series of reactions called a metabolic pathway.

Some metabolic pathways are linear, meaning that the
reactions run straight from reactant to product:

enzyme 1 enzyme 2 enzyme 3
reactant ——— > intermediate ——— > intermediate ——— product

Other metabolic pathways are cyclic. In a cyclic path-
way, the last step regenerates a reactant for the first step:

roduct

p
\l enzyme 3

intermediate

reactant

enzymtﬂ/

intermediate

enzyme 2

Controls Over Metabolism

Cells conserve energy and resources by making only what
they need—no more, no less—at any given moment. How
does a cell adjust the types and amounts of molecules it
produces? Several mechanisms help a cell maintain, raise,

substrate in
active site

active site

A inactive form B active form

reactant

/> GHXG 1

intermediate

Figure 5.14 Animated
Feedback inhibition. In
this example, three kinds
of enzymes act in sequence
to convert a substrate to a
product, which inhibits the
activity of the first enzyme.

enzyme 2

» Figure It Out Is this an
example of a cyclic or a
linear metabolic pathway?
‘Aemyred aeaul| e st siy| uamsuy

intermediate

enzyme 3

; product

or lower its production of thousands of different sub-
stances. For example, reactions do not only run from reac-
tants to products. Many also run in reverse at the same
time, with some of the products being converted back to
reactants. The rates of the forward and reverse reactions
often depend on the concentrations of reactants and prod-
ucts: A high concentration of reactants pushes the reac-
tion in the forward direction, and a high concentration of
products pushes it in the reverse direction.

Other mechanisms more actively regulate enzymes.
Certain molecules in a cell govern how fast enzyme mol-
ecules are made, or influence the activity of enzymes that
have already been built. For example, the end product of
a series of enzymatic reactions may inhibit the activity of
one of the enzymes in the series, an effect called feed-
back inhibition (Figure 5.14).

Some regulatory molecules or ions activate or inhibit
an enzyme by binding directly to its active site. Others
bind to allosteric sites, which are regions of an enzyme
(other than the active site) where regulatory molecules

Figure 5.15 Animated Allosteric effects.

A Pyruvate kinase is an enzyme that consists

of four identical polypeptide chains. Each

chain has an active site and a binding site for
regulatory a regulatory molecule.

molecules B When regulatory molecules (red) bind

to the allosteric sites, the overall shape of
the enzyme changes. The change makes the
enzyme functional. Here, substrate mol-
ecules (yellow) are bound to the active sites.
Small green balls are metal cofactors.
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carbon dioxide

carbon dioxide

glucose glucose €5 @ Energy input splits glucose into carbon
+ a dioxide, electrons, and hydrogen ions (H").
oxygen oxygen H ‘*f@ Electrons lose energy as they move through

an electron transfer chain.

— @ Energy released by electrons is harnessed
for cellular work.

£
‘%70 Electrons, hydrogen ions, and oxygen
combine to form water.

water

J

B The same overall reaction occurs in small steps

A Glucose and oxygen react (burn) when
exposed to a spark. Energy is released all at once
as light and heat when CO, and water form.

with an electron transfer chain. Energy is released
in amounts that cells can harness for cellular work.

Figure 5.16 Animated Comparing uncontrolled and controlled energy release.

bind. Allo- means other, and steric means structure.
Binding of an allosteric regulator alters the shape of the
enzyme in a way that enhances or inhibits its function
(Figure 5.15).

Redox Reactions

The bonds of organic molecules hold a lot of energy that
can be released by a reaction with oxygen. One type of
reaction with oxygen—burning—releases the energy of
organic molecules all at once, explosively (Figure 5.16A).
Cells use oxygen to break the bonds of organic mol-
ecules. However, they have no way to harvest an explosive
burst of energy. Instead, they break the molecules apart in
several steps that release the energy in small, manageable
increments. Most of these steps are oxidation-reduction
reactions, or redox reactions for short. In a redox reac-
tion, one molecule accepts electrons (it becomes reduced)
from another molecule (which becomes oxidized). Redox

allosteric Describes a region of an enzyme other than the active
site that can bind regulatory molecules.

electron transfer chain Array of enzymes and other molecules
that accept and give up electrons in sequence, thus releasing the
energy of the electrons in usable increments.

feedback inhibition Mechanism by which a change that results
from some activity decreases or stops the activity.

metabolic pathway Series of enzyme-mediated reactions by
which cells build, remodel, or break down an organic molecule.
redox reaction Oxidation—-reduction reaction in which one mole-
cule accepts electrons (it becomes reduced) from another molecule
(which becomes oxidized). Also called electron transfer.

reactions are also called electron transfers. To remember
what reduced means, think of how the negative charge of
an electron “reduces” the charge of a recipient molecule.

In the next two chapters, you will learn about the
importance of redox reactions in electron transfer chains.
An electron transfer chain is an organized series of reac-
tion steps in which membrane-bound arrays of enzymes
and other molecules give up and accept electrons in turn.
Electrons are at a higher energy level when they enter a
chain than when they leave. Electron transfer chains can
harvest the energy given off by an electron as it drops to
a lower energy level (Figure 5.16B).

Many coenzymes deliver electrons to electron transfer
chains in photosynthesis and aerobic respiration. Energy
released at certain steps in those chains helps drive the
synthesis of ATP. These pathways will occupy our atten-
tion in chapters to come.

Take-Home M essage Whatis a metabolic pathway?

> A metabolic pathway is a sequence of enzyme-mediated reactions that builds,
rearranges, or breaks down an organic molecule.

> Control mechanisms enhance or inhibit the activity of many enzymes. The
adjustments help cells produce only what they require in any given interval.

> Many metabolic pathways involve oxidation-reduction (redox) reactions,
which are also called electron transfers.

> Redox reactions occur in electron transfer chains, which are important pro-
cesses of energy exchange in photosynthesis and aerobic respiration.
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X3 Movement of lons and Molecules

) lons and molecules tend to move from one region to
another in response to concentration gradients.

> Water diffuses across cell membranes by osmosis.

€ Links to Homeostasis 1.3, lons and molecules 2.3, Solutes
2.5, Cell membrane structure 4.2, Plant cell walls 4.11

Understanding how metabolism works in cells begins
with the behavior of solutions. How much of a solute is
dissolved in a given amount of fluid is the solute’s con-
centration. A difference in solute concentration between
adjacent regions of solution is a concentration gradient.

Solute molecules or ions tend to move “down” their
concentration gradient, from a region of higher concentra-
tion to one of lower concentration. Why? Molecules and
ions are always in motion; they collide at random and
bounce off one another millions of times each second.
The more crowded they are, the more often they collide.
Rebounds from the collisions propel molecules away from
one another. Thus, during any given interval, more mol-
ecules get bumped out of a region of higher concentration
than get bumped into it.

Diffusion (left) is the net movement
/
\}
-

1. Size. It takes more energy to move a large molecule

of molecules or ions in response to a
concentration gradient. It is an essen-
tial way in which substances move
into, through, and out of cells. The rate
of diffusion depends on five factors:

than it does to move a small one. Thus, smaller molecules
diffuse more quickly than larger ones.

2. Temperature. Molecules move faster at higher tempera-
ture, so they collide more often. Thus, the higher the tem-
perature, the faster the diffusion.

3. Steepness of the concentration gradient. The rate of dif-
fusion is higher with steeper gradients, because molecules
collide more often in a region of greater concentration.

4. Charge can affect the rate and direction of diffusion
between two regions. Each ion or charged molecule in a
fluid contributes to the fluid’s overall electric charge. A
difference in charge between two regions can affect the
rate and direction of diffusion between them. For exam-
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Figure 5.18 Animated Selective permeability of lipid bilayers.

A Hydrophobic molecules, gases, and water molecules can cross
a lipid bilayer on their own. B lons in particular and most polar
molecules such as glucose cannot; they cross cell membranes
only with the help of transport proteins in the bilayer.

ple, positively charged substances, such as sodium ions,
diffuse toward a region with an overall negative charge.
5. Pressure. Diffusion may be affected by a difference

in pressure between two adjoining regions. Pressure
squeezes molecules together, and molecules that are more
crowded collide and rebound more frequently. Thus, dif-
fusion occurs faster at higher pressures.

Diffusion Across Membranes

Tonicity refers to the total concentration of solutes in flu-
ids separated by a selectively permeable membrane (such
membranes allow some substances, but not others, to
cross). When the overall solute concentrations of the two
fluids differ, the fluid with the lower overall concentra-
tion of solutes is said to be hypotonic (hypo—, under). The
other one, with the higher overall solute concentration, is
hypertonic (hyper—, over). Fluids that are isotonic have
the same overall solute concentration.

A typical selectively permeable membrane allows
water to cross it. When this type of membrane separates
two fluids that are not isotonic, water will diffuse across
the membrane, and move from the hypotonic fluid
into the hypertonic one (Figure 5.17). The diffusion will
continue until the two fluids are isotonic, or until some
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. ° L) o
oo o0 . .
° o slel 2° Figure 5.17 Animated Osmosis. Water moves across a selectively perme-

able membrane that separates two fluids with differing concentration. The

selectively permeable
membrane

fluid volume changes in the two compartments as water follows its gradi-
ent and diffuses across the membrane.
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Figure 5.19 Animated Tonicity.

A Experiment that shows what happens when a selec-
tively permeable membrane bag is immersed in solutions
of different tonicity.

B Red blood cells immersed

B-D The micrographs show human red blood cells
immersed in fluids of different tonicity.

»> Figure It Out Which of the three solutions in A'is
hypertonic with respect to the fluid in the bag?
UOIIN|OS 3SOUINS 940 | dY | JIMSUY

pressure against the hypertonic fluid counters it. The
diffusion of water across a membrane is so important
in biology that it is given a special name: osmosis.

A lipid bilayer is one type of selectively permeable
membrane that ions and most polar molecules cannot
cross (Figure 5.18). If a cell’s cytoplasm is hypertonic with
respect to the fluid outside of its plasma membrane,
water diffuses into it. If the cytoplasm is hypotonic with
respect to the fluid on the outside, water diffuses out. In
either case, the solute concentration of the cytoplasm may
change. If it changes enough, the cell’s enzymes will stop
working, with lethal results. Most free-living cells, and
some that are part of multicelled organisms, have built-in
mechanisms that compensate for differences in tonicity
between cytoplasm and external fluid. In cells with no
such mechanism, the volume—and solute concentra-
tion—of cytoplasm will change as water diffuses into or
out of the cell (Figure 5.19).

in an isotonic solution do not in a hypertonic solution
change in volume. The fluid
portion of blood is typically
isotonic with cytoplasm.

concentration Number of molecules or ions per unit volume.
concentration gradient Difference in concentration between
adjoining regions of fluid.

diffusion Net movement of molecules or ions from a region where
they are more concentrated to a region where they are less so.
hypertonic Describes a fluid that has a high overall solute concen-
tration relative to another fluid.

hypotonic Describes a fluid that has a low overall solute concen-
tration relative to another fluid.

isotonic Describes two fluids with identical solute concentrations.
osmosis The diffusion of water across a selectively permeable
membrane in response to a differing overall solute concentration.
osmotic pressure Amount of turgor that prevents osmosis into
cytoplasm or other hypertonic fluid.

turgor Pressure that a fluid exerts against a wall, membrane, or
other structure that contains it.

o

D Red blood cells immersed

C Red blood cells immersed
in a hypotonic solution swell
up because more water dif-

fuses into the cells than out

shrivel up because more
water diffuses out of the
cells than into them. of them.

Turgor

Cell walls of plants and many protists, fungi, and bacteria
can resist an increase in the volume of cytoplasm even

in hypotonic environments. In the case of plant cells,
cytoplasm usually contains more solutes than soil water
does. Thus, water usually diffuses from soil into a plant—
but only up to a point. Rigid walls keep plant cells from
expanding very much. Thus, osmosis causes pressure to
build up inside of these cells. Pressure that a fluid exerts
against a structure that contains it is called turgor. When
enough pressure builds up inside a plant cell, water stops
diffusing into its cytoplasm. The amount of turgor that
stops osmosis is called osmotic pressure.

Osmotic pressure keeps walled cells plump, just as
high air pressure inside a tire keeps it inflated. A young
land plant can resist gravity to stay erect because its cells
are plump with cytoplasm. When soil dries out, it loses
water but not solutes, so the concentration of solutes
increases in whatever water remains in it. If soil water
becomes hypertonic with respect to cytoplasm, water dif-
fuses out of the plant’s cells, so their cytoplasm shrinks.
As turgor inside the cells decreases, the plant wilts.

Take-Home M essage Whatinfluences the movement of ions
and molecules?

> Molecules or ions tend to diffuse into an adjoining region of fluid in which
they are not as concentrated.

> The steepness of a concentration gradient as well as temperature, molecular
size, charge, and pressure affect the rate of diffusion.

> Osmosis is a net diffusion of water between two fluids that differ in water con-
centration and are separated by a selectively permeable membrane.

) Fluid pressure that a solution exerts against a membrane or wall influences the
osmotic movement of water.
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Membrane-Crossing Mechanisms

> Many types of molecules and ions diffuse across a lipid
bilayer only with the help of transport proteins.
€ Link to Transport proteins 4.4
You learned in the previous section that gases, water, and
small nonpolar molecules can diffuse directly across a
lipid bilayer. Most other molecules, and ions in particular,
cross only with the help of membrane transport proteins.
Each type of transport protein can move a specific ion
or molecule. Glucose transporters only transport glu-
cose; calcium pumps only pump calcium; and so on. The
specificity of transport proteins means that the amounts
and types of substances that cross a membrane depend
on which transport proteins are embedded in it. It also
allows cells to control the volume and composition of

their fluid interior by moving particular solutes one way
or the other across their membranes.

For example, a glucose transporter in a plasma mem-
brane can bind to a molecule of glucose, but not to a
molecule of phosphorylated glucose. Enzymes in cyto-
plasm phosphorylate glucose as soon as it enters the cell.
Phosphorylation prevents the molecule from moving back
through the glucose transporter and leaving the cell.

Passive Transport

In passive transport, the movement of a solute (and the
direction of the movement) through a transport protein is
driven entirely by the solute’s concentration gradient. For
this reason, passive transport is also called facilitated dif-

fusion. The solute simply binds to the passive transport
protein, and the protein releases it to the other side of the
membrane (Figure 5.20).

A glucose transporter is an example of a passive trans-
port protein @. This protein changes shape when it binds
to a molecule of glucose @. The shape change moves
the solute to the opposite side of the membrane, where
it detaches. Then, the transporter reverts to its original
shape @. Some passive transporters do not change shape;
they form permanently open channels through a mem-
brane. Others are gated, which means they open and close

Extracellular

-a1
¢

in response to a stimulus such as a shift in electric charge
or binding to a signaling molecule.

Cytoplasm lipid bilayer

Active Transport

Solute concentrations may shift in extracellular fluid or
in cytoplasm. Maintaining a particular solute’s concentra-
tion at a certain level often means transporting the solute
against its gradient, to the side of a membrane where it is
more concentrated. Pumping a solute against its gradient

Figure 5.20 Animated Passive transport. This model shows a glu-
cose transporter.

@ A glucose molecule (here, in extracellular fluid) binds to a glu-
cose transporter in the plasma membrane.

@ Binding causes the transport protein to change shape.

@ The glucose molecule detaches from the transport protein on the
other side of the membrane (here, in cytoplasm), and the protein
resumes its original shape.

» Figure It Out In this example, which fluid is hypotonic: extracel -

lular fluid or the cytoplasm? wse|doik uamsuy
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Figure 5.21 Animated Active transport. This model shows a calcium pump embedded in a muscle cell membrane.
A Two calcium ions bind to the transport protein. B Energy in the form of a phosphate group is transferred from ATP
to the protein. The transfer causes the protein to change shape so that it ejects the calcium ions to the opposite side
of the membrane. C After it loses the calcium ions, the transport protein resumes its original shape.

takes energy. In active transport, a transport protein uses
energy to pump a solute against its gradient across a cell
membrane. After a solute binds to an active transporter,
an energy input (often in the form of a phosphate-group
transfer from ATP) changes the shape of the protein. The
change causes the transporter to release the solute to the
other side of the membrane.

A calcium pump is an example of an active transporter.
This protein moves calcium ions across cell membranes
(Figure 5.21). Calcium ions act as potent messengers inside
cells, and many enzymes have allosteric sites that bind
these ions. Thus, their presence in cytoplasm is tightly
regulated. Calcium pumps in the plasma membrane of all
eukaryotic cells keep the concentration of calcium in cyto-
plasm 10,000 times higher than it is in extracellular fluid.

Cotransporters are active transport proteins that move
two substances at the same time, in the same or opposite
directions across a membrane. Nearly all of the cells in
your body have cotransporters called sodium—potassium
pumps (Figure 5.22). Sodium ions (Na*) in the cytoplasm
diffuse into the pump’s open channel and bind to its
interior. A phosphate-group transfer from ATP causes the
pump to change shape. Its channel opens to extracellular
fluid, where it releases the Na*. Then, potassium ions
(K*) from extracellular fluid diffuse into the channel and
bind to its interior. The transporter releases the phosphate
group and reverts to its original shape. The channel opens
to the cytoplasm, where it releases the K*.

Bear in mind, the membranes of all cells, not just those
of animals, have active transporters. For example, active
transporters in plant leaf cells pump sugars into tubes
that distribute them throughout the plant body.

Extracellular
Fluid

Figure 5.22 Cotransport. This model shows how a sodium-potassium pump transports
sodium ions (Na*, red) from cytoplasm to extracellular fluid, and potassium ions (K*,
purple) in the other direction across the plasma membrane. A phosphate-group transfer
from ATP provides energy for the transport.

active transport Energy-requiring mechanism by which a trans-
port protein pumps a solute across a cell membrane against its
concentration gradient.

passive transport Mechanism by which a concentration gradient
drives the movement of a solute across a cell membrane through a
transport protein. Requires no energy input.

Take-Home M €ssage How do molecules or ions that cannot
diffuse through a lipid bilayer cross a cell membrane?

> Transport proteins help specific molecules or ions to cross cell membranes.

> In passive transport, a solute binds to a protein that releases it on the opposite
side of the membrane. The movement is driven by a concentration gradient.

2 In active transport, a protein pumps a solute across a membrane, against its
concentration gradient. The transporter requires an energy input, as from ATP.
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Membrane Trafficking

> By processes of exocytosis and endocytosis, cells take in
and expel particles that are too big for transport proteins,
as well as substances in bulk.

< Links to Lipoproteins 3.5, Vesicles 4.8, Motor proteins 4.10

Think back on the structure of a lipid bilayer. When a
bilayer is disrupted, such as when part of the plasma
membrane pinches off as a vesicle, it seals itself. Why?
The disruption exposes the nonpolar fatty acid tails of the
phospholipids to their watery surroundings. Remember,
in water, phospholipids spontaneously rearrange them-
selves so that their tails stay together. When a patch of
membrane buds, its phospholipid tails are repelled by
water on both sides. The water “pushes” the phospholipid
tails together, which helps round off the bud as a vesicle,
and also seals the rupture in the membrane.

Endocytosis Exocytosis
A Molecules or
particles enter
pits in the plasma 5
membrane. i | o, 0
bbby oo ,'\_l R 0 bt
X @

B The pits sink

inward and the sorted
become endo- molecules e
cytic vesicles. cycle backto *
the plasma -.‘ \
membrane. ; , =

E Some vesicles
are routed to the

C Vesicle nuclear envelope
contents or ER membrane.
are sorted. Others fuse with

Golgi bodies.

F Some vesicles )
and their contents
are delivered to

lysosomes.

Figure 5.23 Animated Endocytosis and exocytosis.

As part of vesicles, patches of membrane constantly
move to and from the cell surface (Figure 5.23). The forma-
tion and movement of vesicles, which is called membrane
trafficking, involves motor proteins and requires ATP.

By exocytosis, a vesicle moves to the cell surface, and
the protein-studded lipid bilayer of its membrane fuses
with the plasma membrane. As the exocytic vesicle loses
its identity, its contents are released to the surroundings.

Endocytosis takes up substances near the cell’s sur-
face. A small patch of plasma membrane balloons inward,
and then it pinches off after sinking farther into the cyto-
plasm (Figure 5.24). The membrane patch becomes the
outer boundary of an endocytic vesicle, which delivers its
contents to an organelle or stores them in cytoplasm.

As long as a cell is alive, exocytosis and endocytosis
are continually replacing and withdrawing patches of its
plasma membrane.

Phagocytosis (“cell eating”) is an endocytic pathway
in which phagocytic cells such as amoebas engulf micro-
organisms, cellular debris, or other particles. In animals,
macrophages and other white blood cells engulf and
digest pathogenic viruses and bacteria, cancerous body
cells, and other threats. During phagocytosis, microfila-
ments form a mesh under the plasma membrane. When
they contract, they force some cytoplasm and plasma
membrane above it to bulge outward as a lobe called a
pseudopod (Figure 5.25). Pseudopods engulf a target and
merge as a vesicle that sinks into the cytoplasm and fuses
with a lysosome. Enzymes in the lysosome break down
the vesicle’s contents. The resulting molecular bits may be
recycled by the cell, or expelled by exocytosis.

plasma
membrane

aggregates of
lipoproteins

Figure 5.24 Endocytosis of lipoproteins.
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A Pseudopods surround a
pathogen (brown).

) -

D Cell uses the
digested material
or expels it.

B Endocytic
vesicle forms.

C Lysosome fuses
with vesicle; enzymes
digest pathogen.

Figure 5.25 Animated Phagocytosis. A phagocytic cell’s pseu-
dopods (extending lobes of cytoplasm) surround a pathogen.
The plasma membrane above the bulging lobes fuses and forms
an endocytic vesicle. Once inside the cytoplasm, the vesicle fuses
with a lysosome, which digests its contents.

The composition of a plasma membrane begins in the
ER. There, membrane proteins and lipids are made and
modified, and both become part of vesicles that transport
them to Golgi bodies for final modification. The finished
proteins and lipids are repackaged as new vesicles that
travel to the plasma membrane and fuse with it. The lip-
ids and proteins of the vesicle membrane become part of
the plasma membrane. This is the process by which new
plasma membrane forms.

In a cell that is no longer growing, the total area of the
plasma membrane remains more or less constant. Mem-
brane is lost as a result of endocytosis, but it is replaced
by membrane arriving as exocytic vesicles.

endocytosis Process by which a cell takes in a small amount of
extracellular fluid by the ballooning inward of its plasma mem-
brane.

exocytosis Process by which a cell expels a vesicle’s contents to
extracellular fluid.

phagocytosis “Cell eating”; an endocytic pathway by which a cell
engulfs particles such as microbes or cellular debris.

Take-Home Message How do cells take in
large particles and bulk substances?
> Exocytosis and endocytosis move materials in bulk across
plasma membranes.

) In exocytosis, a cytoplasmic vesicle fuses with the plasma
membrane and releases its contents to the outside of the
cell.

) In endocytosis, a patch of plasma membrane sinks inward
and forms a vesicle in the cytoplasm.

> Phagocytosis is an endocytic pathway by which cells engulf
particles such as microorganisms.

e h A Toast to Alcohol Dehydrogenase (revisited)

In the human body, alcohol dehydrogenase (ADH)
converts ethanol to acetaldehyde, an organic mol-

s
ecule even more toxic than ethanol and the most
likely source of various hangover symptoms. A
different enzyme, ALDH, very quickly converts
acetaldehyde to nontoxic acetate. Thus, the overall
pathway of ethanol metabolism in humans is:

ADH ALDH
ethanol N acetaldehyde acetate
NAD*+  NADH NAD*+  NADH

In the average adult human body, this metabolic pathway can detoxify
between 7 and 14 grams of ethanol per hour. The average alcoholic beverage
contains between 10 and 20 grams of ethanol, which is why having more
than one drink in any two-hour interval may result in a hangover.

Alcohol dehydrogenase detoxifies the tiny quantities of alcohols that form
in some metabolic pathways. In animals, the enzyme also detoxifies alcohols
made by gut-inhabiting bacteria, and those in foods such as ripe fruit.

Defects in ADH or ALDH affect alcohol metabolism. For example, if ADH
is overactive, acetaldehyde accumulates faster than ALDH can detoxify it:

L acetaldehyde LD
ethanol ————> acetaldehyde —— > acetate
— > acetaldehyde
People with an overactive form of ADH become flushed and feel ill after
drinking even a small amount of alcohol. The unpleasant experience may be
part of the reason that these people are less likely to become alcoholic than
others. Underactive ALDH also causes acetaldehyde to accumulate:

ethanolL gggg:ggwgg% acetate
acetaldehyde
Underactive ALDH is associated with the same effect—and the same protec-
tion from alcoholism—as overactive ADH. Both types of variant enzymes
are common in people of Asian descent. For this reason, the alcohol flush-
ing reaction is informally called “Asian flush.”

Having an underactive ADH enzyme has the opposite effect. It results
in slowed alcohol metabolism, so people with an underactive ADH may not
feel the ill effects of drinking alcoholic beverages as much as other people
do. When these people drink alcohol, they have a tendency to become alco-
holics. One-quarter of undergraduate students who binge also have signs
of alcoholism.

Alcohol abuse is the leading cause of cirrhosis of the liver in the United
States. The liver becomes so scarred, hardened, and filled with fat that it
loses its function. It stops making the protein albumin, so the solute bal-
ance of body fluids is disrupted, and the legs and abdomen swell with
watery fluid. It cannot remove drugs and other toxins from the blood, so
they accumulate in the brain—which impairs mental functioning and alters
personality. Restricted blood flow through the liver causes veins to enlarge
and rupture, so internal bleeding is a risk. The damage to the body results
in a heightened risk of diabetes and liver cancer. Once cirrhosis has been
diagnosed, a person has about a 50 percent chance of death within 10 years.

How Would You Vote? Some people have damaged their liver because they
drank too much alcohol; others have had liver-damaging infections. Because there are
not enough liver donors, should life-style be a factor in deciding who gets a liver trans-
plant? See CengageNow for details, then vote online (cengagenow.com).
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Summary

Section 5.1 Metabolic processes build and
break down organic molecules such as etha-
nol and other toxins. Currently the most
serious drug problem on college campuses
is binge drinking.

Section 5.2 Kinetic energy, potential
energy, and other forms of energy cannot
be created or destroyed (first law of ther-
modynamics). Energy can be converted

from one form to another and transferred
between objects or systems. Energy tends to disperse spon-
taneously (second law of thermodynamics). Some energy
disperses with every transfer, usually as heat. Entropy is a
measure of how much the energy of a system is dispersed.

Living things maintain their organization only as long
as they harvest energy from someplace else. Energy flows
in one direction through the biosphere, starting mainly
from the sun, then into and out of ecosystems. Producers
and then consumers use energy to assemble, rearrange,
and break down organic molecules that cycle among
organisms throughout ecosystems.

( ATP Section 5.3 Cells store and retrieve free
e energy by making and breaking chemical
bonds in metabolic reactions, in which reactants are con-
verted to products. Activation energy is the minimum
energy required to start a reaction. Phosphate-group trans-
fers (phosphorylations) to and from ATP couple exergonic
reactions with endergonic ones. Cells regenerate ATP by

the ATP/ADP cycle.

Section 5.4 Enzymes enhance the rate of
reactions without being changed by them,

a process called catalysis. Enzymes lower
activation energy by boosting local concen-
trations of substrates, orienting them in
positions that favor reaction, inducing the fit between a
substrate and the enzyme’s active site (induced-fit model),
or excluding water.

Each type of enzyme works best within a character-
istic range of temperature, salt concentration, and pH.
Most enzymes require cofactors, which are metal ions or
organic coenzymes. Cofactors in some antioxidants help
them stop reactions with oxygen that produce free radicals.

Section 5.5 Cells build, convert, and dispose

of most substances in enzyme-mediated

reaction sequences called metabolic path-

ways. Controls over enzymes allow cells to

conserve energy and resources by produc-
ing only what they require. Allosteric sites are points of
control by which a cell adjusts the types and amounts of
substances it makes. Feedback inhibition is an example of
enzyme control. Redox (oxidation-reduction) reactions in
electron transfer chains allow cells to harvest energy in
manageable increments.

Section 5.6 A concentration gradient is a
\] difference in the concentration of a sub-
\. * stance between adjoining regions of fluid.
R Molecules or ions tend to follow their own
gradient and move toward the region where
they are less concentrated, a behavior called diffusion. The
steepness of the gradient, temperature, solute size, charge,
and pressure influence the diffusion rate.

Osmosis is the diffusion of water across a selectively
permeable membrane, from the region with a lower solute
concentration (hypotonic) toward the region with a higher
solute concentration (hypertonic). There is no net move-
ment of water between isotonic solutions. Osmotic pres-
sure is the amount of turgor (fluid pressure against a cell
membrane or wall) that stops osmosis.
bt
] Y

l"'

- Section 5.7 Gases, water, and small nonpo-
“ lar molecules can diffuse across a lipid
‘_'.,,_. bilayer. Most other molecules, and ions,
cross only with the help of transport pro-
teins, which allow a cell or membrane-
enclosed organelle to control which substances enter and
exit. The types of transport proteins in a membrane deter-
mine which substances cross it. Active transport proteins
such as calcium pumps use energy, usually from ATP, to
pump a solute against its concentration gradient. Passive
transport proteins work without an energy input; solute
movement is driven by the concentration gradient.

Section 5.8 Bulk substances and large parti-
cles move across plasma membranes by
endocytosis and exocytosis. With exocyto-
sis, a cytoplasmic vesicle fuses with the
plasma membrane, and its contents are
released to the outside of the cell. The vesicle’s membrane
lipids and proteins become part of the plasma membrane.
With phagoeytosis and other processes of endocytosis, a
patch of plasma membrane balloons into the cell, and
forms a vesicle that sinks into the cytoplasm.

Self_ Q__Uiz Answers in Appendix ||

1. is life’s primary source of energy.
a. Food ~ b. Water  c. Sunlight  d. ATP

2. If we liken a chemical reaction to an energy hill, then
a(n) reaction is an uphill run.

a. endergonic c. catalytic

b. exergonic d. both a and ¢

3. Which of the following statements is not correct?
a. Energy cannot be created or destroyed.
b. Energy cannot change from one form to another.
c. Energy tends to disperse spontaneously.

4. Enzymes .
a. are proteins, except for a few RNAs
b. lower the activation energy of a reaction
c. are changed by the reactions they catalyze
d.aand b
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Data Analysis Activities

Effects of Artichoke Extract on Hangovers Ethanol is a toxin, so it makes sense Severity of Hangover
that drinking it can cause various symptoms of poisoning: headache, stomach- Participant
. . . N . (Age, Gender) Artichoke Extract Placebo
ache, nausea, fatigue, impaired memory, dizziness, tremors, and diarrhea,
among other ailments. All are symptoms of hangover, the common word for 1(34,F) 1.9 38
what happens as the body is recovering from a bout of heavy drinking. 2(48,F) 5.0 0.6
The most effective treatment for a hangover is to avoid drinking in the (25, w7 e
. . .. 4 (57, F) 2.4 4.4
first place. Folk remedies (such as aspirin, coffee, bananas, more alcohol, 5(34, F) 5.4 16
honey, barley grass, pizza, milkshakes, glutamine, raw eggs, charcoal tablets, 6 (30: F 15 39
asparagus, or cabbage) abound, but few have been studied scientifically. In 7(33,F) 1.4 0.1
2003, Max Pittler and his colleagues tested one of them. The researchers 8 (37, F) 0.7 3.6
gave 15 participants an unmarked pill containing either artichoke extract or 9 (62, M) 4.5 0.9
a placebo (an inactive substance) just before or after drinking enough alco- 0(36, M) 3.7 5.9
hol to cause a hangover. The results are shown in Figure 5.26. 1(54, M) 16 0.2
2(37, M) 26 5.6
1. How many participants experienced a hangover that was worse with the 3(53, M) 4.1 6.3
placebo than with the artichoke extract? 4(48,F) 0.5 0.4
2. How many participants had a worse hangover with the artichoke extract? DI IF) 3 28

3. Express the numbers you counted in questions 1 and 2 as a percentage of
the total number of participants. How much difference is there between
the percentages?

Figure 5.26 Results of a study that tested artichoke extract as a hangover pre-
ventive. All participants were tested once with the placebo and once with the
extract, with a week interval between. Each rated the severity of 20 hangover
symptoms on a scale of 0 (not experienced) to 10 (“as bad as can be imag-
ined”). The 20 ratings were averaged as an overall rating, which is listed here.

4. Do these results support the hypothesis that artichoke extract is an
effective hangover treatment? Why or why not?

5. are always changed by participating in a 13. Match each term with its most suitable description.
reaction. (Choose all that are correct.) ___reactant a.assists enzymes
a. Enzymes c. Reactants ___enzyme b.forms at reaction’s end
b. Cofactors d. Coenzymes _ first law of c. enters a reaction
6. Name one environmental factor that typically influ- thermodynamics d.u‘nch‘anged by‘participa—
ences enzyme function. ___product ting in a reaction
__cofactor e.energy cannot be created
7. A metabolic pathway _ gradient or destroyed

a. may build or break down molecules
b. generates heat
c. can include an electron transfer chain

f. basis of diffusion

g.no energy boost required
h.one cell engulfs another
i. requires energy boost

Additional questions are available on CENGAGENOW.

passive transport
____active transport

hagocytosis
d.a and c ——Phagoey

e. all of the above

8. Diffusion is the movement of ions or molecules from a

region where they are

(more/less) concentrated to

another where they are (more/less) concentrated.

9. Name one molecule that can readily diffuse across a
lipid bilayer.
10. Transporters that require an energy boost help sodium
ions across a cell membrane. This is a case of

a. passive transport c. facilitated diffusion

b. active transport d.aand c

11. Immerse a living human cell in a hypotonic solution,
and water will tend to
a. diffuse into the cell
b. diffuse out of the cell

c. show no net movement
d. move in by endocytosis

12. Vesicles form during
a. endocytosis
b. exocytosis
c. phagocytosis

d. halitosis
e. a through c
f. all of the above

Critical Thinking

1. Often, beginning physics students are taught the basic
concepts of thermodynamics with two phrases: First, you
can’t win. Second, you can’t break even. Explain.

2. Water molecules tend to diffuse in response to their
own concentration gradient. How can water be more or
less concentrated?

Animations and Interactions on CENGAGENOW:

> Energy flow and materials cycling; Chemical bookkeep-
ing; Activation energy; How enzymes work; Enzymes

and temperature; Feedback inhibition; Allosteric effects;
Controlling energy release; Diffusion; Osmosis; Selective
permeability; Tonicity; Passive and active transport; Endo-
cytosis and exocytosis; Phagocytosis.
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< Links to Earlier Concepts

A review of how energy flows through the biosphere
(Sections 5.2, 5.3) will be useful before starting this
chapter, which revisits electron energy levels (2.3),
chemical bonds (2.4), carbohydrates (3.3), mem-
brane proteins (4.4), and antioxidants (5.4). Chlo-
roplasts (4.9) and surface specializations of plant
cells (4.11) support photosynthesis. You will see an
example of how cells harvest energy with electron
transfer chains (5.5).

Copyright 2011 Cengage Learning,

Key Con.cets

The Rainbow Catchers

\ The flow of energy through
the biosphere starts when
chlorophylls and other pho-
tosynthetic pigments absorb
the energy of visible light. In

i

plants, some bacteria, and many protists, that
energy ultimately drives the synthesis of glucose
and other carbohydrates.

What Is Photosynthesis?
Photosynthesis has two stages
in the chloroplasts of plants
and many types of protists. In
. the first stage, sunlight energy
WAl s converted to chemical
energy. Molecules that form in the first stage
of photosynthesis power the formation of sug-
ars in the second stage.
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6 Where It Starts—Photosynthesis

Green Energy

Today, the expression “food is fuel” is not just about eating.
With fossil fuel prices soaring, there is an increasing demand
for biofuels, which are oils, gases, or alcohols made from organic
matter that is not fossilized. Much of the material currently used
for biofuel production consists of food crops—mainly corn, soy-
beans, and sugarcane. Growing these crops in large quantities is
typically expensive and damaging to the environment, and using
them to make biofuel competes with our food supply. The diver-
sion of food crops to biofuel production contributes to increases
in food prices worldwide.

How did we end up competing with our vehicles for food?
We both run on the same fuel: energy that plants have stored
in chemical bonds. Fossil fuels such as petroleum, coal, and
natural gas formed from the remains of ancient swamp forests
that decayed and compacted over millions of years. They consist
mainly of molecules originally assembled by ancient plants.
Biofuels—and foods—consist mainly of molecules originally
assembled by modern plants.

Autotrophs harvest energy directly from the environment,
and obtain carbon from inorganic molecules (auto— means self;
—troph refers to nourishment). Plants and most other autotrophs
make their own food by photosynthesis, a process in which they
use the energy of sunlight to assemble carbohydrates from carbon
dioxide and water. Directly or indirectly, photosynthesis also feeds
most other life on Earth. Animals and other heterotrophs get
energy and carbon by breaking down organic molecules assem-
bled by other organisms (hetero— means other). We and almost
all other organisms sustain ourselves by extracting energy from
organic molecules originally assembled by photosynthesizers.

autotroph Organism that makes its own food using carbon from inorganic
molecules such as CO,, and energy from the environment.

heterotroph Organism that obtains energy and carbon from organic com-
pounds assembled by other organisms.

photosynthesis Metabolic pathway by which most autotrophs capture
light energy and use it to make sugars from CO, and water.

A lot of energy is locked up in the chemical bonds of mol-
ecules made by plants. That energy can fuel heterotrophs, as
when an animal cell powers ATP synthesis by breaking the
bonds of sugars. It can also fuel our cars, which run on energy
released by burning biofuels or fossil fuels. Both processes are
fundamentally the same: They release energy by breaking the
bonds of organic molecules. Both use oxygen to break those
bonds, and both produce carbon dioxide.

Corn and other food crops are rich in oils, starches, or sugars
that can be easily converted to biofuels. The starch in corn ker-
nels, for example, can be enzymatically broken down to glucose,
which is converted to ethanol by heterotrophic bacteria or yeast.
Making biofuels from other types of plant matter requires addi-
tional steps, because these materials contain a higher proportion
of cellulose. Breaking down this tough, insoluble carbohydrate to

its glucose monomers adds substantial cost to the biofuel prod-
uct. Researchers are currently trying to find cost-effective ways
to break down the abundant cellulose in fast-growing weeds
such as switchgrass (Figure 6.1), and agricultural wastes such as
wood chips, wheat straw, cotton stalks, and rice hulls.

Figure 6.1 Biofuels. Opposite, switchgrass (Panicum virgatum), a weed that grows
wild in North American prairies. Above, researchers Ratna Sharma and Mari
Chinn of North Carolina State University working to reduce the costs of pro-
ducing biofuel from biomass such as switchgrass and agricultural wastes.

of photosynthesis, which is
light-dependent because the
reactions run on the energy of
light. The coenzyme NADPH
forms in a noncyclic pathway that releases oxy-
gen. ATP also forms in a cyclic pathway that
does not release oxygen.

e o

.‘, thesis” part of photosynthe-

&0‘0 sis. Sugars are assembled with
carbon and oxygen atoms

from CO,. The reactions

run on the chemical bond energy of ATP, and

electrons donated by NADPH—molecules that

formed in the first stage of photosynthesis.

Making ATP and NADPH 80 Making Sugars Alternate Pathways
ATP forms in the first stage "QI The second stage is the “syn- Details of light-independent

reactions that vary among
organisms are evolutionary
adaptations to different envi-
ronmental conditions.
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Sunlight as an Energy Source

) Photosynthetic organisms use pigments to capture the
energy of sunlight.

< Links to Electrons 2.3, Chemical bonds 2.4, Carbohydrates
3.3, Plastids 4.9, Energy 5.2, Antioxidants 5.4

Properties of Light

Energy flow through nearly all ecosystems on Earth
begins when photosynthesizers intercept energy from the
sun. Harnessing the energy of sunlight for work is com-
plicated business, or we would have been able to do it in
an economically sustainable way by now. Plants do it by
converting light energy to chemical energy, which they
and most other organisms use to drive cellular work. The
first step involves capturing light. In order to understand
how that happens, you have to understand a little about
the nature of light.

Most of the energy that reaches Earth’s surface is in the
form of visible light, so it should not be surprising that vis-
ible light is the energy that drives photosynthesis. Visible
light is a very small part of a large spectrum of electromag-
netic energy radiating from the sun. Like all other forms
of electromagnetic energy, light travels in waves, moving
through space a bit like waves moving across an ocean. The
distance between the crests of two successive waves is the
light’s wavelength, which we measure in nanometers (nm).
About 25 million nanometers are equal to one inch.

Visible light occurs between wavelengths of 380 and 750
nanometers. We see light of particular wavelengths in this
range as different colors, and all wavelengths combined

shortest wavelengths
(highest energy)

range of most radiation
reaching Earth’s surface

range of heat escaping
from Earth’s surface

visible light

ultraviolet infrared

radiation radiation

as white. White light separates into its component colors
when it passes through a prism. The prism bends the lon-
ger wavelengths more than it bends the shorter ones, so a
rainbow of colors forms (Figure 6.2A).

Light travels in waves, but it is also organized in pack-
ets of energy called photons. A photon’s energy and its
wavelength are related, so all photons traveling at the same
wavelength carry the same amount of energy. Photons that
carry the least amount of energy travel in longer wave-
lengths; those that carry the most energy travel in shorter
wavelengths (Figure 6.2B). Photons of wavelengths shorter
than about 380 nanometers carry enough energy to alter
or break the chemical bonds of DNA and other biological
molecules. That is why UV (ultraviolet) light, x-rays, and
gamma rays are a threat to life.

Pigments: The Rainbow Catchers
Photosynthesizers use pigments to capture light. A pig-
ment is an organic molecule that selectively absorbs light
of specific wavelengths. Wavelengths of light that are not
absorbed are reflected, and that reflected light gives each
pigment its characteristic color. For example, a pigment
that absorbs violet, blue, and green light reflects the rest
of the visible light spectrum—yellow, orange, and red
light. This pigment appears orange to us.

Chlorophyll a is by far the most common photo-
synthetic pigment in plants, and also in photosynthetic
protists and bacteria. Chlorophyll a absorbs violet and
red light, so it appears green to us. Accessory pigments,

longest wavelengths
(lowest energy)

microwaves radio waves

400 500 600 700
A Wavelengths of visible light (in nanometers)

R VAV AVA AN I

Lower energy

Figure 6.2 Animated Properties of light. A Electromagnetic spectrum of radiant energy, which undulates
across space as waves that we measure in nanometers. Visible light makes up a very small part of the spec-
trum. Raindrops or a prism can separate its different wavelengths, which we see as different colors. B Light
is organized as packets of energy called photons. The shorter a photon’s wavelength, the greater its energy.
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Occurrence

Pigment Protists Bacteria Archaeans

Chlorophyll a green

Other chlorophylls green
Phycobilins

phycocyanobilin blue
phycoerythrobilin red
phycoviolobilin violet

Carotenoids

beta-carotene orange
lycopene red

lutein yellow
zeaxanthin yellow

fucoxanthin brown
Anthocyanins red to blue

Retinal violet

A

including other chlorophylls, work together with chlo-
rophyll a to harvest a wide range of light wavelengths
for photosynthesis. The colors of a few of the 600 or so
known accessory pigments are shown in Figure 6.3A.

Accessory pigments are typically multipurpose
molecules. Their antioxidant properties protect plants
and other organisms from the damaging effects of UV
light in the sun’s rays; their appealing colors attract
animals to ripening fruit or pollinators to flowers. You
may already be familiar with some of these molecules
because they color familiar roots, fruits, and flowers. For
example, carrots are orange because they have a lot of
beta-carotene (which is also spelled f-carotene). The yel-
low color of corn comes from zeaxanthin. The color of a
tomato changes from green to red as it ripens because its
chlorophyll-containing chloroplasts develop into lycopene-
containing chromoplasts (Section 4.9). Roses are red and
violets are blue because of their anthocyanin content.

Most photosynthetic organisms use a combination
of pigments for photosynthesis. In plants, chlorophylls
are usually so abundant that they mask the colors of the
other pigments, so leaves typically appear green. The
green leaves of many plants change color during autumn
because they stop making pigments in preparation for a
period of dormancy. Chlorophyll breaks down faster than

chlorophyll @ Main photosynthetic pigment in plants.

pigment An organic molecule that can absorb light of certain
wavelengths.

wavelength Distance between the crests of two successive waves
of light.

Figure 6.3 Examples of
photosynthetic pigments.

A Collectively, photosyn-
thetic pigments are capable
of absorbing almost all vis-
ible light wavelengths.

B Structures of two pho-
tosynthetic pigments. The
light-trapping ring structure
of chlorophyll is almost iden-
tical to a heme group. Heme
groups are part of hemoglo-
bin, which is a red pigment.

) VA V2 V2 V2 V2 V2 VA VAN

chlorophyll a beta-carotene

the other pigments, so the leaves turn red, orange, yellow,
or violet as their chlorophyll content declines and their
accessory pigments become visible.

The light-trapping part of a pigment is an array of
atoms in which single bonds alternate with double bonds
(Figure 6.3B). Electrons in such arrays easily absorb pho-
tons, so pigment molecules function a bit like antennas
that are specialized for receiving light energy of only cer-
tain wavelengths.

Absorbing a photon excites electrons. Remember, an
energy input can boost an electron to a higher energy
level (Section 2.3). The excited electron returns quickly to
a lower energy level by emitting the extra energy. As you
will see, photosynthetic cells can capture energy emitted
from an electron returning to a lower energy level. Arrays
of chlorophylls and other photosynthetic pigments in these
cells hold on to the energy by passing it back and forth
between them. When the energy reaches a special pair of
chlorophylls, the reactions of photosynthesis begin.

Take-Home M essage How do photosynthesizers absorb light?

> Energy radiating from the sun travels through space in waves and is organized
as packets called photons.

> The spectrum of radiant energy from the sun includes visible light. Humans
perceive different wavelengths of visible light as different colors. The shorter
the wavelength, the greater the energy.

) Pigments absorb light at specific wavelengths. Photosynthetic species use pig-
ments such as chlorophyll a to harvest the energy of light for photosynthesis.
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Exploring the Rainbow

> Photosynthetic pigments work together to harvest light of
different wavelengths.

In 1882, botanist Theodor Engelmann designed an experi-
ment to test his hypothesis that the color of light affects
photosynthesis. It had long been known that photosyn-
thesis releases oxygen, so Engelmann used the amount

of oxygen released by photosynthetic cells as a measure
of how much photosynthesis was occurring in them. He
used a prism to divide a ray of light into its component
colors, then directed the resulting spectrum across a sin-
gle strand of Chladophora, a photosynthetic alga (Figure
6.4A\), suspended in a drop of water.

Oxygen-sensing equipment had not yet been invented,
so Engelmann used oxygen-requiring bacteria to show
him where the oxygen concentration in the water was
highest. The bacteria moved through the water and gath-
ered mainly where violet or red light fell across the strand
of algae (Figure 6.4B). Engelmann concluded that the algal
cells illuminated by light of these colors were releasing
the most oxygen—a sign that violet and red light are the
best for driving photosynthesis.

Engelmann’s experiment allowed him to correctly
identify the colors of light (red and violet) that are most
efficient at driving photosynthesis in Chladophora. His
results constituted an absorption spectrum, which is a
graph that shows how efficiently the different wave-
lengths of light are absorbed by a substance. Peaks in the
graph indicate wavelengths of light that the substance
absorbs best (Figure 6.4C). Engelmann’s results represent
the combined spectra of all the photosynthetic pigments
in Chladophora.

Most photosynthetic organisms use a combination of
pigments to drive photosynthesis, and the combination
differs by species. Why? Different proportions of wave-
lengths in sunlight reach different parts of Earth. The
particular set of pigments in each species is an adaptation
that allows an organism to absorb the particular wave-
lengths of light available in its habitat.

For example, water absorbs light between wavelengths
of 500 and 600 nm less efficiently than other wave-
lengths. Algae that live deep underwater have pigments
that absorb light in the range of 500-600 nm, which is the
range that water does not absorb very well. Phycobilins
are the most common pigments in deep-water algae.

Take-Home M essage Why do cells use more than one
photosynthetic pigment?
> A combination of pigments allows a photosynthetic organism to most effi-
ciently capture the particular range of light wavelengths that reaches the habi-
tat in which it evolved.

A Light micrograph of photosynthetic cells in a strand of
Chladophora. Engelmann used this green alga to show that
certain colors of light are best for photosynthesis.

400 500 600 700
Wavelength (nanometers)

B Engelmann directed light through a prism so that
bands of colors crossed a water droplet on a microscope
slide. The water held a strand of Chladophora and oxygen-
requiring bacteria. The bacteria clustered around the algal
cells that were releasing the most oxygen—the ones that
were most actively engaged in photosynthesis. Those cells
were under red and violet light.

phycoerythrobilin

chlorophyll b phycocyanobilin
|

B-carotene chlorophyll a

Light absorption (%)

400 500 600 700
Wavelength (nanometers)

C Absorption spectra of a few photosynthetic pigments.
Line color is the characteristic color of each pigment.

Figure 6.4 Animated Discovery that photosynthesis is driven by
particular wavelengths of light. Theodor Engelmann used the green
alga Chladophora A in an early photosynthesis experiment B. His
results constituted one of the first absorption spectra.

C Absorption spectra of chlorophylls a and b, -carotene, and two
phycobilins reveal the efficiency with which these pigments absorb
different wavelengths of visible light.

» Figure It Out Of the five pigments represented in C, which three
are the main photosynthetic pigments in Chladophora?
aualoed-¢ pue ‘g ||Aydoiojyd ‘v |Aydotojyd uamsuy
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Overview of Photosynthesis

> Photosynthesis occurs in two stages in the chloroplasts of
plants and other photosynthetic eukaryotes.

The chloroplast is an organelle that specializes in photo-
synthesis in plants and many protists (Figure 6.5). Plant
chloroplasts have two outer membranes, and are filled
with a semifluid matrix called stroma. Stroma contains
the chloroplast’s own DNA, some ribosomes, and an inner,
much-folded thylakoid membrane. The folds of a thyla-
koid membrane typically form stacks of disks (thylakoids)
that are connected by channels. The space inside all of the
disks and channels is one continuous compartment.
Photosynthesis is often summarized by this equation:

6C0, + 6HO _ lightenergy — CgHy,05 + 60,
carbon water glucose oxygen
dioxide
However, photosynthesis is not one reaction. It is a series
of many reactions that occur in two stages. The first stage
occurs at the thylakoid membrane. It is driven by light, so
the collective reactions of this stage are called the light-
dependent reactions. Two different sets of light-dependent
reactions constitute a noncyclic and a cyclic pathway. Both
pathways convert light energy to chemical bond energy
of ATP. The noncyclic pathway, which is the main one in
chloroplasts, yields NADPH and O, in addition to ATP:

ADP ATP
+
NQEOP Light-dependent NADPH
energy 02

The reactions of the second stage of photosynthesis,
which run in the stroma, make glucose and other carbohy-
drates from carbon dioxide and water. Light energy does
not power them, so they are collectively called the light-
independent reactions. They run on energy delivered by
ATP and coenzymes produced in the first stage:

ATP
. : ADP
NADPH |  Light-independent rea NADP+
CO» (Calvin-Benson cycle)
glucose
H>0O

chloroplast Organelle specialized for photosynthesis in plants and
some protists.

light-dependent reactions First stage of photosynthesis; convert
light energy to chemical energy of ATP and NADPH.
light-independent reactions Second stage of photosynthesis; use
ATP and NADPH to assemble sugars from water and CO,.

stroma Semifluid matrix between the thylakoid membrane and
the two outer membranes of a chloroplast.

thylakoid membrane A chloroplast’s highly folded inner mem-
brane system; forms a continuous compartment in the stroma.

two outer membranes
of chloroplast

stroma

part of thylakoid
membrane system:

thylakoid
compartment,
cutaway view

Foa

Figure 6.5 Animated The chloroplast: site of photosynthesis in the cells of typical leafy
plants. The micrograph shows chloroplast-stuffed cells of a moss, Plagiomnium affine.

Take-Home M essage Whatis photosynthesis and where in a
eukaryotic cell does it take place?

> In the first stage of photosynthesis, light energy drives the formation of ATP
and NADPH, and oxygen is released. In eukaryotic cells, these light-dependent
reactions occur at the thylakoid membrane of chloroplasts.

> The second stage of photosynthesis, the light-independent reactions, occur in
the stroma. ATP and NADPH drive the synthesis of carbohydrates from water
and carbon dioxide.
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Light-Dependent Reactions

) The reactions of the first stage of photosynthesis convert
the energy of light to the energy of chemical bonds.

< Links to Electrons and energy levels 2.3, Membrane pro-
teins 4.4, Chloroplasts 4.9, Energy 5.2, Electron transfer
chains 5.5, Gradients 5.6

Capturing Light for Photosynthesis

When a pigment in a thylakoid membrane absorbs a pho-
ton, the photon’s energy boosts one of the pigment’s elec-
trons to a higher energy level. The electron quickly emits
the extra energy and drops back to its unexcited state.
That energy would be lost to the environment if nothing
else were to happen, but in a thylakoid membrane the
energy of excited electrons is not lost. Light-harvesting
complexes keep it in play. Millions of these circular arrays
of chlorophylls, accessory pigments, and proteins are
embedded in each thylakoid membrane (Figure 6.6). Pig-
ments that are part of a light-harvesting complex can hold
on to energy by passing it back and forth, a bit like volley-
ball players pass a ball among team members. The energy
gets volleyed from cluster to cluster until a photosystem
absorbs it. Photosystems are groups of hundreds of chlo-
rophylls, accessory pigments, and other molecules that
work as a unit to begin the reactions of photosynthesis.

The Noncyclic Pathway

Thylakoid membranes contain two kinds of photosystems,
type I and type II, which were named in the order of their
discovery. They work together in a set of reactions called
the noncyclic pathway of photosynthesis. These reactions
begin when energy being passed among light-harvesting
complexes reaches a photosystem II (Figure 6.7). At the

center of each photosystem is a special pair of chlorophyll

light-harvesting complex photosystem

a molecules. When a photosystem absorbs energy, elec-
trons are ejected from its special pair @. These electrons
immediately enter an electron transfer chain in the thyla-
koid membrane.

Replacing Lost Electrons

A photosystem can donate only a few electrons to elec-
tron transfer chains before it must be restocked with
more. Where do replacements come from? Photosystem
II gets more electrons by pulling them off of water mol-
ecules in the thylakoid compartment. This reaction causes
the water molecules to dissociate into hydrogen ions and
oxygen @. The released oxygen diffuses out of the cell as
0, gas. This and any other process by which a molecule is
broken apart by light energy is called photolysis.

Harvesting Electron Energy

The actual conversion of light energy to chemical energy
occurs when a photosystem donates electrons to an
electron transfer chain @. Light does not take part in
chemical reactions, but electrons do. In a series of redox
reactions, electrons pass from one molecule of the chain
to the next. With each reaction, the electrons release a bit
of their extra energy.

The molecules of the electron transfer chain use the
released energy to move hydrogen ions (H*) across the
membrane, from the stroma to the thylakoid compart-
ment @. Thus, the flow of electrons through electron
transfer chains sets up and maintains a hydrogen ion
gradient across the thylakoid membrane. This gradient
motivates hydrogen ions in the thylakoid compartment to
move back into the stroma. However, ions cannot diffuse
through lipid bilayers (Section 4.4). H* leaves the thyla-
koid compartment only by flowing through membrane
transport proteins called ATP synthases.

Hydrogen ion flow through an ATP synthase causes
this protein to attach a phosphate group to ADP @), so
ATP forms in the stroma. The process by which the flow
of electrons through electron transfer chains drives ATP
formation is called electron transfer phosphorylation.

After the electrons have moved through the first elec-
tron transfer chain, they are accepted by a photosystem I.
When this photosystem absorbs light energy, electrons

Figure 6.6 Artist’s view of some of the components of

the thylakoid membrane as seen from the stroma. Mol-
ecules of electron transfer chains and ATP synthases are
also present, but not shown for clarity.
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The Light-Dependent Reactions of Photosynthesis

are ejected from its special pair of chlorophylls @. These
electrons enter a second, different electron transfer chain.
At the end of this chain, the coenzyme NADP* accepts the
electrons along with H*, so NADPH forms @:

NADP*+ + 2e~ + H* ——> NADPH

ATP and NADPH continue to form as long as electrons
continue to flow through transfer chains in the thylakoid
membrane, and electrons flow through the chains as long
as water, NADP?, and light are plentiful. The flow of elec-
trons slows—and so does ATP and NADPH production—
at night, or when water or NADP* is scarce.

The Cyclic Pathway

At high oxygen levels, or when NADPH accumulates

in the stroma, the noncyclic pathway backs up and stalls.
Even when the noncyclic pathway is not running, a cell
can continue producing ATP by photosynthesis with the
cyclic pathway. This pathway involves photosystem I and
an electron transfer chain that cycles electrons back to it.
The chain that acts in the cyclic pathway uses electron
energy to move hydrogen ions into the thylakoid compart-
ment. The resulting hydrogen ion gradient drives ATP for-
mation, just as it does in the noncyclic pathway. However,
NADPH does not form, because electrons at the end of this

electron transfer phosphorylation Process in which electron flow
through electron transfer chains sets up a hydrogen ion gradient
that drives ATP formation.

photolysis Process by which light energy breaks down a molecule.
photosystem Cluster of pigments and proteins that converts light
energy to chemical energy in photosynthesis.

to light-independent

light energy reactions

stroma

Figure 6.7 Animated Light-dependent reactions of photosynthesis. This example
shows the noncyclic reactions in a thylakoid membrane.

@ Light energy ejects electrons from a photosystem II.

@ The photosystem pulls replacement electrons from water molecules, which break
apart into oxygen and hydrogen ions. The oxygen leaves the cell as O,.

© The electrons enter an electron transfer chain in the thylakoid membrane.

@ Energy lost by the electrons as they move through the transfer chain causes hydro-
gen ions to be pumped from the stroma into the thylakoid compartment. A hydrogen
ion gradient forms across the thylakoid membrane.

(5) Light energy ejects electrons from a photosystem I. Replacement electrons come
from an electron transfer chain.

@ The electrons move through a second electron transfer chain, then combine with
NADP* and H*, so NADPH forms.

(7] Hydrogen ions in the thylakoid compartment are propelled through the interior of
ATP synthases by their gradient across the thylakoid membrane. Hydrogen ion flow
causes ATP synthases to attach phosphate to ADP, so ATP forms in the stroma.

chain are accepted by a photosystem I, not NADP*. Oxy-
gen (O,) does not form either, because photosystem I does
not rely on photolysis to resupply itself with electrons.

Take-Home M essage What happens during the light-dependent
reactions of photosynthesis?
) In the light-dependent reactions of photosynthesis, chlorophylls and other pig-
ments in the thylakoid membrane transfer the energy of light to photosystems.

> Absorbing energy causes electrons to leave photosystems and enter electron
transfer chains in the membrane. The flow of electrons through the transfer
chains sets up hydrogen ion gradients that drive ATP formation.

> In the noncyclic pathway, oxygen is released and electrons end up in NADPH.

> A cyclic pathway involving only photosystem I allows the cell to continue mak-
ing ATP even when the noncyclic pathway is not running. NADPH does not
form, and oxygen is not released.
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m Energy Flow in Photosynthesis

Y Energy flow in the light-dependent reactions is an example
of how organisms harvest energy from the environment.
€ Links to Energy in metabolism 5.3, Redox reactions 5.5

excited x
excited ~ PZ00 @

P680 6

&
¥
[ NADPH]

P700

(photosystem ) light energy

P680 light energy
(photosystem I1)

Energy flow in the noncyclic reactions of photosynthesis

A The noncyclic pathway is a one-way flow of electrons from water, to photo-
system Il, to photosystem |, to NADPH. As long as electrons continue to flow
through the two electron transfer chains, H* continues to be carried across the
thylakoid membrane, and ATP and NADPH keep forming. Light provides the
energy boosts that keep the pathway going.

excited x
P700 6

B In the cyclic pathway,
electrons ejected from
photosystem | are returned
to it. As long as electrons
continue to pass through
its electron transfer chain,
H* continues to be carried
across the thylakoid mem-
brane, and ATP continues
to form. Light provides the
energy boost that keeps
the cycle going.

(photosystem I) B = JIIeaEISte

Energy flow in the cyclic reactions
of photosynthesis

Figure 6.8 Energy flow in the light-dependent reactions of photosynthesis. An
energy input of an appropriate wavelength ejects electrons from a photosystem’s
special pair of chlorophylls. The special pair in photosystem | absorbs photons of a
680-nanometer wavelength, so it is called P680. The special pair in photosystem |1
absorbs photons of a 700-nanometer wavelength, so it is called P700.

One of the recurring themes in biology is that organisms
use energy harvested from the environment to drive cel-
lular processes. Energy flow in the light-dependent reac-
tions of photosynthesis is a classic example of how that
happens. Figure 6.8 compares energy flow in the two path-
ways of light-dependent reactions.

The simpler cyclic pathway evolved first, and still oper-
ates in nearly all photosynthesizers. Later, the photosyn-
thetic machinery in some organisms became modified so
that photosystem II became part of it. That modification
was the beginning of a combined sequence of reactions
that removes electrons from water molecules, with the
release of hydrogen ions and oxygen.

In the noncyclic reactions, electrons that leave photosys-
tem II do not return to it. Instead, they end up in NADPH,
a powerful reducing agent (electron donor). In the cyclic
reactions, electrons lost from photosystem I are cycled back
to it. No NADPH forms, and no oxygen is released.

In both the cyclic and noncyclic reactions, molecules
in electron transfer chains use electron energy to shuttle
H* across the thylakoid membrane. Hydrogen ions accu-
mulate in the thylakoid compartment, forming a gradient
that powers ATP synthesis.

The plasma membrane of different species of modern
photosynthetic bacteria incorporates either type I or type
II photosystems. Cyanobacteria, plants, and all photosyn-
thetic protists use both types. Which of the two pathways
predominates at any given time depends on the organ-
ism’s immediate metabolic demands for ATP and NADPH.

Having the alternate pathways is efficient, because
cells can direct energy to producing NADPH and ATP or
to producing ATP alone. NADPH accumulates when it is
not being used, such as when sugar production declines
during cold snaps. The excess NADPH backs up the
noncyclic pathway, so the cyclic pathway predominates.
The cell still makes ATP, but not NADPH. When sugar
production is in high gear, NADPH is being used quickly.
It does not accumulate, and the noncyclic pathway is the
predominant one.

Sunlight and water are essentially unlimited, free
resources here on Earth. If we could use solar energy to
split water molecules even a fraction as efficiently as pho-
tosystem II does, we would have a cheap source of hydro-
gen that we could use as clean-burning, renewable fuel.

Take-Home M essage How does energy flow
during the reactions of photosynthesis?
) Light provides energy inputs that keep electrons flowing
through electron transfer chains.

> Energy lost by electrons as they flow through the chains
sets up a hydrogen ion gradient that drives the synthesis
of ATP alone, or ATP and NADPH.
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Light-Independent Reactions: The Sugar Factory

> The chloroplast is a sugar factory operated by enzymes
of the Calvin-Benson cycle. The cyclic, light-independent
reactions are the “synthesis” part of photosynthesis.

< Links to Carbohydrates 3.3, ATP energy transfers and
phosphorylation 5.3

The enzyme-mediated reactions of the Calvin-Benson
cycle build sugars in the stroma of chloroplasts (Figure
6.9). These reactions are light-independent because
light energy does not power them. Instead, they

run on ATP and NADPH that formed in the light-
dependent reactions.

Light-independent reactions use carbon atoms
from CO, to make sugars. Extracting carbon atoms
from an inorganic source and incorporating them
into an organic molecule is a process called carbon
fixation. In most plants, photosynthetic protists, and
some bacteria, the enzyme rubisco fixes carbon by
attaching CO, to five-carbon RuBP (ribulose bisphos-
phate) @.

The six-carbon intermediate that forms by this
reaction is unstable, so it splits right away into two
three-carbon molecules of PGA (phosphoglycerate).
Each of the PGAs receives a phosphate group from ATP,
and hydrogen and electrons from NADPH. Thus, ATP
energy and the reducing power of NADPH convert each
molecule of PGA into a molecule of PGAL (phosphoglycer-
aldehyde), a phosphorylated sugar @.

o In later reactions, two or more of the

three-carbon PGAL molecules can be com-
ﬁu bined and rearranged to form larger carbo-
[ ¥s) hydrates. Glucose, remember, has six carbon
% @< atoms. To make one glucose molecule, six
CO, must be attached to six RuBP molecules,
so twelve PGAL form. Two PGAL combine to
form one glucose molecule @. The ten remaining PGAL
regenerate the starting compound of the cycle, RuBP @.

Plants can use the glucose they make in the light-

independent reactions as building blocks for other organic
molecules, or they can break it down to access the energy
held in its bonds. However, most of the glucose is con-
verted at once to sucrose or starch by other pathways that
conclude the light-independent reactions. Excess glucose

glucose

is stored in the form of starch grains inside the stroma
of chloroplasts. When sugars are needed in other parts of
the plant, the starch is broken down to sugar monomers
and exported from the cell.

Calvin-Benson cycle Light-independent reactions of photosyn-
thesis; cyclic carbon-fixing pathway that forms sugars from CO,.
carbon fixation Process by which carbon from an inorganic source
such as carbon dioxide gets incorporated into an organic molecule.
rubisco Ribulose bisphosphate carboxylase. Carbon-fixing
enzyme of the Calvin-Benson cycle.

AT

12 ADP + 12 Pj Calvin—
Benson
Cycle

12 NADP*

12 PGAL 10 PGAL

9 900088 — other molecules
glucose

Figure 6.9 Animated Light-independent reactions of photosyn-
thesis. The sketch shows a cross-section of a chloroplast with the
light-independent reactions cycling in the stroma.

The steps shown are a summary of six cycles of the Calvin-Benson
reactions. Black balls signify carbon atoms. Appendix VI details
the reaction steps.

@ six CO, diffuse into a photosynthetic cell, and then into a
chloroplast. Rubisco attaches each to a RuBP molecule. The
resulting intermediates split, so twelve molecules of PGA form.

@ Each PGA molecule gets a phosphate group from ATP, plus
hydrogen and electrons from NADPH. Twelve PGAL form.

© Two PGAL combine to form one glucose molecule.

oThe remaining ten PGAL receive phosphate groups from ATP.

The transfer primes them for endergonic reactions that regenerate
the 6 RuBP.

Take-Home Message What happens during the light-
independent reactions of photosynthesis?
> The light-independent reactions of photosynthesis run on the bond energy of
ATP and the energy of electrons donated by NADPH. Both molecules formed
in the light-dependent reactions.

> Collectively called the Calvin-Benson cycle, these carbon-fixing reaction use
hydrogen (from NADPH), and carbon and oxygen (from CO,) to build sugars.
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m Adaptations: Carbon-Fixing Pathways

> Environments differ, and so do details of photosynthesis.
< Links to Surface specializations 4.11, Controls over meta-
bolic reactions 5.5
Several adaptations allow plants to live where water
is scarce or sporadically available. For example, a thin,
waterproof coating called a cuticle prevents water loss
by evaporation from aboveground plant parts. However,
a cuticle also prevents gases from entering and exiting a
plant by diffusing through cells at the surfaces of leaves
and stems. Gases play a critical role in photosynthesis, so
photosynthetic parts are often studded with tiny, closable
gaps called stomata (singular, stoma). When stomata are
open, carbon dioxide for the light-independent reactions
can diffuse from air into the plant’s photosynthetic tis-
sues, and oxygen produced by the light-dependent reac-
tions can diffuse from photosynthetic cells into the air.
Plants that use only the Calvin-Benson cycle are called
C3 plants, because 3-carbon PGA is the first stable inter-
mediate to form in the light-independent reactions. C3

Oz

glycolate

" Calvin—
Benson
PR Cycle

sugars

Figure 6.10 Animated Carbon-fixing adaptations. Most plants, including basswood
(Tilia americana A), are C3 plants. B Photorespiration in C3 plants makes sugar produc-
tion inefficient on dry days. Additional reactions minimize photorespiration in C4 plants
such as corn (Zea mays C), and CAM plants such as jade plants (Crassula argentea D).

plants typically conserve water on dry days by closing
their stomata. However, when stomata are closed, oxygen
produced by the light-dependent reactions cannot escape
from the plant. Oxygen that accumulates in photosyn-
thetic tissues limits sugar production. Why? At high
oxygen levels, rubisco attaches oxygen (instead of carbon)
to RuBP. This pathway, which is called photorespiration,
produces carbon dioxide, so the plant loses carbon instead
of fixing it (Figure 6.10A,B). In addition, ATP and NADPH
are used to convert the pathway’s intermediates to a mol-
ecule that can enter the Calvin—Benson cycle, so extra
energy is required to make sugars on dry days. C3 plants
compensate for rubisco’s inefficiency by making a lot of
it: Rubisco is the most abundant protein on Earth.

Some plants have adaptations that help them minimize
photorespiration. A 4-carbon molecule is the first stable
intermediate that forms in the light-independent reac-
tions of corn, bamboo, and other C4 plants (Figure 6.10C).
Such plants fix carbon twice, in two kinds of cells. In the
first kind of cell, carbon is fixed by an enzyme that does
not use oxygen even at high oxygen levels. The resulting
intermediate is transported to another kind of cell, where
it is converted to carbon dioxide that enters the Calvin—
Benson cycle. The extra reactions keep the carbon dioxide
level high near rubisco, thus minimizing photorespiration.

In cactuses and other CAM plants, the extra reactions
run at a different time rather than in different cells: The
C4 reactions run during the day, and the Calvin-Benson
cycle runs at night. CAM stands for crassulacean acid
metabolism, after the Crassulaceae family of plants in
which this pathway was first studied (Figure 6.10D).

C3 plant Type of plant that uses only the Calvin-Benson cycle to
fix carbon.

Cé4 plant Type of plant that minimizes photorespiration by fixing
carbon twice, in two cell types.

CAM plant Type of C4 plant that conserves water by fixing car-
bon twice, at different times of day.

photorespiration Reaction in which rubisco attaches oxygen
instead of carbon dioxide to ribulose bisphosphate.

stomata Gaps that open on plant surfaces; allow water vapor and
gases to diffuse across the epidermis.

Take-Home M essage How do carbon-fixing
reactions vary?

> When stomata are closed, oxygen builds up inside leaves
of C3 plants. Rubisco then can attach oxygen (instead of
carbon dioxide) to RuBP. This reaction, photorespiration,
reduces the efficiency of sugar production, so it can limit
the plant’s growth.

) Plants adapted to dry conditions limit photorespiration by
fixing carbon twice. C4 plants separate the two sets of reac-
tions in space; CAM plants separate them in time.

102 Unit1 Principles of Cellular Life

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.




h Green Energy (revisited)

Your body is about 9.5 percent
carbon by weight, which means
] that you contain an enormous Figure 6.11
Visible evidence
of fossil fuel

number of carbon atoms.
Where did they all come from?

. emissions in the
You eat other organisms to get

atmosphere: the
the carbon atoms your body uses for energy and for raw

materials. Those atoms may have passed through other
heterotrophs before you ate them, but at some point they

sky over New
York City on a
sunny day.

were part of photosynthetic organisms. Photosynthesizers
strip carbon from carbon dioxide, then use the atoms to
build organic compounds. Your carbon atoms—and those
of most other organisms—were recently part of Earth’s
atmosphere, in molecules of CO,.

Photosynthesis removes carbon dioxide from the
atmosphere, and locks its carbon atoms inside organic
compounds. When photosynthesizers and other aerobic
organisms break down the organic compounds for energy,
carbon atoms are released in the form of CO,, which then
reenters the atmosphere. Since photosynthesis evolved,
these two processes have constituted a balanced cycle of
the biosphere. You will learn more about the carbon cycle
in Section 42.8. For now, know that the amount of carbon
dioxide that photosynthesis removes from the atmosphere
is roughly the same amount that organisms release back
into it. At least it was, until humans came along.

As early as 8,000 years ago, humans began burning
forests to clear land for agriculture. When trees and other
plants burn, most of the carbon locked in their tissues is
released into the atmosphere as carbon dioxide. Fires that
occur naturally release carbon dioxide the same way.

Today, we are burning a lot more than our ancestors
ever did. In addition to wood, we are burning fossil fuels—
coal, petroleum, and natural gas—to satisfy our greater and
greater demands for energy (Figure 6.11). Fossil fuels are the
organic remains of ancient organisms. When we burn these
fuels, the carbon that has been locked in them for hundreds
of millions of years is released back into the atmosphere,
mainly as carbon dioxide.

Our activities have put Earth’s atmospheric cycle of
carbon dioxide out of balance. We are adding far more
CO, to the atmosphere than photosynthetic organisms are
removing from it. Today, we release about 28 billion tons
of carbon dioxide into the atmosphere each year, more
than ten times the amount we released in the year 1900.
Most of it comes from burning fossil fuels. How do we
know? Researchers can determine how long ago the car-
bon atoms in a sample of CO, were part of a living organ-
ism by measuring the ratio of different carbon isotopes
in it (you will read more about radioisotope dating tech-
niques in Section 16.5). These results are correlated with
fossil fuel extraction, refining, and trade statistics.

Researchers find pockets of our ancient atmosphere
in Antarctica. Snow and ice have been accumulating in
layers there, year after year, for the last 15 million years.
Air and dust trapped in each layer reveal the composition
of the atmosphere that prevailed when the layer formed.
Thus, we now know that the atmospheric CO, level had

been relatively stable for about 10,000 years before the
industrial revolution. Since 1850, the CO, level has been
steadily rising. In 2008, it was higher than it had been in
24 million years.

The increase in atmospheric carbon dioxide is having
dramatic effects on climate. CO, contributes to global cli-
mate change. We are seeing a warming trend that mirrors
the increase in CO, levels: Earth is now the warmest it
has been for 12,000 years. The trend is affecting biologi-
cal systems everywhere. Life cycles are changing—birds
are laying eggs earlier; plants are flowering earlier than
usual; mammals are hibernating for shorter periods.
Migration patterns and habitats are also changing. These
changes may be too fast for many species, and the rate of
extinctions is rising.

Under normal circumstances, extra carbon dioxide
stimulates photosynthesis, which means extra carbon
dioxide uptake. However, changes in temperature and
moisture patterns as a result of global warming are off-
setting this benefit because they are proving harmful to
plants and other photosynthesizers.

Making biofuel production economically feasible is a
high priority for today’s energy researchers. Biofuels are a
renewable source of energy: We can always make more of
them simply by growing more biomass. Also, unlike fossil
fuels, using plant matter for fuel recycles carbon that is
already in the atmosphere, because plants remove carbon
dioxide from the atmosphere as they grow.

How Would You Vote? Ethanol and other fuels manufac-
tured from crops currently cost more than gasoline, but they are
renewable energy sources and have fewer emissions. Would you
pay a premium to drive a vehicle that runs on biofuels? See Cen-
gageNow for details, then vote online (cengagenow.com).
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Summary

T section 6.1 Autotrophs make their own

B food using energy they get directly from
the environment, and carbon from inor-
ganic sources such as CO,. By metabolic
pathways of photosynthesis, plants and

other autotrophs capture the energy of light and use it to

build sugars from water and carbon dioxide. Heterotrophs

get energy and carbon from molecules that other organ-

isms have already assembled.

Sections 6.2, 6.3 Visible light is a very small
part of the spectrum of electromagnetic
energy radiating from the sun. That energy
travels in waves, and it is organized as pho-
tons. Visible light drives photosynthesis,
which begins when photons are absorbed by photosyn-
thetic pigment molecules. Pigments are molecules that
absorb light of particular wavelengths only; photons not
captured by a pigment are reflected as its characteristic
color. The main photosynthetic pigment—chlorophyll a—
absorbs violet and red light, so it appears green. Accessory
pigments absorb additional wavelengths.

Section 6.4 In chloroplasts, the light-
dependent reactions of photosynthesis
occur at a much-folded thylakoid mem-
brane. The membrane forms a continuous
=W compartment in the chloroplast’s interior
(stroma) where the light-independent reactions occur.
The following diagram summarizes the overall process
of photosynthesis (with the noncyclic reactions):

light water carbon dioxide, water

;_"g'Tt_ % NADPH, ATP
':‘d dent .
(depenaents  \app+ ADP

" reactions
>

glucose

Sections 6.5, 6.6 In the light reactions of
photosynthesis, light-harvesting complexes
in the thylakoid membrane absorb photons
and pass the energy to photosystems,
which then release electrons.

In the noncyclic pathway, electrons released from pho-
tosystem II flow through an electron transfer chain, then
to photosystem I. Photon energy causes photosystem I to
release electrons, which end up in NADPH. Photosystem II
replaces lost electrons by pulling them from water, which
then dissociates into H* and O, (an example of photolysis).

In the cyclic pathway, the electrons released from pho-
tosystem I enter an electron transfer chain, then cycle back
to photosystem I. NADPH does not form.

ATP forms by electron transfer phosphorylation in
both pathways. Electrons flowing through electron transfer
chains cause H* to accumulate in the thylakoid compart-
ment. The H* follows its gradient back across the mem-
brane through ATP synthases, driving ATP synthesis.

o Section 6.7 Carbon fixation occurs in light-
Q.. independent reactions. Inside the stroma,
L’O ." the enzyme rubisco attaches a carbon from

$0 CO, to RuBP to start the Calvin-Benson
Q: oC cycle. This cyclic pathway uses energy
from ATP, carbon and oxygen from CO,, and hydrogen
and electrons from NADPH to make sugars.

Section 6.8 Environments differ, and so do
details of the light-independent reactions.
On dry days, plants conserve water by clos-
ing their stomata. However, when stomata
. are closed, O, from photosynthesis cannot
escape the plant, and CO, for photosynthesis cannot enter
it. In C3 plants, the resulting high O, level in the plant’s
tissues causes rubisco to attach O, instead of CO, to RuBP.
This pathway, which is called photorespiration, reduces the
efficiency of sugar production on dry days. In C4 plants,
carbon fixation occurs twice. The first reactions release

CO, near rubisco, and thus limit photorespiration when
stomata are closed. CAM plants minimize photorespira-
tion by opening their stomata and fixing carbon at night.

Sel.f— Q__Uiz Answers in Appendix ||

1. A cat eats a bird, which ate a caterpillar that chewed
on a weed. Which organisms are autotrophs? Which ones
are heterotrophs?

2. Photosynthetic autotrophs use from the air

as a carbon source and as their energy source.

3. Chlorophyll a appears green because it absorbs

mainly light.
a.violet and red c. yellow
b.green d. blue

4. Light-dependent reactions in plants proceed in
the .
a. thylakoid membrane
b.plasma membrane

c. stroma
d. cytoplasm

5. When a photosystem absorbs light,
a.sugar phosphates are produced
b.electrons are transferred to ATP
c. RuBP accepts electrons
d.electrons are ejected from its special pair

6. In the light-dependent reactions, .
a. carbon dioxide is fixed d. CO, accepts electrons
b.ATP forms e.bandc
c. sugars form f.aandc

7. What accumulates inside the thylakoid compartment
during the light-dependent reactions?

a. glucose c. 0y

b.hydrogen ions d.CO,
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Data Analysis Activities

Energy Efficiency of Biofuel Production From Corn, Soy, and Prairie Crasses

Most corn is grown intensively in vast swaths, which means that farm-

ers who grow it use fertilizers and pesticides, both of which are typically
made from fossil fuels. Corn is an annual plant, and yearly harvests tend

to cause runoff that depletes soil and pollutes rivers.

In 2006, David Tilman and his colleagues published the results of a
10-year study comparing the net energy output of various biofuels. The
researchers grew a mixture of native perennial grasses without irriga-

tion, fertilizer, pesticides, or herbicides, in sandy soil that was so depleted

by intensive agriculture that it had been abandoned. They measured the

25

M output
 input

usable energy in biofuels made from the grasses, from corn, and from soy.
They also measured the energy it took to grow and produce each kind of

biofuel. Some of their results are shown in Figure 6.12.

1. About how much energy did ethanol produced from one hectare of
corn yield? How much energy did it take to grow the corn to make

that ethanol?

2. Which of the biofuels tested had the highest ratio of energy output to

energy input?

3. Which of the three crops would require the least amount of land to

produce a given amount of biofuel energy?

Energy (kcal X 106) per hectare

corn grain soybean grass
ethanol biodiesel synfuel
ratio of energy
output to input: 1.25 1.93 8.09

Figure 6.12 Energy inputs and outputs of biofuels from corn
and soy grown on fertile farmland, and grasses grown in infer-
tile soil. One hectare is about 2.5 acres.

8. Lightindependent reactions in plants proceed in
the .
a. thylakoid membrane
b.plasma membrane

C. stroma
d. cytoplasm

9. The Calvin-Benson cycle starts when
a.light is available
b.carbon dioxide is attached to RuBP
c. electrons leave a photosystem II

10. Which of the following substances does not partici-
pate in the Calvin-Benson cycle?

a. ATP d. PGAL
b.NADPH e. 0,
c.RuBP f. CO,

11. In the light-independent reactions, .
a.carbon dioxide is fixed d. CO, accepts electrons
b.ATP forms e.bandc
c. sugars form f.aand c

12. Match each with its most suitable description.
~ PGAL formation a. absorbs light
__ CO, fixation b. converts light to

___photolysis chemical energy
___ATP forms; NADPH c. self-feeder

does not d. electrons cycle back
___photorespiration to photosystem I
__ photosynthesis e. problem in C3 plants
____pigment f. ATP, NADPH
___autotroph required

g. water molecules split
h. rubisco function

Additional questions are available on CENGAGENOW.

Ciritical Thinking

1. About 200 years ago, Jan Baptista van Helmont wanted
to know where growing plants get the materials necessary
for increases in size. He planted a tree seedling weighing
5 pounds in a barrel filled with 200 pounds of soil and
then watered the tree regularly. After five years, the tree
weighed 169 pounds, 3 ounces, and the soil weighed 199
pounds, 14 ounces. Because the tree had gained so much
weight and the soil had lost so little, he concluded that the
tree had gained all of its additional weight by absorbing
the water he had added to the barrel, but of course he was
incorrect. What really happened?

2. While gazing into an aquarium,
you observe bubbles coming from an
aquatic plant (left). What are the bub-
bles and where do they come from?

3. A C3 plant absorbs a carbon radio-
isotope (as part of 1#CO,). In which
stable, organic compound does the

. labeled carbon appear first? Which
compound forms first if a C4 plant
absorbs the same radioisotope?

Animations and Interactions on CENGAGENOW:

> Wavelengths of light; Englemann’s experiment; Sites
of photosynthesis in a plant; Chloroplast structure; The
noncyclic pathway; Calvin—Benson cycle; Photosynthesis
in C3 and C4 plants compared.
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< Links to Earlier Concepts Keg Concepts

This chapter expands the picture of energy flow = Energy From Carbohgdrates Glgcolgsis
through the world of life (Section 5.2). It focuses Various pathways convert the Glycolysis, the first stage of
on metabolic reactions and pathways (3.2, 5.3, = chemical energy of glucose ATP aerobic respiration and of
5.5) that make ATP by degrading carbohydrates h!_;, and other organic compounds anaerobic fermentation path-
(3.3). These reactions occur either in cytoplasm or i to the chemical energy of ATP. ways, occurs in cytoplasm.
in mitochondria (4.9). You will revisit lipids (3.4) @ Aerobic respiration yields Enzymes of glycolysis convert
and proteins (3.5), membrane transport (4.4, 5.7), the most ATP from each glucose molecule. In one molecule of glucose to two molecules of
free radicals (5.4), electron transfer chains (5.5, eukaryotes, this pathway ends in mitochondria. pyruvate for a net yield of two ATP.
6.5), and photosynthesis pathways (6.4, 6.7).
Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.




7 How Cells Release
Chemical Energy

When Mitochondria Spin Their Wheels

In the early 1960s, a Swedish physician, Rolf Luft, mulled over
a patient’s odd symptoms. The young woman felt weak and hot
all the time. Even on the coldest winter days she could not stop
sweating, and her skin was always flushed. She was thin, yet
had a huge appetite. Luft inferred that his patient’s symptoms
pointed to a metabolic disorder: Her cells were very active, but
much of their activity was being lost as metabolic heat. Luft
checked the patient’s rate of metabolism, the amount of energy
her body was expending. Even while resting, her oxygen con-
sumption was the highest that had ever been recorded.
Examination of a tissue sample revealed that the patient’s
skeletal muscles had plenty of mitochondria, the cell’s ATP-

producing powerhouses. But there were too many of them, and

Figure 7.1 The mitochondrion, an ATP-producing powerhouse. Above, a mitochon-
drion’s folded internal membrane is the source of its function.

they were abnormally shaped. The mitochondria were making
Opposite, mitochondrial diseases such as Friedreich’s ataxia cause serious health

very little ATP despite working at top speed.
problems. Leah (left) started to lose her sense of balance and coordination at age

The disorder, now called Luft’s syndrome, was the first to
be linked to defective mitochondria. The cells of someone with
Luft’s syndrome are like cities that are burning tons of coal in

five. Six years later she was in a wheelchair; now she is diabetic and partially deaf.
Her brother Joshua (right) could not walk by the time he was eleven, and is now
blind. Both have heart problems; both had spinal fusion surgery. Special equipment

many power plants but not getting much usable energy output. allows them to attend school and work part-time. Leah is a professional model.

Skeletal and heart muscles, the brain, and other hardworking
body parts with high energy demands are most affected.

More than forty disorders related to defective mitochondria
are now known. One called Friedreich’s ataxia causes loss of
coordination (ataxia), weak muscles, and heart problems (Figure
7.1). Many of those affected die when they are young adults.

Like the chloroplasts described in the previous chapter,
mitochondria have an internal folded membrane system that
allows them to make ATP. By the process of aerobic respiration,
electron transfer chains in the mitochondrial membrane set up
hydrogen ion gradients that power ATP formation.

In Luft’'s syndrome, electron transfer chains in mitochondria
work overtime, but too little ATP forms. In Friedreich’s ataxia,
a protein called frataxin does not work properly. This protein
helps build some of the iron-containing enzymes of electron

transfer chains. When it malfunctions, iron atoms that were
supposed to be incorporated into the enzymes accumulate inside
mitochondria instead. Oxygen is present in mitochondria, and
free radicals form when oxygen reacts with the iron atoms (Sec-
tion 5.4). When too much iron accumulates in mitochondria, too
many free radicals form. These free radicals destroy the mol-
ecules of life faster than they can be repaired or replaced. Even-
tually, the mitochondria stop working, and the cell dies.

You already have a sense of how cells harvest energy in elec-
tron transfer chains. Details of the reactions vary from one type
of organism to the next, but all life relies on this ATP-forming
machinery. When you consider mitochondria in this chapter,
remember that without them, you would not make enough ATP
to even read about how they do it.

ATP Aerobic Respiration
ATP 4 The final stages of aerobic
% respiration break down pyru-
NS ‘?ﬂx vate to CO,. Many coenzymes
X | that become reduced deliver
LV ,{ electrons and hydrogen ions
to electron transfer chains, where ATP forms
by electron transfer phosphorylation.

\m

Fermentation

Fermentation pathways start
with glycolysis. Substances
other than oxygen accept
electrons at the end of the
pathways. Compared with
aerobic respiration, the net yield of ATP from
fermentation is small.

Other Metabolic Pathways
Molecules other than carbo-
hydrates are common energy
sources in the animal body.
Many different pathways can
convert dietary lipids and pro-
teins to molecules that may enter glycolysis or
the Krebs cycle.
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Extracting Energy From Carbohydrates

) Photoautotrophs use the ATP they produce by photosyn-
thesis to make sugars.

> Most organisms, including photoautotrophs, make ATP by
breaking down sugars and other organic compounds.

< Links to Energy flow 5.2, Free radicals 5.4, Metabolic path-
ways 5.5, Photosynthesis 6.4

Evolution of Earth’s Atmosphere

The first cells on Earth did not use sunlight for energy.
Like some modern archaeans, these ancient organisms
extracted energy and carbon from simple molecules such
as methane and hydrogen sulfide—gases that were plenti-
ful in the nasty brew that constituted Earth’s early atmo-
sphere (Figure 7.2).

The first photosynthetic autotrophs, or photoauto-
trophs, evolved about 3.2 billion years ago, probably in
shallow ocean waters. Sunlight offered these organisms
an essentially unlimited supply of energy, and they were
very successful. Oxygen gas (O,) released from uncount-
able numbers of water molecules began seeping out of
uncountable numbers of photosynthesizers, and it accu-
mulated in the ocean and the atmosphere. From that time
on, the world of life would never be the same.

Molecular oxygen had been a very small component of
Earth’s early atmosphere before photosynthesis evolved.
The new abundance of atmospheric oxygen exerted tre-
mendous selection pressure on all organisms. Why? Oxy-
gen gas reacts with metals such as enzyme cofactors, and
free radicals form during those reactions. Free radicals,
remember, damage biological molecules, so they are dan-
gerous to life (Section 5.4).

The ancient cells had no way to detoxify oxygen radi-
cals, so most of them quickly died out. Only a few types
persisted in deep water, muddy sediments, and other
anaerobic (oxygen-free) habitats. Then, new metabolic
pathways that detoxified oxygen radicals evolved in the
survivors. Organisms with such pathways were the first

energy

glucose

02

Figure 7.3 Animated

The connection between
photosynthesis and aero-
bic respiration. Note the
cycling of materials, and
the one-way flow of energy
(compare Figure 5.5).

energy

Figure 7.2 Then and now: An artist’s conception of how Earth
was permanently altered by the evolution of photosynthesis and
aerobic respiration.

aerobic organisms—they could live in the presence of
oxygen. One of the pathways, aerobic respiration, put

the reactive properties of oxygen to good use. Aerobic
respiration is one of several pathways by which organ-
isms access the energy stored in carbohydrates. This equa-
tion summarizes aerobic respiration:

CgH120g + 0Op ——> COo +  Ho0

glucose oxygen carbon dioxide  water

Note that aerobic respiration requires oxygen (a
by-product of photosynthesis), and it produces carbon
dioxide and water (the same raw materials from which
photosynthesizers make sugars). With this connection, the
cycling of carbon, hydrogen, and oxygen through the bio-
sphere came full circle (Figure 7.3).

Carbohydrate Breakdown Pathways
Like those early organisms, photosynthetic autotrophs
of today’s world capture energy from the sun, and store
it in the form of carbohydrates. They and most other
organisms use energy stored in carbohydrates to run the
diverse reactions that sustain life. However, carbohydrates
rarely participate in such reactions, so how do cells har-
ness their energy? In order to use the energy stored in
carbohydrates, cells must first transfer it to energy-
carriers such as ATP, which does participate in many
of the energy-requiring reactions that a cell runs. The
transfer occurs by breaking the bonds of the carbohy-
drates, which releases energy that drives ATP synthesis.
There are a few different pathways that break down
carbohydrates, but aerobic respiration is the one that typi-
cal eukaryotic cells use at least most of the time. Aerobic
respiration yields more ATP than other carbohydrate-
breakdown pathways. You and other multicelled organ-
isms could not live without its higher yield.
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Aerobic Respiration

In the Cytoplasm

A The first stage, glycolysis, occurs in the cell’s
cytoplasm. Enzymes convert a glucose molecule to 2
pyruvate for a net yield of 2 ATP. 2 NAD* combine
with electrons and hydrogen ions during the reac-
tions, so 2 NADH also form.

In the Mitochondrion

B The second stage occurs in mitochondria.
The 2 pyruvate are converted to a molecule that
enters the Krebs cycle. CO, forms and leaves the
cell. 2 ATP, 8 NADH, and 2 FADH, form during
the reactions.

C The third and final stage, electron transfer
phosphorylation, occurs inside mitochondria.
10 NADH and 2 FADH, give up electrons and
hydrogen ions to electron transfer chains. Elec-
tron flow through the chains sets up hydrogen
ion gradients that drive ATP formation. Oxygen
accepts electrons at the end of the chains.

Figure 7.4 Animated Overview of aerobic respiration. The reactions start in the cytoplasm and
end in mitochondria. » Figure It Out What is aerobic respiration’s typical net yield of ATP?
asoonSuad 41V 9¢ = 7 - 8¢ amsuy

Most types of eukaryotic cells either use aerobic respi-
ration exclusively, or they use it most of the time. Many
bacteria, archaeans, and protists use alternative pathways.
Bacteria and single-celled protists that inhabit sea sedi-
ments, animal guts, improperly canned food, sewage treat-
ment ponds, deep mud, and other anaerobic habitats use
fermentation, a pathway by which cells harvest energy
from carbohydrates anaerobically. Some of these organ-
isms, including the bacteria that cause botulism, cannot
tolerate aerobic conditions, and will die when they are
exposed to oxygen.

Fermentation and aerobic respiration begin with the
same reactions in the cytoplasm. These reactions, which
are collectively called glycolysis, convert one six-carbon

aerobic Involving or occurring in the presence of oxygen.
aerobic respiration Oxygen-requiring pathway that breaks down
carbohydrates to produce ATP.

anaerobic Occurring in the absence of oxygen.

fermentation An anaerobic pathway by which cells harvest
energy from carbohydrates to produce ATP.

glycolysis Set of reactions in which glucose or another sugar is
broken down to two pyruvate for a net yield of two ATP.
photoautotroph Photosynthetic autotroph.

pyruvate Three-carbon end product of glycolysis.

molecule of glucose into two molecules of pyruvate, an
organic compound with a three-carbon backbone (Figure
7.4A). After glycolysis, the pathways of fermentation and
aerobic respiration diverge. Aerobic respiration continues
with two more stages that occur inside mitochondria (Fig-
ure 7.4B,C). It ends when oxygen accepts electrons at the
end of electron transfer chains. Fermentation ends in the
cytoplasm, where a molecule other than oxygen accepts
electrons. Aerobic respiration is much more efficient than
fermentation. You and other multicelled organisms could
not live without its higher yield of ATP.

Take-Home M €ssage How do cells access the chemical energy

in carbohydrates?

> Most cells convert the chemical energy of carbohydrates to the chemical
energy of ATP by aerobic respiration or fermentation. Aerobic respiration and

fermentation pathways start in cytoplasm, with glycolysis.

) Fermentation is anaerobic and ends in the cytoplasm.

> In eukaryotes, aerobic respiration requires oxygen and ends in mitochondria.
This pathway evolved after a dramatic increase in oxygen content of the

atmosphere brought about by the evolution of photosynthesis.

Chapter 7 How Cells Release Chemical Energy 109
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Glycolysis—Glucose Breakdown Starts

) The reactions of glycolysis convert one molecule of glucose
to two molecules of pyruvate for a net yield of two ATP.

> An energy investment of ATP is required to start glycolysis.

€ Links to Hydrolysis 3.2, Glucose 3.3, Endergonic reactions
and phosphorylation 5.3, Redox reaction 5.5, Gradients
5.6, Glucose transporter 5.7, Calvin-Benson cycle 6.7

Glycolysis is a series of reactions that begins carbohydrate
breakdown pathways. The reactions, which occur in the
cytoplasm, convert one molecule of glucose to two mol-
ecules of pyruvate:

*a::n ~
o‘bo?,c — “:oo: "‘foo:

glucose pyruvate (2)

The word glycolysis (from the Greek words glyk—, sweet;
and -lysis, loosening) refers to the release of chemical
energy from sugars. Different sugars can enter glycolysis,
but for clarity we focus here on glucose.

Glycolysis begins when a molecule of glucose enters
a cell through a glucose transporter, a passive transport
protein you encountered in Section 5.7. The cell invests
two ATP in the endergonic reactions that begin the path-
way (Figure 7.5). In the first reaction, a phosphate group is
transferred from ATP to the glucose, thus forming glucose-
6-phosphate @. A model of hexokinase, the enzyme that
catalyzes this reaction, is pictured in Section 5.4.

Unlike glucose, glucose-6-phosphate does not pass
through glucose transporters in the plasma membrane,
so it is trapped inside the cell. Almost all of the glucose
that enters a cell is immediately converted to glucose-6-
phosphate. This phosphorylation keeps the glucose con-
centration in the cytoplasm lower than it is in the fluid
outside of the cell. By maintaining this concentration gra-
dient across the plasma membrane, the cell favors uptake
of even more glucose.

Glycolysis continues as glucose-6-phosphate accepts a
phosphate group from another ATP, then splits in two @,
forming two PGAL (phosphoglyceraldehyde). This phos-
phorylated sugar also forms during the Calvin—Benson
cycle (Section 6.7). A second phosphate group is attached
to each PGAL, so two PGA (phosphoglycerate) form @.
During the reaction, two electrons and a hydrogen ion are

transferred from each PGAL to NAD™, so two NADH form.

Next, a phosphate group is transferred from each PGA
to ADP, so two ATP form @. Two more ATP form when a
phosphate group is transferred from another pair of inter-

Glycolysis

Electron Transfer
Phosphorylation

Figure 7.5 Animated Glycolysis.

This first stage of carbohydrate breakdown starts and ends in the
cytoplasm of all cells. Opposite, for clarity, we track only the six car-
bon atoms (black balls) that enter the reactions as part of glucose.
Appendix VI has more details for interested students.

Cells invest two ATP to start glycolysis, so the net energy yield from
one glucose molecule is two ATP. Two NADH also form, and two
pyruvate molecules are the end products.

mediates to two ADP @. This and any other reaction that
transfers a phosphate group directly from a substrate to
ADP is called a substrate-level phosphorylation.
Glycolysis ends with the formation of two three-carbon
pyruvate molecules. These products may now enter the
second-stage reactions of either aerobic respiration or
fermentation. Remember, two ATP were invested to initi-
ate the reactions of glycolysis. A total of four ATP form,
so the net yield is two ATP per molecule of glucose that
enters glycolysis @. Two NAD* also pick up hydrogen
ions and electrons, thereby becoming reduced to NADH:

glucose pyruvate
ADP + P, ATP
NAD+ NADH

substrate-level phosphorylation A reaction that transfers a phos-
phate group from a substrate directly to ADP, thus forming ATP.

Take-Home Message Whatis glycolysis?

) Glycolysis is the first stage of carbohydrate breakdown in
both aerobic respiration and fermentation.

) The reactions of glycolysis occur in the cytoplasm.

) Glycolysis converts one molecule of glucose to two mol-

ecules of pyruvate, with a net energy yield of two ATP. Two
NADH also form.

M0 Unit1 Principles of Cellular Life
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Glycolysis

glucose

ATP-Requiring Steps

@ An enzyme (hexokinase) transfers a

glucose-6-phosphate

ADP

phosphate group from ATP to glucose,
forming glucose-6-phosphate.

© A phosphate group from a second

900000

fructose-1,6-bisphosphate

r 900
900

ADP

ATP is transferred to the glucose-6-

phosphate. The resulting molecule is
unstable, and it splits into two three-
carbon molecules. The molecules are
interconvertible, so we will call them

both PGAL (phosphoglyceraldehyde).

Two ATP have now been invested in
the reactions.

ATP-Generating Steps

@ Enzymes attach a phosphate to the

two PGAL, and transfer two electrons
and a hydrogen ion from each PGAL to
NAD*. Two PGA (phosphoglycerate)
and two NADH are the result.

@ Enzymes transfer a phosphate

group from each PGA to ADP. Thus,
two ATP have formed by substrate-
level phosphorylation.

The original energy investment of
two ATP has now been recovered.

2 PGAL
2 NAD+ + 2 Pj
M 2 reduced coenzymes
2 PGA
2 ADP o
( AP
2 ATP produced
by substrate-level
phosphorylation
2 PEP
2 ADP o
(AP
LRE 2 ATP produced
m by substrate-level
phosphorylation
2 pyruvate
1

to second stage

Net 2 ATP + 2 NADH

© Enzymes transfer a phosphate
group from each of two intermediates
to ADP. Two more ATP have formed by
substrate-level phosphorylation.

Two molecules of pyruvate form at this
last reaction step.

@ Summing up, glycolysis yields two
NADH, two ATP (net), and two pyruvate
for each glucose molecule.

Depending on the type of cell and envi-
ronmental conditions, the pyruvate may
enter the second stage of aerobic respi-
ration or it may be used in other ways,
such as in fermentation.
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Second Stage of Aerobic Respiration

) The second stage of aerobic respiration finishes the break-
down of glucose that began in glycolysis.
< Links to Mitochondria 4.9, Cyclic pathways 5.5
The second stage of aerobic respiration occurs inside
mitochondria (Figure 7.6). It includes two sets of reac-
tions, acetyl-CoA formation and the Krebs cycle, that
break down pyruvate, the product of glycolysis. All of the
carbon atoms that were once part of glucose end up in
CO,, which departs the cell. Only two ATP form. The big
payoff is the formation of many reduced coenzymes that
drive the third and final stage of aerobic respiration.

The second stage begins when the two pyruvate
molecules formed by glycolysis enter a mitochondrion.
Pyruvate is transported across the mitochondrion’s inner
membrane and into the inner compartment, which is
called the matrix. Use Figure 7.7 to follow what happens
next. In the first reaction, an enzyme splits each molecule
of pyruvate into one molecule of CO, and a two-carbon
acetyl group @. The CO, diffuses out of the cell, and the
acetyl group combines with a molecule called coenzyme A
(abbreviated CoA). The product of this reaction is acetyl—
CoA. Electrons and hydrogen ions released by the reaction
combine with NAD*, so NADH also forms.

The Krebs Cycle

The Krebs cycle breaks down acetyl-CoA to CO,. Remem-
ber from Section 5.5 that a cyclic pathway is not a physical
object, such as a wheel. It is called a cycle because the last

cytoplasm

2 pyruvate

outer membrane

inner membrane

matrix

a mitochondrion

2 acetyl-CoA

Electron Transfer

Phosphorylation

Figure 7.7 Animated Aerobic respiration’s second stage: forma-
tion of acetyl-CoA and the Krebs cycle. The reactions occur in the
mitochondrion’s matrix.

Opposite, it takes two cycles of Krebs reactions to break down two
pyruvate molecules. After two cycles, all six carbons that entered
glycolysis in one glucose molecule have left the cell, in six CO,.

Two ATP, eight NADH, and two FADH, form during the two cycles.
See Appendix VI for details of the reactions.

reaction in the pathway regenerates the substrate of the
first. In the Krebs cycle, a substrate of the first reaction—
and a product of the last—is four-carbon oxaloacetate.
During each cycle of Krebs reactions, two carbon
atoms of acetyl-CoA are transferred to four-carbon

The breakdown of 2 pyruvate to 6
CO, yields 2 ATP and 10 reduced
coenzymes (8 NAD", 2 FAD). The
coenzymes will carry their cargo of
electrons and hydrogen ions to the
third stage of aerobic respiration.

Figure 7.6 Animated The second stage of aerobic respiration, acetyl-CoA formation and the

Krebs cycle, occurs inside mitochondria. Left, an inner membrane divides a mitochondrion’s
interior into two fluid-filled compartments. Right, the second stage of aerobic respiration
takes place in the mitochondrion’s innermost compartment, or matrix.

M2 Unit1 Principles of Cellular Life
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Acetyl-CoA Formation and the Krebs Cycle

pyruvate
@ An enzyme splits a pyruvate coenzyme A | NAD+
molecule into a two-carbon acetyl (
group and COj. Coenzyme A
binds the acetyl group (forming — ‘ CO»

acetyl-CoA). NAD* combines
with released hydrogen ions “
and electrons, forming NADH. acetyl-CoA ‘\

Sir Hans Adolf Krebs, dis-
coverer of the Krebs cycle

e The Krebs cycle starts as
one carbon atom is transferred
from acetyl-CoA to oxaloacetate.
Citrate forms, and coenzyme A

coenzyme A
~—_

00600

is regenerated. citrate

© The final steps of
the Krebs cycle regener-
ate oxaloacetate.

oxaloacetate

© A carbon atom is removed
from an intermediate and leaves
the cell as COy. NAD* combines NAD*

with released hydrogen ions and )

electrons, forming NADH.
Cco, @

NAD+
PR

ADP + P,
AP

o, @ Krebs

Cycle

@ NAD* combines with

I NADH
C hydrogen ions and elec-

NAD+ trons, forming NADH.

.
FAD

o A carbon atom is removed
from another intermediate and
leaves the cell as CO;, and
another NADH forms.

@ The coenzyme FAD com-
bines with hydrogen ions and
electrons, forming FADH3.

Pyruvate’s three carbon atoms
have now exited the cell, in CO5.

e One ATP forms by
substrate-level phosphorylation.

oxaloacetate, forming citrate, the ionized form of citric
acid @. The Krebs cycle is also called the citric acid cycle
after this first intermediate. In later reactions, two CO,
form and depart the cell. Two NAD* are reduced when
they accept hydrogen ions and electrons, so two NADH
form @ and @. ATP forms by substrate-level phosphory-
lation @, and FAD @ and another NAD* @ are reduced.
The final steps of the pathway regenerate oxaloacetate @.
Remember, glycolysis converted one glucose molecule
to two pyruvate, and these were converted to two acetyl-
CoA when they entered the matrix of a mitochondrion.
There, the second-stage reactions convert the two mol-
ecules of acetyl-CoA to six CO,. At this point in aerobic
respiration, one glucose molecule has been broken down
completely: Six carbon atoms have left the cell, in six
CO,. Two ATP formed, which adds to the small net yield
of glycolysis. However, six NAD* were reduced to six
NADH, and two FAD were reduced to two FADH,.

aerobic respiration carry energy that drives the reactions
of the third stage.

In total, two ATP form and ten coenzymes (eight NAD*
and two FAD) are reduced during acetyl-CoA formation
and the Krebs cycle. Add in the two NAD* reduced in gly-
colysis, and the full breakdown of each glucose molecule
has a big potential payoff. Twelve reduced coenzymes will
deliver electrons (and the energy they carry) to the third
stage of aerobic respiration:

pyruvate CO2

ADP + Pi Acetyl-CoA formation ATP
NAD+ and the Krebs cycle NADH
FAD FADH»

Take-Home M essage What happens during the second stage of
aerobic respiration?

What is so important about reduced coenzymes? A
molecule becomes reduced when it receives electrons
(Section 5.5), and electrons carry energy that can be used
to drive endergonic reactions. In this case, the electrons
picked up by coenzymes during the first two stages of

> The second stage of aerobic respiration, acetyl-CoA formation and the Krebs
cycle, occurs in the inner compartment (matrix) of mitochondria.

> The pyruvate that formed in glycolysis is converted to acetyl-CoA and carbon
dioxide. The acetyl-CoA enters the Krebs cycle, which breaks it down to CO,.

> For each two pyruvate molecules broken down in the second-stage reactions,
two ATP form, and ten coenzymes (eight NAD* and two FAD) are reduced.

Krebs cycle Cyclic pathway that, along with acetyl-CoA forma-
tion, breaks down pyruvate to carbon dioxide.

Chapter 7 How Cells Release Chemical Energy 113
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Aerobic Respiration’s Big Energy Payoff

> Many ATP are formed during the third and final stage of
aerobic respiration.

€ Links to Membrane proteins 4.4, Thermodynamics 5.2,
Electron transfer chains 5.5, Selective permeability of cell
membranes 5.6, Electron transfer phosphorylation 6.5

Electron Transfer Phosphorylation

cytoplasm OO oxygen (02)

outer membrane

intermembrane space (3)

=
+
X
+
X
+
=
e

H+ H+/ H* H*

»>
b,
2

PR

inner membrane 1

oA Thg A b d Ao ) g boh

<0

.

matrix
+~ADP +P;

I i

O

+
I+ 4.......% .

Electron Transfer Phosphorylation

The third stage of aerobic respiration, electron transfer
phosphorylation, also occurs inside mitochondria.
Remember that electron transfer phosphorylation is a
process in which the flow of electrons through electron
transfer chains ultimately results in the attachment of
phosphate to ADP (Section 6.5).

The third-stage reactions take place at the inner mito-
chondrial membrane (Figure 7.8). They begin with the
coenzymes NADH and FADH,, which became reduced
in the first two stages of aerobic respiration. These coen-
zymes donate their cargo of electrons and hydrogen ions
to electron transfer chains embedded in the inner mito-
chondrial membrane @. As the electrons pass through
the chains, they give up energy little by little (Section
5.5). Some molecules of the transfer chains harness that
energy to actively transport hydrogen ions across the
inner membrane, from the matrix to the intermembrane
space @. The ions that accumulate in the intermembrane
space set up a hydrogen ion gradient across the inner
mitochondrial membrane @.

[T Y T R S T

Electron Transfer
Phosphorylation

Figure 7.8 The third and final stage of aerobic respiration,
electron transfer phosphorylation, occurs at the inner mitochon-
drial membrane.

o NADH and FADH, deliver electrons to electron transfer
chains in the inner mitochondrial membrane.

© Electron flow through the chains causes hydrogen ions (H*)
to be pumped from the matrix to the intermembrane space.

[}

© The activity of the electron transfer chains causes a hydrogen
ion gradient to form across the inner mitochondrial membrane.

@ Hydrogen ion flow back to the matrix through ATP synthases
drives the formation of ATP from ADP and phosphate (P;).

© Oxygen (O,) accepts electrons and hydrogen ions at the end
of mitochondrial electron transfer chains, so water forms.

» Figure It Out Which other metabolic pathway that you have
learned about involves electron transfer phosphorylation?
sisayauhsoloyd jo suondeas Juapuadap-1ySi| oy emsuy

This gradient attracts hydrogen ions back toward the
matrix. However, ions cannot diffuse through a lipid
bilayer on their own (Section 5.6). H* can only cross
the inner mitochondrial membrane by flowing through
the interior of ATP synthases @. The flow causes these
membrane transport proteins to attach phosphate groups
to ADP, so ATP forms. The twelve coenzymes that were
reduced in the first two stages can drive the synthesis of
about thirty-two ATP in the third stage.

Oxygen accepts electrons at the end of the mitochon-
drial electron transfer chains @. Aerobic respiration,
which literally means “taking a breath of air,” refers to
oxygen as the final electron acceptor in this pathway.
When oxygen accepts electrons, it combines with H* to
form water, which is one product of the third stage:

ATP
Electron transfer NAD+
phosphorylation FAD

Ho0O
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2\‘ ATP’
A First stage: Glucose is 2 NAD+
converted to 2 pyruvate;
2 NADH and 4 ATP form.
An energy investment of 2
ATP began the reactions,
so the net yield is 2 ATP.

|

2 NADH

2 NADH

B Second stage: 10
more coenzymes accept
electrons and hydro-
gen ions during the
second-stage reactions.
All six carbons of glucose
leave the cell (as 6 CO»),
and 2 ATP form.

2 NADH

6 NADH
2 FADH,

C Third stage: Coenzymes
that were reduced in the e

first two stages give up
electrons and hydrogen
ions to electron transfer
chains. Energy lost by

the electrons as they flow
through the chains is used
to move H* across the
membrane. The resulting
gradient causes H* to flow
through ATP synthases,
driving synthesis of ATP.
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Figure 7.9 Animated Summary of the three stages of aerobic respiration in a mitochondrion.

Summing Up: The Energy Harvest

The breakdown of one glucose molecule in aerobic respi-
ration typically yields thirty-six ATP (Figure 7.9). Four ATP
form in the first and second stages, and thirty-two form in
the third stage. However, the overall yield varies. Factors
such as cell type affect it. For example, the typical yield

of aerobic respiration in brain and skeletal muscle cells is
thirty-eight ATP, not thirty-six.

Remember that some energy dissipates with every
transfer (Section 5.2). Even though aerobic respiration is
a very efficient way of retrieving energy from carbohy-
drates, about 60 percent of the energy harvested in this
pathway disperses as metabolic heat.

Take-Home M essage What happens during the third stage of
aerobic respiration?

) In aerobic respiration’s third stage, electron transfer phosphorylation, energy
released by electrons flowing through electron transfer chains is ultimately
captured in the attachment of phosphate to ADP. A typical net yield of aerobic
respiration is thirty-six ATP per glucose.

> The reactions begin when coenzymes that were reduced in the first and second
stages of reactions deliver electrons and hydrogen ions to electron transfer
chains in the inner mitochondrial membrane.

> Energy released by electrons as they pass through electron transfer chains is
used to pump H* from the mitochondrial matrix to the intermembrane space.

> The H* gradient that forms across the inner mitochondrial membrane drives the
flow of hydrogen ions through ATP synthases, which results in ATP formation.
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Fermentation Pathways

> Fermentation pathways break down carbohydrates with-
out using oxygen. The final steps in these pathways regen-
erate NAD* but do not produce ATP.

Fermentation is a type of anaerobic pathway that har-
vests energy from carbohydrates. Aerobic respiration and
fermentation begin with precisely the same set of reac-
tions in the cytoplasm: glycolysis. Again, two pyruvate,

Glycolysis
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two NADH, and two ATP form during the reactions of
glycolysis. However, after that, fermentation and aerobic
respiration pathways differ. The final steps of fermenta-
tion occur in the cytoplasm. In these reactions, pyruvate
is converted to other molecules, but it is not fully broken
down to carbon dioxide and water as occurs in aerobic
respiration. Electrons do not flow through transfer chains,
so no more ATP forms. However, electrons are removed
from NADH, so NAD* is regenerated. Regenerating this
coenzyme allows glycolysis—along with the small ATP
yield it offers—to continue. Thus, the net ATP yield of fer-
mentation consists of the two ATP that form in glycolysis.
That yield provides enough energy to sustain many single-
celled anaerobic species. It also helps cells of aerobic spe-
cies produce ATP under anaerobic conditions.

Alcoholic Fermentation

In alcoholic fermentation, the pyruvate from glycolysis
is converted to ethyl alcohol, or ethanol. First, 3-carbon
pyruvate is split into carbon dioxide and 2-carbon acetal-
dehyde. Then, electrons and hydrogen are transferred
from NADH to the acetaldehyde, forming NAD* and etha-
nol (Figure 7.10).

Bakers use the alcoholic fermentation capabilities of
one species of yeast, Saccharomyces cerevisiae, to make
bread. These cells break down carbohydrates in bread
dough, and release CO, by alcoholic fermentation. The
dough expands (rises) as CO, forms bubbles in it.

Some wild and cultivated strains of Saccharomyces are
also used to produce wine. Crushed grapes are left in vats
along with large populations of yeast cells, which convert
the sugars in the juice to ethanol.

Lactate Fermentation

In lactate fermentation, the electrons and hydrogen ions
carried by NADH are transferred directly to pyruvate.
This reaction converts pyruvate to 3-carbon lactate (the
ionized form of lactic acid), and also converts NADH to
NAD* (Figure 7.11A).

Some lactate fermenters spoil food, but we use others
to preserve it. For instance, a bacterium called Lactobacil-
lus acidophilus breaks down lactose in milk by fermenta-
tion. We use this bacteria to produce dairy products such

Figure 7.10 Animated Alcoholic fermentation. A Alcoholic fermentation begins with glycolysis,
but the final steps do not produce ATP. They regenerate NAD*. The net yield of these reactions is
two ATP per molecule of glucose (from glycolysis). B A vintner examines a product of alcoholic fer-
mentation. C A commercial vat of yeast dough rising with the help of D live Saccharomyces cells.
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Figure 7.11 Animated Lactate fermentation. A Like alcoholic
fermentation, the final steps of lactate fermentation regener-
ate NAD™. The net yield is two ATP per molecule of glucose.

B Two types of muscle fibers, red and white, are visible in this
cross-section through a human thigh muscle. The white fibers,
which make ATP by lactate fermentation, support sprints and
other intense bursts of activity C. The darker red fibers, which
make ATP by aerobic respiration, sustain endurance activities
D. Chickens spend most of their time walking, so their leg
muscles consist mainly of red fibers.

as buttermilk, cheese, and yogurt. Yeast species ferment
and preserve pickles, corned beef, sauerkraut, and kimchi.

Animal skeletal muscles, which move bones, consist
of cells fused as long fibers. The fibers differ in how
they make ATP. Red fibers have many mitochondria and
produce ATP by aerobic respiration. These fibers sustain
prolonged activity, such as marathon runs. They are red
because they have an abundance of myoglobin, a protein
that stores oxygen for aerobic respiration in these fibers
(Figure 7.11B).

White muscle fibers contain few mitochondria and no
myoglobin, so they do not carry out a lot of aerobic res-
piration. Instead, they make most of their ATP by lactate
fermentation. This pathway makes ATP quickly but not
for long, so it is useful for quick, strenuous activities such
as sprinting or weight lifting. The low ATP yield does

not support prolonged activity. That is one reason why
chickens cannot fly very far: Their flight muscles consist
mostly of white fibers (thus, the “white” breast meat).
Chickens fly only in short bursts. More often, a chicken

walks or runs. Its leg muscles consist mostly of red mus-
cle fibers, the “dark meat.” Most human muscles consist
of a mixture of white and red fibers, but the proportions
vary among muscles and among individuals. Great sprint-
ers tend to have more white fibers. Great marathon run-
ners tend to have more red fibers. Section 32.6 offers a
closer look at skeletal muscle fibers and how they work.

alcoholic fermentation Anaerobic carbohydrate breakdown path-
way that produces ATP and ethanol. Begins with glycolysis; end
reactions regenerate NAD* so glycolysis can continue.

lactate fermentation Anaerobic carbohydrate breakdown path-
way that produces ATP and lactate.

Take-Home M essage What is fermentation?

> ATP can form by carbohydrate breakdown in fermentation pathways, which

are anaerobic.

> The end product of lactate fermentation is lactate. The end product of alcoholic

fermentation is ethanol.

> Both pathways have a net yield of two ATP per glucose molecule. The ATP

forms during glycolysis.

> Fermentation reactions regenerate the coenzyme NAD*, without which glycoly-

sis (and ATP production) would stop.
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Alternative Energy Sources in the Body

) Aerobic respiration can produce ATP from the breakdown
of fats and proteins.

< Links to Metabolic reactions 3.2, Carbohydrates 3.3, Lip-
ids 3.4, Proteins 3.5

As you eat, glucose and other breakdown products of
digestion are absorbed across the gut lining, and blood
transports these small organic molecules throughout the
body. The concentration of glucose in the bloodstream
rises, and in response the pancreas (an organ) increases
its rate of insulin secretion. Insulin is a hormone (a type
of signaling molecule) that causes cells to take up glucose,
so an increase in insulin production causes cells to take
up glucose faster.

In cytoplasm, glucose is immediately converted to
glucose-6-phosphate, an intermediate of glycolysis. Unless
ATP is being used quickly, its concentration rises in the
cytoplasm. A high concentration of ATP causes glucose-6-
phosphate to be diverted away from glycolysis and into a
pathway that forms glycogen. Liver and muscle cells espe-

@ fatty acids @ glycerol

intermediate
of glycolysis

acetyl-CoA

cially favor the conversion of glucose to glycogen, and
these cells maintain the body’s largest stores of it.

What happens if you eat too many carbohydrates?
When the blood level of glucose gets too high, acetyl-CoA
is diverted away from the Krebs cycle and into a pathway
that makes fatty acids. That is why excess dietary carbo-
hydrate ends up as fat.

Between meals, the level of glucose declines in the
blood. The pancreas responds by secreting glucagon, a
hormone that causes liver cells to convert stored glycogen
to glucose. The cells release glucose into the bloodstream,
so the blood glucose level rises. Thus, hormones control
whether the body’s cells use glucose as an energy source
immediately or save it for use at a later time.

Glycogen makes up about 1 percent of an average
adult’s total energy reserves, which is the energy equiva-
lent of about two cups of cooked pasta. Unless you eat
regularly, you will completely deplete your liver’s glyco-
gen stores in less than twelve hours.

Food

Complex Carbohydrates

©® amino acids

I " |

| acetyl-CoA

NADH pyruvate «

intermediate
of Krebs cycle

Figure 7.12 Animated A variety of organic compounds enter
the reactions of aerobic respiration. Such compounds are
alternative energy sources in the human body.

In humans and other mammals, complex carbohydrates, fats,
and proteins from food do not enter the pathway of aerobic
respiration directly. First, the digestive system, and then indi-
vidual cells, break apart all of these molecules into subunits.

NADH, FADH»

@ Glycerol from fatty acid breakdown is converted to an
intermediate of glycolysis.

@ Fragments of fatty acids are converted to acetyl-CoA,
which can enter the reactions of the Krebs cycle.

Electron Transfer
Phosphorylation

@ Amino acids are converted to acetyl-CoA, pyruvate, or an
intermediate of the Krebs cycle.
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Energy From Fats

Of the total energy reserves in a typical adult who eats
well, about 78 percent (about 10,000 kilocalories) is stored
in body fat, and 21 percent in proteins. How does a body
access its fat reservoir? A fat molecule has a glycerol head
and one, two, or three fatty acid tails (Section 3.4). The
body stores most fats as triglycerides, which have three
fatty acid tails. Triglycerides accumulate in fat cells of adi-
pose tissue. This tissue serves as an energy reservoir, and
it also insulates and pads the buttocks and other strategic
areas of the body.

When the blood glucose level falls, triglycerides are
tapped to provide energy (Figure 7.12). Enzymes in fat cells
break the bonds that connect glycerol with the fatty acids,
and both are released into the bloodstream. Enzymes in
liver cells convert the glycerol to another intermediate of
glycolysis @. Nearly all cells of your body can take up the
free fatty acids. Inside the cells, enzymes split the fatty
acid backbones and convert the fragments to acetyl-CoA,
which can enter the Krebs cycle @.

Compared to carbohydrate breakdown, fatty acid
breakdown yields more ATP per carbon atom. Between
meals or during steady, prolonged exercise, fatty acid
breakdown supplies about half of the ATP that muscle,
liver, and kidney cells require.

Diets that are extremely low in carbohydrates force the
body to break down fats. The breakdown produces mol-
ecules called ketones, which most of your cells can use for
energy instead of glucose. This metabolic state, which is
normally associated with starvation, can raise the level of
LDL (“bad” cholesterol) and damage the kidneys and liver.

Energy From Proteins

Some enzymes in your digestive system split dietary
proteins into their amino acid subunits, which are then
absorbed into the bloodstream. Cells use amino acids

to build proteins or other molecules. Even so, when you
eat more protein than your body needs, the amino acids
become broken down further. The amino (NH3*) group is
removed, and it becomes ammonia (NHj), a waste product
that the body eliminates in urine. Their carbon backbone
is split, and acetyl-CoA, pyruvate, or an intermediate of
the Krebs cycle forms, depending on the amino acid. Your
cells can divert any of these organic molecules into the
Krebs cycle ©.

Take-Home Message How does nutrition
influence the metabolism of organic compounds?

> In humans and other organisms, the entrance of organic
compounds into an energy-releasing pathway depends on
the kinds and proportions of carbohydrates, fats, and pro-
teins in the diet.

h When Mitochondria Spin Their Wheels (revisited)

At least 83 proteins are directly involved in the

electron transfer chains of electron transfer i
phosphorylation in mitochondria. A defect in
any one of them—or in any of
the thousands of other proteins used by mitochondria, such
as frataxin (left)—can wreak havoc in the body. About one
in 5,000 people suffer from a known mitochondrial disorder.
New research is showing that mitochondrial defects may be
involved in many other illnesses such as diabetes, hyperten-
sion, Alzheimer’s and Parkinson’s disease, and even aging.

How Would You Vote? Developing new drugs is costly, which is why
pharmaceutical companies tend to ignore Friedreich’s ataxia and other disorders
that affect relatively few people. Should governments fund private companies
that research potential treatments? See CengageNow for details, then vote online
(cengagenow.com).

Summary

Section 7.1 Mitochondria are the ATP-

producing powerhouses of eukaryotic cells.

,  Defects in mitochondrial function, such as
occurs in Friedreich’s ataxia, cause serious
health problems.

Section 7.2 Most organisms convert chemi-
cal energy of carbohydrates to the chemical
energy of ATP. Anaerobic and aerobic
pathways of carbohydrate breakdown start
in the cytoplasm with the same set of reac-
tions, glycolysis, which converts glucose and other sugars
to pyruvate. Anaerobic fermentation pathways end in
cytoplasm and yield two ATP per molecule of glucose.
Aerobic respiration, which uses oxygen and yields much
more ATP than fermentation, evolved after oxygen
released by early photoautotrophs changed Earth’s atmo-
sphere. In modern eukaryotes, aerobic respiration is com-
pleted inside mitochondria.

Section 7.3 Glycolysis, the first stage of aer-
obic respiration and fermentation, occurs in
cytoplasm. In the reactions, enzymes use
two ATP to convert one molecule of glucose
or another six-carbon sugar to two mole-

WATP P

cules of pyruvate. Electrons and hydrogen ions are trans-
ferred to two NADY, which are thereby reduced to NADH.
Four ATP also form by substrate-level phosphorylation,
the direct transfer of a phosphate group from a reaction
intermediate to ADP.

The net yield of glycolysis is two pyruvate, two ATP,
and two NADH per glucose molecule. The pyruvate may
continue in fermentation in the cytoplasm, or it may enter
mitochondria and the next steps of aerobic respiration.

Chapter 7 How Cells Release Chemical Energy 119

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Summary

Section 7.4 A mitochondrion’s inner mem-
brane divides its interior into two fluid-
filled spaces: the inner compartment, or
matrix, and the intermembrane space. The
second stage of aerobic respiration, acetyl—
CoA formation and the Krebs cycle, takes place in the
matrix. The first steps convert two pyruvate from glycoly-
sis to two acetyl-CoA and two CO,. The acetyl-CoA enters
the Krebs cycle.

It takes two cycles of Krebs reactions to dismantle the
two acetyl-CoA. At this stage, all of the carbon atoms in
the glucose molecule that entered glycolysis have left the
cell in CO,. During these reactions, electrons and hydrogen
ions are transferred to NAD* and FAD, which are thereby
reduced to NADH and FADH,. ATP forms by substrate-
level phosphorylation.

In total, the breakdown of two pyruvate molecules in

the second stage of aerobic respiration yields ten reduced
coenzymes and two ATP.

Section 7.5 Aerobic respiration ends in
mitochondria. In the third stage of reac-

= tions, electron transfer phosphorylation,

E ,{ = % coenzymes that were reduced in the first
TPOE TN o stages deliver their cargo of electrons
and hydrogen ions to electron transfer chains in the inner
mitochondrial membrane. Electrons moving through the
chains release energy bit by bit; molecules of the chain use
that energy to move H* from the matrix to the intermem-
brane space.

Hydrogen ions that accumulate in the intermembrane
space form a gradient across the inner membrane. The
ions follow the gradient back to the matrix through ATP
synthases. H* flow through these transport proteins drives
ATP synthesis.

Oxygen combines with electrons and H* at the end of

the transfer chains, thus forming water.
Overall, aerobic respiration typically yields thirty-six
ATP for each glucose molecule.

Section 7.6 Anaerobic fermentation path-
ways begin with glycolysis and finish in the
cytoplasm. A molecule other than oxygen
accepts electrons at the end of these reac-
tions. The end product of alcoholic fer-
mentation is ethyl alcohol, or ethanol. The end product of
lactate fermentation is lactate. The final steps of fermenta-
tion serve to regenerate NAD*, which is required for gly-
colysis to continue, but they produce no ATP. Thus, the
breakdown of one glucose molecule in either alcoholic or
lactate fermentation yields only the two ATP that form in
glycolysis reactions.

Skeletal muscle has two types of fibers: red and white
fibers. ATP is produced primarily by aerobic respiration
in red muscle fibers, so these fibers sustain activities that
require endurance. Lactate fermentation in white fibers
supports activities that occur in short, intense bursts.

Section 7.7 In humans and other mam-
mals, the simple sugars from carbohydrate
breakdown, glycerol and fatty acids from
fat breakdown, and carbon backbones of
amino acids from protein breakdown may

enter aerobic respiration at various reaction steps.

Sel.f— Q_Uiz Answers in Appendix ||

1. Is the following statement true or false? Unlike ani-
mals, which make many ATP by aerobic respiration,
plants make all of their ATP by photosynthesis.

2. Glycolysis starts and ends in the
a. nucleus c. plasma membrane
b. mitochondrion d. cytoplasm

3. Which of the following metabolic pathways
require(s) molecular oxygen (0,)?

a. aerobic respiration

b. lactate fermentation

c. alcoholic fermentation

d. all of the above

4. Which molecule does not form during glycolysis?

a.NADH  b.pyruvate c. FADH, d. ATP

5. In eukaryotes, aerobic respiration is completed in
the
a. nucleus c. plasma membrane

b. mitochondrion d. cytoplasm

6. Which of the following reaction pathways is not part
of the second stage of aerobic respiration?

c. Krebs cycle

d. glycolysis

e.aand d

a. electron transfer
phosphorylation
b. acetyl-CoA formation

7. After the Krebs reactions run through
cycle(s), one glucose molecule has been completely
broken down to CO,.

a. one b. two c. three d. six

8. In the third stage of aerobic respiration, is
the final acceptor of electrons.
d. NADH

a. water b. hydrogen c. oxygen

9. In alcoholic fermentation,
tor of electrons.

is the final accep-
a. oxygen c. acetaldehyde

b. pyruvate d. sulfate

10. Fermentation pathways make no more ATP beyond
the small yield from glycolysis. The remaining reactions
serve to regenerate
a. FAD
b. NAD*

c. glucose
d. oxygen

11. Most of the energy that is released by the full break-
down of glucose to CO, and water ends up in

a. NADH c. heat

b. ATP d. electrons
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Data Analysis Activities

Mitochondrial Abnormalities in Tetralogy of Fallot Tetralogy of Fallot

(TF) is a genetic disorder characterized by four major malformations
of the heart. The circulation of blood is abnormal, so TF patients
have too little oxygen in their blood. Inadequate oxygen levels result
in damaged mitochondrial membranes, which in turn cause cells to
self-destruct. In 2004, Sarah Kuruvilla and her colleages looked at

Ly X9 - N
e ad oK BN o

abnormalities in the mitochondria of heart muscle in TF patients. Mitochondrial Abnormalities in TF

Patient ~ SPO»

Some of their results are shown in Figure 7.13. (age) (%) Number ~ Shape  Size  Broken
1. Which abnormality was most strongly associated with TF? 1(5) 95 + + - -
2. Can you make any correlations between blood oxygen content 2(3) 69 * * - —
. . s . 3(22) 72 + + - -

and mitochondrial abnormalities in these patients?

4(2) 74 + + - -
5(3) 76 + + - +
6 (2.5) 78 + + - +
7(1 79 = =
Figure 7.13 Mitochondrial changes in tetralogy of Fallot (TF). 8 51)2) 80 : i + _
A Normal heart muscle. Many mitochondria between the fibers provide 9(4) 80 + + _ _
muscle cells with ATP for contraction. B Heart muscle from a person with 10(8) 83 - _ T _
TF shows swollen, broken mitochondria. 11 (20) 85 o = _ _
C Mitochondrial abnormalities in TF patients. SPO, is oxygen saturation of 12 (2.5) 89 + _ + _

the blood. A normal value of SPO, is 96%. Abnormalities are marked “+”. C

12. Your body cells can use as an alternative
energy source when glucose is in short supply.

a. fatty acids c. amino acids

b. glycerol d. all of the above

13. Which of the following is not produced by an animal
muscle cell operating under anaerobic conditions?

Ciritical Thinking

1. At high altitudes, the oxygen level in air is low. Climb-
ers of very tall mountains risk altitude sickness, which is

characterized by shortness of breath, weakness, dizziness,
and confusion.

a. heat d. ATP . o
b. pyruvate o lactate The early symptoms of cyanide poisoning are the
. NAD* £ all are produced same as those for altitude sickness. Cyanide binds tightly

to cytochrome c oxidase, a protein complex that is the
last component of mitochondrial electron transfer chains.
Cytochrome c oxidase with bound cyanide can no longer
transfer electrons. Explain why cyanide poisoning starts
with the same symptoms as altitude sickness.

14. Match the event with its most suitable description.
__ glycolysis a. ATP, NADH, FADH,),
~ fermentation and CO, form
___ Krebs cycle b. glucose to two pyruvate
__electron transfer  c¢. NAD* regenerated, little ATP

phosphorylation  d. H* flows via ATP synthases 2. As you learned, membranes impermeable to hydrogen

ions are required for electron transfer phosphorylation.

15. Match the term with the best description. Membranes in mitochondria serve this purpose in eukary-

— matrix a r.leeded for glycolysis otes. Bacteria do not have this organelle, but they do make

——pyruvate b. inner space ATP by electron transfer phosphorylation. How do you

—NAD? ¢. makes many ATP think they do it, given that they have no mitochondria?

____mitochondrion d. end of glycolysis . o )

__intermembrane . reduced coenzyme 3. The bar—tavlled godwn is a type of shorebird that makes
space f. hydrogen ions an annual migration from Alaska to New Zealand and

~ NADH accumulate here back. The birds make each 11,500-kilometer (7,145-mile)

trip by flying over the Pacific Ocean in about nine days,
depending on weather, wind speed, and direction of travel.
One bird was observed to make the entire journey unin-
terrupted, a feat that is comparable to a human running

Additional questions are available on CENGAGENOW.

Animations and Interactions on CENGAGENOW:

» Links with photosynthesis; Overview of aerobic respi-
ration; Glycolysis; Second stage of aerobic respiration;
Oxidative phosphorylation; Fermentation pathways;
Alternative energy sources.

a nonstop seven-day marathon at 70 kilometers per hour
(43.5 miles per hour). Would you expect the flight (breast)
muscles of bar-tailed godwits to be light or dark colored?
Explain your answer.
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< Links to Earlier Concepts Keg Concepts

This chapter builds on your earlier introduction to
nucleic acid structure (Section 3.7). You will revisit
carbohydrates (3.3) as you explore the details of
DNA’s double helix structure, and phosphorylations
(5.3) as you learn about DNA replication. You will
also see another application of radioisotope tracers

=% Chromosomes

The DNA of a eukaryotic cell
is divided among a character-
istic number of chromosomes
that differ in length and in
shape. Sex chromosomes

Discovery of

DNA's Function

The work of many scientists
over more than a century led
to the discovery that DNA

is the molecule that stores

(2.2) in the research that led to the discovery that determine an individual’s gender. Proteins hereditary information.
DNA, not protein (3.5), is the hereditary material associated with eukaryotic DNA help organize
of all organisms. chromosomes so they can pack into a nucleus.
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8 DNA Structure and Function

A Hero Dog’s Golden Clones

On September 11, 2001, an off-duty Canadian police officer, Con-
stable James Symington, drove his search dog Trakr from Nova
Scotia to Manhattan. Within hours of arriving, the dog led rescu-
ers to the spot where the fifth and final survivor of the World
Trade Center attacks was buried. She had been clinging to life,
pinned under rubble from the building where she had worked.
Symington and Trakr helped with the search and rescue efforts
for three days nonstop, until Trakr collapsed from smoke and
chemical inhalation, burns, and exhaustion.

Trakr survived the ordeal, but later lost the use of his limbs
from a degenerative neurological disease probably linked to
toxic smoke exposure at Ground Zero. The hero dog died in
April 2009, but his DNA lives on in his genetic copies—his
clones. Symington’s essay about Trakr’s superior nature and
abilities as a search and rescue dog won the Golden Clone
Giveaway, a contest to find the world’s most clone-worthy dog.
Trakr’s DNA was shipped to Korea, where it was inserted into
dog eggs, which were then implanted into surrogate mother
dogs. Five puppies, all clones of Trakr, were delivered to Syming-
ton in July 2009 (Figure 8.1).

Many adult animals have been cloned besides Trakr, but clon-
ing mammals is still unpredictable and far from routine. Typi-
cally, less than 2 percent of the implanted embryos result in a
live birth. Of the clones that survive, many have serious health
problems. Why the difficulty? Even though all cells of an indi-
vidual inherit the same DNA, an adult cell uses only a fraction of
it compared to an embryonic cell. To make a clone from an adult
cell, researchers must reprogram its DNA to function like the
DNA of an egg. Even though we are getting better at doing that,
we still have a lot to learn.

So why do we keep trying? The potential benefits are
enormous. Already, cells of cloned human embryos are help-
ing researchers unravel the molecular mechanisms of human

clone Genetically identical copy of an organism.

genetic diseases. Such cells may one day be induced to form
replacement tissues or organs for people with incurable diseases.
Endangered animals might be saved from extinction; extinct
animals may be brought back. Livestock and pets are already

being cloned commercially.

it

Figure 8.1 Animal cloning. Opposite, James Symington and his dog Trakr
at Ground Zero in 2001. Above, Symington with Trakr’s clones in 2009.

Perfecting the methods for cloning animals brings us closer
to the possibility of cloning humans, both technically and ethi-
cally. For example, if cloning a lost cat for a grieving pet owner
is acceptable, why would it not be acceptable to clone a lost
child for a grieving parent? Different people have very different
answers to such questions, so controversy over cloning contin-
ues to rage even as the techniques improve. Understanding the
basis of heredity—what DNA is and how it works—will help
inform your own opinions about the issues surrounding cloning.

Structure of DNA

A DNA molecule consists of

two long chains of nucleo-

tides coiled into a double

helix. Four kinds of nucleo-

tides make up the chains:
adenine, thymine, guanine, and cytosine. The
order of these bases in DNA differs among
individuals and among species.

DNA Replication
Before a cell divides, it cop-
ies its DNA so that each of
its descendants gets a full
complement of hereditary

2 information. Newly forming
DNA is monitored for errors, most of which
are corrected quickly. Uncorrected errors may
be perpetuated as mutations.

Cloning Animals

Several methods are now
commonly used to produce
clones of adult animals for
research and agriculture. The
techniques are far from per-
fect, and the practice continues to raise serious
ethical questions.
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Figure 8.2 Animated Zooming in on chromosome
structure. Tight packing allows a lot of DNA to fit
into a very small nucleus.

@ The DNA inside the nucleus of a eukaryotic cell
is typically divided up into a number of chromo-
somes. Inset: a duplicated human chromosome.
e At its most condensed, a duplicated chromo-
some is packed tightly into an X shape.

o A chromosome unravels as a single fiber, a hol-
low cylinder formed by coiled coils.

@ The coiled coils consist of a long molecule of
DNA (blue) and the proteins that are associated

with it (purple).

© At regular intervals, the DNA molecule is
wrapped twice around a core of histone proteins.
In this “beads-on-a-string” structure, the “string” is
the DNA, and each “bead” is called a nucleosome.

oThe DNA molecule itself has two strands that
are twisted into a double helix.

Eukaryotic Chromosomes

> The DNA in a eukaryotic cell nucleus is organized as one or
more chromosomes.
< Link to DNA 3.7
All organisms pass DNA to offspring when they repro-
duce. Inside a cell, each DNA molecule is organized as a
structure called a chromosome (Figure 8.2). Eukaryotic
cells typically have a number of chromosomes @. During
most of a cell’s life, each of its chromosomes consists of
one DNA molecule. As it prepares to divide, the cell dupli-
cates its chromosomes, so that both of its offspring get a
full set. After the chromosomes are duplicated, each con-
sists of two DNA molecules, which are then called sister
chromatids. Sister chromatids attach to each other at a
constricted region called a centromere:

centromere
one chromatid
£It3 sister chromatid

a chromosome a chromosome
(unduplicated) (duplicated)

Stretched out end to end, the 46 chromosomes in a
human cell would be about 2 meters (6.5 feet) long—a
lot of DNA to fit into a nucleus that is typically less than
10 micrometers in diameter! Interactions between a DNA
molecule and the proteins that associate with it structur-
ally organize a chromosome and help it pack tightly.

At its most condensed, a duplicated chromosome
consists of two long, tangled filaments (the sister chroma-
tids) bunched into a characteristic X shape @. A closer
look reveals that each filament is actually a hollow tube
formed by coils, like a phone cord @. The coils them-

selves consist of a twisted fiber @ of DNA wrapped twice
at regular intervals around “spools” of proteins called his-
tones @. In micrographs, these DNA-histone spools look
like beads on a string. Each “bead” is a nucleosome, the
smallest unit of chromosomal organization in eukaryotes.
As you will see Section 8.4, the DNA molecule consists of
two strands twisted into a double helix @.

Chromosome Number

The genetic information of each eukaryotic species is dis-
tributed among some number of chromosomes, which dif-
fer in length and shape. The sum of all chromosomes in
a cell of a given type is called the chromosome number.
Each species has a characteristic chromosome number.
For example, the chromosome number of oak trees is 12,
so the nucleus of a cell from an oak tree contains 12 chro-
mosomes. The chromosome number of king crab cells is
208, so they have 208 chromosomes. That of human body
cells is 46, so human body cells have 46 chromosomes.
Actually, human body cells have two of each type
of chromosome, which means that their chromosome
number is diploid (2n). The 23 pairs of chromosomes
are like two sets of books numbered 1 to 23. There are
two versions of each book: a pair. Except for a pairing

of sex chromosomes (XY) in males, the two members of
each pair have the same length and shape, and they hold
information about the same traits. Think of them as two
sets of books on how to build a house. Your father gave
you one set. Your mother had her own ideas about wiring,
plumbing, and so on. She gave you an alternate set that
says slightly different things about many of those tasks.
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Figure 8.3 Animated A karyotype is an image of a single cell’s dip-
loid set of chromosomes. This human karyotype shows 22 pairs of
autosomes and a pair of X chromosomes.

Types of Chromosomes
Karyotyping reveals an individual’s diploid complement
of chromosomes. With this technique, cells taken from an
individual are treated to make their chromosomes con-
dense, and stained so the chromosomes become visible
under a microscope. The microscope reveals the chromo-
somes in every cell. A micrograph of a single cell is digi-
tally rearranged so the images of the chromosomes are
lined up by centromere location, and arranged according
to size, shape, and length (Figure 8.3). The finished array
constitutes the individual’s karyotype, which is compared
with a normal standard. A karyotype shows how many
chromosomes are in the individual’s cells. Comparison
with a standard can also reveal any extra or missing chro-
mosomes, and some structural abnormalities.

All except one pair of a diploid cell’s chromosomes
are autosomes, which are the same in both females and

autosome Any chromosome other than a sex chromosome.
centromere Constricted region in a eukaryotic chromosome
where sister chromatids are attached.

chromosome A structure that consists of DNA and associated
proteins; carries part or all of a cell’s genetic information.
chromosome number The sum of all chromosomes in a cell of a
given type.

diploid Having two of each type of chromosome characteristic of
the species (2n).

histone Type of protein that structurally organizes eukaryotic
chromosomes.

karyotype Image of an individual’'s complement of chromosomes
arranged by size, length, shape, and centromere location.
nucleosome A length of DNA wound around a spool of histone
proteins.

sex chromosome Member of a pair of chromosomes that differs
between males and females.

sister chromatid One of two attached DNA molecules of a dupli-
cated eukaryotic chromosome.

i diploid
18 reproductive
X Yy / cellin male

Figure 8.4 Animated ¢ ¢
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some combinations result in
female (pink) or male (blue)
offspring.

» Figure It Out

Is the karyotype shown in
Figure 8.3 from the cell of a X XX XY

female or a male?

union of sperm and
egg at fertilization

3[BWY VY HIMSUY

males. The two autosomes of a pair have the same length,
shape, and centromere location. Members of a pair of sex
chromosomes differ between females and males. The
differences determine an individual’s sex.

The sex chromosomes of humans are called X and Y.
Body cells of human females contain two X chromosomes
(XX); those of human males contain one X and one Y
chromosome (XY). XX females and XY males are the rule
among fruit flies, mammals, and many other animals, but
there are other patterns. In butterflies, moths, birds, and
certain fishes, males have two identical sex chromosomes,
and females do not. Environmental factors (not sex chro-
mosomes) determine sex in some species of invertebrates,
turtles, and frogs. As an example, the temperature of the
sand in which sea turtle eggs are buried determines the
sex of the hatchlings.

In humans, a new individual inherits a combination
of sex chromosomes that dictates whether it will become
a male or a female. All eggs made by a human female
have one X chromosome. One-half of the sperm cells
made by a male carry an X chromosome; the other half
carry a Y chromosome. If an X-bearing sperm fertilizes an
X-bearing egg, the resulting individual will develop into
a female. If the sperm carries a Y chromosome, the indi-
vidual will develop into a male (Figure 8.4).

Take-Home M essage Whatare chromosomes?

> A eukaryotic cell's DNA is divided among some characteristic number of chro-
mosomes, which differ in length and shape.

> Members of a pair of sex chromosomes differ between males and females.
Other chromosomes are autosomes—the same in males and females.

) Proteins that associate with DNA structurally organize chromosomes and allow
them to pack tightly.
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The Discovery of DNA's Function

Y Investigations that led to our understanding that DNA is
the molecule of inheritance reveal how science advances.
< Links to Radioisotopes 2.2, Proteins 3.5, DNA 3.7

Early and Puzzling Clues
In 1865, a Swiss medical student, Johannes Miescher,
became ill with typhus. The typhus left Miescher partially
deaf, so becoming a doctor was no longer an option for
him. He switched to organic chemistry instead. By 1869, he
was collecting white blood cells from pus-filled bandages
and sperm from fish so he could study the composition
of the nucleus. Such cells do not contain much cytoplasm,
which made isolating the substances in their nucleus easy.
Miescher found that nuclei contain an acidic substance
composed mostly of nitrogen and phosphorus. Later, that
substance would be called deoxyribonucleic acid, or DNA.

Sixty years later, a British medical officer, Frederick
Griftith, was trying to make a vaccine for pneumonia. He
isolated two strains (types) of Streptococcus pneumoniae,
a bacteria that causes pneumonia. He named one strain R,
because it grows in Rough colonies. He named the other
strain S, because it grows in Smooth colonies. Griffith
used both strains in a series of experiments that did not
lead to the development of a vaccine, but did reveal a
clue about inheritance (Figure 8.5).

First, he injected mice with live R cells @. The mice
did not develop pneumonia, so the R strain was harmless.

Second, he injected other mice with live S cells @. The
mice died. Blood samples from them teemed with live S
cells. The S strain was pathogenic; it caused pneumonia.

Third, he killed S cells by exposing them to high tem-
perature. Mice injected with dead S cells did not die @.

Fourth, he mixed live R cells with heat-killed S cells.
Mice injected with the mixture died @. Blood samples
drawn from them teemed with live S cells.

What happened in the fourth experiment? If heat-killed
S cells in the mix were not really dead, then mice injected

with them in the third experiment would have died. If the
harmless R cells had changed into killer cells, then mice
injected with R cells in experiment 1 would have died.

The simplest explanation was that heat had killed the
S cells, but had not destroyed their hereditary material,
including whatever part specified “infect mice.” Somehow,
that material had been transferred from the dead S cells
into the live R cells, which put it to use.

The transformation was permanent and heritable.
Even after hundreds of generations, the descendants of
transformed R cells were infectious. What had caused the
transformation? Which substance encodes the informa-
tion about traits that parents pass to offspring?

In 1940, Oswald Avery and Maclyn McCarty set out to
identify that substance, which they termed the “transform-
ing principle.” They used a process of elimination that
tested each type of molecular component of S cells. Avery
and McCarty repeatedly froze and thawed S cells (ice
crystals that form during freeze—thaw cycles disrupt mem-
branes, thus releasing cell contents). The researchers then
filtered any intact cells from the resulting slush. At the end
of this process, the researchers had a fluid that contained
the lipid, protein, and nucleic acid components of S cells.

The S cell extract could still transform R cells after
it had been treated with lipid- and protein-destroying
enzymes. Thus, the transforming principle could not
be lipid or protein. Carbohydrates had been removed
during the purification process, so Avery and McCarty
realized that the substance they were seeking must be
nucleic acid—RNA or DNA. The S cell extract could still
transform R cells after treatment with RNA-degrading
enzymes, but not after treatment with DNA-degrading
enzymes. DNA had to be the transforming principle.

The result surprised Avery and McCarty, who, along
with most other scientists, had assumed that proteins
were the substance of heredity. After all, traits are diverse,
and proteins were thought to be the most diverse biologi-

© Mice injected with live
cells of killer strain S die.
Live S cells in their blood.

e Mice injected with heat-
killed S cells do not die. No
live S cells in their blood.

o Mice injected with live R
cells plus heat-killed S cells
die. Live S cells in their blood.

@ Mice injected with live cells
of harmless strain R do not die.
Live R cells in their blood.

Figure 8.5 Animated Summary of results from Fred Griffith’s experiments. The hereditary material
of harmful Streptococcus pneumoniae cells transformed harmless cells into killers.
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B In one experiment, bacteria were infected with virus particles that had been labeled with a radioisotope
of sulfur (35S). The sulfur had labeled only viral proteins. The viruses were dislodged from the bacteria by
whirling the mixture in a kitchen blender. Most of the radioactive sulfur was detected in the viruses, not in
the bacterial cells. The viruses had not injected protein into the bacteria.

Virus DNA
labeled with 32pP 32P remains

inside cells

Labeled DNA
being injected
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C In another experiment, bacteria were infected with virus particles that had been labeled with a radioisotope
of phosphorus (32P). The phosphorus had labeled only viral DNA. When the viruses were dislodged from the
bacteria, the radioactive phosphorus was detected mainly inside the bacterial cells. The viruses had injected

A Top, model of a bacteriophage.
Bottom, micrograph of three viruses
injecting DNA into an E. coli cell.

cal molecules. Other molecules just seemed too uniform.
The two scientists were so skeptical that they published
their results only after they had convinced themselves,
by years of painstaking experimentation, that DNA was
indeed hereditary material. They were also careful to
point out that they had not proven DNA was the only
hereditary material.

Confirmation of DNA’s Function

By 1950, researchers had discovered bacteriophage, a
type of virus that infects bacteria (Figure 8.6A). Like all
viruses, these infectious particles carry hereditary infor-
mation about how to make new viruses. After a virus
infects a cell, the cell starts making new virus particles.
Bacteriophages inject genetic material into bacteria, but
was that material DNA, protein, or both?

Alfred Hershey and Martha Chase found the answer
to that question by exploiting the long-known properties
of protein (high sulfur content) and DNA (high phospho-
rus content). They cultured bacteria in growth medium
containing an isotope of sulfur, 358, In this medium, the
protein (but not the DNA) of bacteriophage that infected
the bacteria became labeled with the 3°S tracer.

bacteriophage Virus that infects bacteria.

DNA into the cells—evidence that DNA is the genetic material of this virus.

Figure 8.6 Animated The Hershey-Chase experiments. Alfred Hershey and Martha Chase
tested whether the genetic material injected by bacteriophage into bacteria is DNA, protein,
or both. The experiments were based on the knowledge that proteins contain more sulfur
(S) than phosphorus (P), and DNA contains more phosphorus than sulfur.

Hershey and Chase allowed the labeled viruses to
infect a fresh culture of unlabeled bacteria. They knew
from electron micrographs that phages attach to bacteria
by their slender tails. They reasoned it would be easy
to break this precarious attachment, so they poured the
virus-bacteria mixture into a blender and turned it on.
(At the time, kitchen appliances were commonly used as
laboratory equipment.)

After blending, the researchers separated the bacteria
from the virus-containing fluid, and measured the 3°S
content of each separately. The fluid contained most of
the 3°S. Thus, the viruses had not injected protein into
the bacteria (Figure 8.6B).

Hershey and Chase repeated the experiment using an
isotope of phosphorus, 32P, which labeled the DNA (but
not the proteins) of the bacteriophage. This time, infected
bacteria contained most of the isotope. The viruses had
injected DNA into the bacteria (Figure 8.6C).

Both of these experiments—and many others after
them—supported the hypothesis that DNA, not protein, is
the material of heredity common to all life on Earth.

Take-Home M essage What is the molecular basis of inheritance?

> DNA is the material of heredity common to all life on Earth.
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The Discovery of DNA's Structure

> Watson and Crick’s discovery of DNA’s structure was
based on almost fifty years of research by other scientists.

€ Links to Carbohydrate rings 3.3, Protein structure 3.5,
Nucleic acids 3.7
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Figure 8.7 Animated The four nucleotides in DNA. Each kind has three phos-
phate groups, a deoxyribose sugar (orange), and a nitrogen-containing base (blue)
after which it is named. Biochemist Phoebus Levene identified the structure

of these bases and how they are connected in DNA in the early 1900s. Levene
worked with DNA for almost 40 years.

Numbering the carbons in the sugar rings (Section 3.3) allows us to keep track

of the orientation of nucleotide chains, which is important in processes such as
DNA replication. Compare Figure 8.8.

DNA's Building Blocks

Each strand of DNA is a polymer of nucleotides that have
been linked into a chain. Even though a chain can be
hundreds of millions of nucleotides long, it is composed
of only four kinds of nucleotides. A DNA nucleotide has a
five-carbon sugar, three phosphate groups, and one of four
nitrogen-containing bases (Figure 8.7). Just how those four
nucleotides—adenine (A), guanine (G), thymine (T), and
cytosine (C)—are arranged in DNA was a puzzle that took
over 50 years to solve. As molecules go, DNA is gigantic,
and chromosomal DNA has a complex structural organi-
zation. Both factors made the molecule difficult to work
with, given the laboratory methods of the time.

In 1950, Erwin Chargaff, one of many researchers who
had been trying to solve the structure of DNA, made two
discoveries. First, the amounts of thymine and adenine in
all DNA are the same, as are the amounts of cytosine and
guanine. We call this discovery Chargaft’s first rule:

A=T and G=C
Chargaff’s second discovery, or rule, is that the proportion
of adenine and guanine differs among the DNA of differ-
ent species.

Meanwhile, American biologist James Watson and
British biophysicist Francis Crick, both at Cambridge Uni-
versity, had been sharing their ideas about the structure
of DNA. The helical pattern of secondary structure that
occurs in many proteins (Section 3.5) had just been dis-
covered, and Watson and Crick suspected that the DNA
molecule was also a helix. They had spent many hours
arguing about the size, shape, and bonding requirements
of the four kinds of nucleotides that make up DNA. They
had pestered chemists to help them identify bonds they
might have overlooked. They had fiddled with cardboard
cutouts, and made models from scraps of metal connected
by suitably angled “bonds” of wire.

At King’s College in London, biochemist Rosalind
Franklin had also been working on the structure of DNA.
Like Crick, Franklin specialized in x-ray crystallography,

a technique in which x-rays are directed through a puri-
fied and crystallized substance. Atoms in the substance’s
molecules scatter the x-rays in a pattern that can be
captured as an image. Researchers can use the pattern to
calculate the size, shape, and spacing between any repeat-
ing elements of the molecules—all of which are details of
molecular structure.

DNA is a large molecule, and difficult to crystallize. Also,
as Franklin discovered, “wet” and “dry” DNA samples have
different shapes. She made the first clear x-ray diffraction
image of “wet” DNA, the form that occurs in cells. From the
information in that image, she calculated that DNA is very
long compared to its 2-nanometer diameter. She also iden-
tified a repeating pattern every 0.34 nanometer along its
length, and another every 3.4 nanometers.
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Franklin’s image and data came to the attention of
Watson and Crick, who now had all the information they
needed to build a model of the DNA helix—one with
two sugar—phosphate chains running in opposite direc-
tions, and paired bases inside (Figure 8.8). Bonds between
the sugar of one nucleotide and the phosphate of the
next form the backbone of each chain. Hydrogen bonds
between the internally positioned bases hold the two
strands together. Only two kinds of base pairings form:
A to T, and G to C, which explains the first of Chargaff’s
rules. Most scientists had assumed (incorrectly) that the
bases had to be on the outside of the helix, because they
would be more accessible to DNA-copying enzymes that
way. You will see in Section 8.6 how DNA replication
enzymes access the bases on the inside of a double helix.

DNA's Base Pair Sequence

Just two kinds of base pairings give rise to the incredible

diversity of traits we see among living things. How? Even
though DNA is composed of only four bases, the order in

which one base pair follows the next varies tremendously
among species (which explains Chargaff’s second rule).

For example, a small piece of DNA from a tulip, a human,
or any other organism might be:

Notice how the two strands of DNA match up. They are
complementary, which means each base on one strand

is suitably paired with a partner base on the other. This
bonding pattern (A to T, G to C) is the same in all mol-
ecules of DNA. However, which base pair follows the next
differs among species, and among individuals of the same
species. The information encoded by that sequence is the
basis of visible traits that define species and distinguish
individuals. Thus DNA, the molecule of inheritance in
every cell, is the basis of life’s unity. Variations in its base
sequence are the foundation of life’s diversity.

Take-Home M essage Whatis the structure
of DNA?

> A DNA molecule consists of two nucleotide chains (strands)
running in opposite directions and coiled into a double
helix. Internally positioned nucleotide bases hydrogen-bond
between the two strands. A pairs with T, and G with C.

> The sequence of bases along a DNA strand is genetic
information.

> DNA sequences vary among species and among individuals.
This variation is the basis of life’s diversity.

Figure 8.8 Animated Structure
of DNA, as illustrated by a com-
posite of different models.
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Figure 8.9 Rosalind Frank-
lin and her x-ray diffraction
image of DNA.

Fame and Glory

) In science, as in other professions, public recognition
for a discovery does not always include all contributors.

By the time she arrived at King’s College, Rosalind Frank-
lin was an expert x-ray crystallographer. She had solved
the structure of coal, which is complex and unorganized
(as are large biological molecules such as DNA). Like Paul-
ing, she had built three-dimensional molecular models.
Her assignment was to investigate DNA’s structure.

Franklin had been told she would be the only one in
the department working on the problem, so she did not
know that Maurice Wilkins was already doing the same
thing just down the hall. When Wilkins proposed a col-
laboration with her, Franklin thought that Wilkins was
oddly overinterested in her work and declined bluntly.

Wilkins and Franklin had been given identical samples
of DNA carefully prepared by Rudolf Signer. Franklin’s
meticulous work with hers yielded the first clear x-ray
diffraction image of DNA as it occurs inside cells (Figure
8.9). She gave a presentation on this work in 1952. DNA,
she said, had two chains twisted into a double helix, with
a backbone of phosphate groups on the outside, and bases
arranged in an unknown way on the inside. She had cal-
culated DNA’s diameter, the distance between its chains
and between its bases, the angle of the helix, and the
number of bases in each coil. Crick, with his crystallogra-
phy background, would have recognized the significance
of the work—if he had been there. Watson was in the

audience but he was not a crystallographer, and
‘ he did not understand the implications of Frank-
lin’s x-ray diffraction image or her calculations.

Franklin started to write a research paper on
her findings. Meanwhile, and perhaps without
her knowledge, Watson reviewed Franklin’s
x-ray diffraction image with Wilkins, and
Watson and Crick read a report detailing Frank-
lin’s unpublished data. Crick, who had more
experience with molecular modeling than Frank-
lin, immediately understood what the image
and the data meant. Watson and Crick used that
information to build their model of DNA.

On April 25, 1953, Franklin’s paper appeared
third in a series of articles about the structure
of DNA in the journal Nature. It supported with
solid experimental evidence Watson and Crick’s
theoretical model, which appeared in the first
article of the series.

Rosalind Franklin died at age 37, of ovarian
cancer probably caused by extensive exposure to
x-rays. Because the Nobel Prize is not given post-
humously, she did not share in the 1962 honor
that went to Watson, Crick, and Wilkins for the
discovery of the structure of DNA.

m DNA Replication and Repair

> A cell copies its DNA before it reproduces.
> DNA repair mechanisms correct most replication errors.
< Link to Phosphate-group transfers 5.3

During most of its life, a cell contains only one set of
chromosomes. However, when the cell reproduces, it must
contain two sets of chromosomes: one for each of its
future offspring. By a process called DNA replication, a
cell copies its DNA before it divides (Figure 8.10). Before
DNA replication begins, each chromosome consists of one
molecule of DNA—one double helix @. During replica-
tion, an enzyme called DNA helicase breaks the hydrogen
bonds that hold the double helix together, so the two DNA
strands unwind @. Another enzyme, DNA polymerase,
assembles a complementary strand of DNA on each of the
parent strands.

As each new DNA strand lengthens, it winds up with its
“parent” strand into a double helix (Figure 8.11A). So, after
replication, two double-stranded molecules of DNA have
formed. One strand of each molecule is parental (old), and
the other is new; hence the name of the process, semicon-
servative replication (Figure 8.11B).

As you will see, the order of nucleotide bases in a
strand of DNA—the DNA sequence—is genetic infor-
mation. Descendant cells must get an exact copy of that
information, or inheritance will go awry. Because each
new strand of DNA is complementary in sequence to a par-
ent strand, both double-stranded molecules that result from
DNA replication are duplicates of the parent.

@ The two strands of a DNA
molecule are complementary:
their nucleotides match up
according to base-pairing rules
(Gto C, Tto A).

@ As replication starts, the
two strands of DNA unwind at

|

many sites along the length of
the molecule.

© Each parent strand serves
as a template for the assembly
of a new DNA strand from
nucleotides, according to base-
pairing rules.

@ DNA ligase seals any gaps
that remain between bases

of the “new” DNA, so a con-
tinuous strand forms. The base
sequence of each half-old, half-
new DNA molecule is identical

AMad QNAR
Tone  ROAT

to that of the parent.

Figure 8.10 Animated DNA replication. Both strands of the double
helix serve as templates, so two double-stranded DNA molecules result.
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Figure 8.11 Semiconservative replication of DNA. A A parental
DNA strand serves as a template for assembly of a new strand
of DNA. The two parental DNA strands (blue) stay intact. A
new strand (magenta) is assembled on each of the parental (old)
strands. B One strand of each DNA molecule that forms is new.

The base sequence of each new strand of DNA is
complementary to its parent because DNA polymerase
follows base-pairing rules @. As the enzyme moves along
a strand of DNA, it uses the sequence of bases as a tem-
plate, or guide, to assemble a new strand of DNA from
free nucleotides. The polymerase adds a T to the end of
the new DNA strand when it reaches an A in the par-
ent DNA sequence; it adds a G when it reaches a C; and
so on. Phosphate-group transfers from the nucleotides
provide energy for their own attachment to the end of a
growing strand of DNA. The enzyme DNA ligase seals
any gaps, so a new, continuous strand of DNA results @.

Numbering the carbons in nucleotides allows us to
keep track of the DNA strands in a double helix, because
each strand has an unbonded 5’ carbon at one end and
an unbonded 3’ carbon at the other:

= LI 5.
3’ 5’

DNA polymerase can attach free nucleotides only to a
3’ carbon. Thus, it can replicate only one strand of a DNA
molecule continuously (Figure 8.12). Synthesis of the other
strand occurs in segments, in the direction opposite that

of unwinding. DNA ligase joins those segments into a
continuous strand of DNA.

DNA ligase Enzyme that seals gaps in double-stranded DNA.
DNA polymerase DNA replication enzyme. Uses a DNA tem-
plate to assemble a complementary strand of DNA.

DNA repair mechanism Any of several processes by which
enzymes repair damaged DNA.

DNA replication Process by which a cell duplicates its DNA
before it divides.

DNA sequence Order of nucleotide bases in a strand of DNA.
mutation Permanent change in the sequence of DNA.

Figure 8.12 DNA synthesis occurs in
the 5’ to 3’ direction. Only one of
two new DNA strands can be assem-
bled in a single piece. The other forms
in short segments, which are called
Okazaki fragments after the two sci-
entists who discovered them.

The parent DNA
double helix unwinds
in this direction.

The other new
DNA strand is
assembled in
many pieces.

Only one new
DNA strand is
assembled
continuously.

3’ ’ 5

Proofreading

A DNA molecule is not always replicated with perfect
fidelity. Sometimes the wrong base is added to a growing
DNA strand; at other times, bases get lost, or extra ones
are added. Either way, the new DNA strand will no longer
match up perfectly with its parent.

Some of these errors occur after the DNA becomes
damaged by exposure to radiation or toxic chemicals.
DNA polymerases do not copy damaged DNA very well.
In most cases, DNA repair mechanisms fix DNA by
enzymatically excising and replacing any damaged or mis-
matched bases before replication begins.

Most DNA replication errors occur simply because
DNA polymerases catalyze a tremendous number of reac-
tions very quickly—up to 1,000 bases per second. Mis-
takes are inevitable, and some DNA polymerases make
many of them. Luckily, most DNA polymerases proofread
their own work. They correct any mismatches by revers-
ing the synthesis reaction to remove a mismatched nucle-
otide, then resuming synthesis in the forward direction.

When proofreading and repair mechanisms fail, an
error becomes a mutation, a permanent change in the
DNA sequence. An individual or its offspring may not
survive a mutation, because mutations can cause cancer
in body cells. Mutations in cells that form eggs or sperm
may lead to genetic disorders in offspring. However, not
all mutations are dangerous. Some give rise to variations
in traits that are the raw material of evolution.

Take-Home Message Howis DNA copied?

> A cell replicates its DNA before it divides. Each strand of the double helix
serves as a template for synthesis of a new, complementary strand of DNA.

> DNA repair mechanisms and proofreading maintain the integrity of a cell’s

genetic information. Unrepaired errors may become mutations.
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Using DNA To Duplicate Existing Mammals

> Reproductive cloning is a reproductive intervention that to interventions in reproduction that result in an exact
results in an exact genetic copy of an adult individual. genetic copy of an organism.
Genetically identical organisms occur all the time in
The word “cloning” means making an identical copy of nature. They arise mainly by the process of asexual repro-
something. In biology, cloning can refer to a laboratory duction, which we discuss in Chapter 12. Embryo split-
method by which researchers copy DNA fragments (a ting, another natural process, results in identical twins.
technique we discuss in Chapter 15). It can also refer The first few divisions of a fertilized egg form a ball of

A A cow egg is held in place by suc-
tion through a hollow glass tube called
a micropipette. DNA is identified by a
purple stain.

B Another micropipette punctures
the egg and sucks out the DNA. All
that remains inside the egg’s plasma
membrane is cytoplasm.

C A new micropipette prepares to
enter the egg at the puncture site. The
pipette contains a cell grown from the
skin of a donor animal.

D The micropipette enters the egg
and delivers the skin cell to a region
between the cytoplasm and the
plasma membrane.

E After the pipette is withdrawn, the
donor’s skin cell is visible next to the
cytoplasm of the egg. The transfer is
now complete.

F The egg is exposed to an electric cur-
rent. This treatment causes the foreign
cell to fuse with and empty its nucleus
into the cytoplasm of the egg. The egg
begins to divide, and an embryo forms.
After a few days, the embryo may be
transplanted into a surrogate mother.

Figure 8.13 Animated Somatic cell nuclear transfer, using cattle cells. This
series of micrographs was taken by scientists at Cyagra, a company that spe-

cializes in cloning livestock.

cells that sometimes splits spontaneously. If both halves
continue to develop independently, identical twins result.
Artificial embryo splitting has been routine in research
and animal husbandry for decades. With this technique, a
ball of cells is grown from a fertilized egg in a laboratory.
The ball is teased apart into two halves, each of which
goes on to develop as a separate embryo. The embryos
are implanted in surrogate mothers, who give birth to
identical twins. Artificial twinning and any other technol-
ogy that yields genetically identical individuals is called
reproductive cloning.

Twins get their DNA from two parents, which typically
differ in their DNA sequence. Thus, although identical
twins produced by embryo splitting are identical to one
another, they are not identical to either parent. When ani-
mal breeders want an exact copy of a specific individual,
they may turn to a cloning method that starts with a
single cell taken from an adult organism. Such procedures
present more of a technical challenge than embryo split-
ting. Unlike a fertilized egg, a body cell from an adult will
not automatically start dividing. It must first be tricked
into rewinding its developmental clock.

All cells descended from a fertilized egg inherit the
same DNA. Thus, the DNA in each living cell of an indi-
vidual is like a master blueprint that contains enough
information to build an entirely new individual. As dif-
ferent cells in a developing embryo start using different
subsets of their DNA, they differentiate, or become dif-
ferent in form and function. In animals, differentiation
is usually a one-way path. Once a cell specializes, all of
its descendant cells will be specialized the same way. By
the time a liver cell, muscle cell, or other specialized cell
forms, most of its DNA has been turned off, and is no
longer used.

To clone an adult, scientists must first transform one
of its differentiated cells into an undifferentiated cell by
turning its unused DNA back on. In somatic cell nuclear
transfer (SCNT), a researcher removes the nucleus from
an unfertilized egg, then inserts into the egg a nucleus
from an adult animal cell (Figure 8.13). A somatic cell is
a body cell, as opposed to a reproductive cell (soma is a
Greek word for body). If all goes well, the egg’s cytoplasm
reprograms the transplanted DNA to direct the develop-
ment of an embryo, which is then implanted into a sur-
rogate mother. The animal that is born to the surrogate is
genetically identical with the donor of the nucleus.
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Figure 8.14 Champion Holstein dairy cow Nelson’s Estimate Liz
(right) and her clone, Nelson’s Estimate Liz Il (/eft), who was pro-
duced by somatic cell nuclear transfer in 2003. Liz Il had already
begun to win championships by the time she was a yearling.

SCNT is now a common practice among people who
breed prized livestock. Among other benefits, many more
offspring can be produced in a given time frame by clon-
ing than by traditional breeding methods. Cloned ani-
mals have the same championship features as their DNA
donors (Figure 8.14). Offspring can also be produced after
a donor animal is castrated or even dead.

The controversial issue with adult cloning is not neces-
sarily about livestock. As the techniques become routine,
cloning a human is no longer only within the realm of
science fiction. Researchers are already using SCNT to
produce human embryos for research, a practice called
therapeutic cloning. The researchers harvest undifferenti-
ated (stem) cells from the cloned human embryos. Cells
from these embryos are being used to study, among many
other things, how fatal diseases progress. For example,
embryos created using cells from people with genetic
heart defects will allow researchers to study how the
defect causes developing heart cells to malfunction. Such
research may ultimately lead to treatments for people
who suffer from fatal diseases. (We return to the topic
of stem cells and their potential medical benefits in Chap-
ter 28.) Reproductive cloning of humans is not the intent
of such research, but if it were, somatic cell nuclear trans-
fer would indeed be the first step toward that end.

h A Hero Dog’s Golden Clones (revisited)

Trakr’s clones were produced using SCNT. &’n 7
The ability to clone dogs is a recent devel- (- J

opment, but the technique is not. Scottish
geneticist Ian Wilmut made headlines in
1997 when he announced the first suc-
cessful demonstration of SCNT. His team
had removed the nucleus from an unfertil-
ized sheep egg, then replaced it with the
nucleus of a cell taken from the udder of a
different sheep. The hybrid egg became an
embryo, and then a lamb. The lamb, Dolly,
was genetically identical to the sheep that
had donated the udder cell.

At first, Dolly looked and acted like a
normal sheep. But five years later, she was
as fat and arthritic as a twelve-year-old
sheep. The following year, Dolly contracted
a lung disease that is typical of geriatric sheep, and was euthanized. Dolly’s
telomeres hinted that she had developed health problems because she was a
clone. Telomeres are short, repeated DNA sequences at the ends of chromo-
somes. They become shorter and shorter as an animal ages. When Dolly was
only two years old, her telomeres were as short as those of a six-year-old
sheep—the exact age of the adult animal that had been her genetic donor.

Since then, SCNT has also been used to clone mice, rats, rabbits, pigs,
cattle, goats, sheep, horses, mules, deer, cats, a camel, a ferret, a monkey, and
a wolf. Dolly’s telomere problem has not been seen in animals cloned since
her, but other problems are common. Many clones are unusually overweight
or have enlarged organs. Cloned mice develop lung and liver problems, and
almost all die prematurely. Cloned pigs tend to limp and have heart prob-
lems. One never did develop a tail or, even worse, an anus.

How Would You Vote? Some view sickly or deformed clones as unfortunate
but acceptable casualties of animal cloning research that also yields medical advances
for human patients. Should animal cloning be banned? See CengageNow for details,
then vote online (cengagenow.com).

reproductive cloning Technology that produces genetically identi-
cal individuals.

somatic cell nuclear transfer (SCNT) Method of reproductive
cloning in which genetic material is transferred from an adult
somatic cell into an unfertilized, enucleated egg.

therapeutic cloning The use of SCNT to produce human embryos
for research purposes.

Human eggs are difficult to come by. They also come
with a hefty set of ethical dilemmas. Thus, researchers
have started trying to make hybrid embryos using adult
human cells and eggs from other animals, a technique
called interspecies nuclear transfer, or iSCNT.

Take-Home Message Whatis cloning?

> Reproductive cloning technologies produce a clone: an exact genetic copy of an
individual.

> The DNA inside a living cell contains all the information necessary to build a
new individual.

> Somatic cell nuclear transfer (SCNT) is a reproductive cloning method in which
nuclear DNA of an adult donor is transferred to an egg with no nucleus. The
hybrid cell develops into an embryo that is genetically identical to the donor.

> Therapeutic cloning uses SCNT to produce human embryos for research.
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Summary

Section 8.1 Making clones, or exact genetic
copies, of adult animals is now a common
practice. The techniques, while improving,
are still far from perfect; many attempts are
required to produce a clone, and clones that
survive often have health problems. The practice continues
to raise serious ethical questions.

Section 8.2 The DNA of eukaryotes is
divided among a characteristic number of
chromosomes that differ in length and
shape. Histone proteins organize eukary-
otic DNA into nucleosomes. When dupli-
cated, a eukaryotic chromosome consists of two sister
chromatids attached at a centromere. Diploid cells have
two of each type of chromosome.

Chromosome number is the sum of all chromosomes
in cells of a given type. A human body cell has twenty-
three pairs of chromosomes. Members of a pair of sex
chromosomes differ among males and females. All others
are autosomes. Autosomes of a pair have the same length,
shape, and centromere location, and they carry the same
genes. A karyotype can reveal abnormalities in an indi-
vidual’s complement of chromosomes.

Section 8.3 Almost one hundred years of

experiments with bacteria and bacterio—

phage offered solid evidence that deoxy-

ribonucleic acid (DNA), not protein, is the
hereditary material of life.

Sections 8.4, 8.5 A DNA molecule consists
of two strands of DNA coiled into a helix.
Nucleotide monomers are joined to form
each strand. A DNA nucleotide has a five-
carbon sugar (deoxyribose), three phos-
phate groups, and one of four nitrogen-containing bases
after which the nucleotide is named: adenine, thymine,
guanine, or cytosine.

Bases of the two DNA strands in a double helix pair in a
consistent way: adenine with thymine (A-T), and guanine
with cytosine (G-C). The order of bases along the strands
varies among species and among individuals.

Section 8.6 The DNA sequence of an
organism’s chromosome(s) constitutes
genetic information. A cell passes that
information to offspring by copying its

é = DNA before it divides, a process called
DNA replication. A double-stranded molecule of DNA
results in two double-stranded DNA molecules that are
identical to the parent. One strand of each molecule is new,
and the other is parental. During the replication process,
the double helix unwinds. DNA polymerase uses each
strand as a template to assemble new, complementary
strands of DNA from free nucleotides. DNA ligase seals
any gaps to form a continuous strand.

DNA repair mechanisms fix damaged DNA. Proof-
reading by DNA polymerases corrects most base-pairing
errors. Uncorrected errors may become mutations.

Section 8.7 Various reproductive cloning
technologies produce genetically identical
individuals (clones). In somatic cell
nuclear transfer (SCNT), one cell from an
adult is fused with an enucleated egg. The
hybrid cell is treated with electric shocks or another stimu-
lus that provokes the cell to divide and begin developing
into a new individual. SCNT with human cells, which is
called therapeutic cloning, produces embryos that are used
for stem cell research.

Self_ QUIZ Answers in Appendix ||

1. Chromosome number
a. refers to a particular chromosome pair in a cell
b.is an identifiable feature of a species
c. is like a set of books
d. all of the above

2. Sister chromatids connect at the

3. The basic unit that structurally organizes a eukaryotic
chromosome is the
a. higher-order coiling
b. double helix

4. Which is not a nucleotide base in DNA?
a. adenine
b. guanine

c. base sequence
d. nucleosome

c. uracil
d. thymine

e. cytosine
f. All are in DNA.

5. What are the base-pairing rules for DNA?
a. A-G, T-C c. A-U, C-G
b.A-C, T-G d.A-T, G-C

6. One species’ DNA differs from others in its
c. base sequence
d. all of the above

7. When DNA replication begins,
a. the two DNA strands unwind from each other
b. the two DNA strands condense for base transfers
c. two DNA molecules bond
d. old strands move to find new strands

a. sugars
b. phosphates

8. DNA replication requires
a. template DNA
b. free nucleotides

c. DNA polymerase
d. all of the above

9. Show the complementary strand of DNA that forms
on this template DNA fragment during replication:

—GGTTTCTTCAAGAGA—3'

10. is an example of reproductive cloning.
a. Somatic cell nuclear transfer (SCNT)
b. Multiple offspring from the same pregnancy
c. Artificial embryo splitting
d.aand c
e. all of the above
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Data Analysis Activities

Hershey-Chase Experiments The graph in Figure 8.15 is repro-
duced from Hershey and Chase’s original 1952 publication that
showed DNA is the hereditary material of bacteriophage. The
data are from the two experiments described in Section 8.3, in
which bacteriophage DNA and protein were labeled with radio-
active tracers and allowed to infect bacteria. The virus-bacteria
mixtures were whirled in a blender to dislodge the viruses, and
the tracers were tracked inside and outside of the bacteria.

1. Before blending, what percentage of 3S was outside the bac-
teria? What percentage was inside? What percentage of 32P
was outside the bacteria? What percentage was inside?

. After 4 minutes in the blender, what percentage of 3°S was
outside the bacteria? What percentage was inside? What
percentage of 32P was outside the bacteria? What percentage
was inside?

. How did the researchers know that the radioisotopes in the
fluid came from outside of the bacterial cells (extracellular)
and not from bacteria that had been broken apart by whirl-
ing in the blender?

. The extracellular concentration of which isotope, 358 or 32p,
increased the most with blending? DNA contains much more
phosphorus than do proteins; proteins contain much more
sulfur than does DNA. Do these results imply that the viruses
inject DNA or protein into bacteria? Why or why not?

- e @
100 p—g Infected bactepia

i R ]
wol ®  FExteaceliulor 5%
80

Extracellular P2

Per cent of total

40 =
20
0 1 | 1 L 1 |
Min. 0 1 2 3 =3 8

‘Running time in blendor

Figure 8.15 Detail of Alfred Hershey and Martha Chase’s
publication describing their experiments with bacterio-
phage. “Infected bacteria” refers to the percentage of bacte-
ria that survived the blender.

I
i

| |
Source: “Independent Functions of Viral Protein and Nucleic L 1
Acid in Growth of Bacteriophage.” Journal of General Physiol-

ogy, 36(1), Sept. 20, 1952.

11. The DNA of each species has unique that set

it apart from the DNA of all other species.

Ciritical Thinking

a. nucleotides c. sequences

b. chromosomes d. bases

12. can be used to produce genetically identical
organisms (clones).

a. SCNT

b. Embryo splitting

c. Therapeutic cloning
d.all of the above
13. A karyotype reveals the
a. base sequences
b. chromosomes

14. SCNT with human cells is called

of a single cell.
c. hereditary information
d. clones

15. Match the terms appropriately.

__bacteriophage a. nitrogen-containing base,
___ clone sugar, phosphate group(s)
__nucleotide b. copy of an organism
__diploid c. does not determine sex
___DNA ligase d. only DNA and protein
___ DNA polymerase e. fills in gaps, seals breaks
___autosome in a DNA strand

two chromosomes
of each type

. adds nucleotides to a
growing DNA strand

Additional questions are available on CENGAGENOW.

1. Mutations are permanent changes in a cell's DNA base
sequence. They typically have negative consequences, but
they are also the original source of genetic variation and
the raw material of evolution. How can mutations accumu-
late, given that cells have repair systems that fix changes
or breaks in DNA strands?

2. Woolly mammoths have been extinct for about 10,000
years, but we occasionally find one that has been preserved
in Siberian permafrost. Resurrecting these huge elephant-
like mammals may be possible by cloning DNA isolated
from such frozen remains. Researchers are now studying
the DNA of a remarkably intact baby mammoth recently
discovered frozen in a Siberian swamp. What are some of
the pros and cons, both technical and ethical, of cloning an
extinct animal?

Animations and Interactions on CENGAGENOW:

> Structural organization of eukaryotic chromosomes;
Karyotyping; Sex determination in humans; Griffith’s
experiments; Hershey—Chase experiments; Subunits of
DNA; Zooming in on DNA structure; Details of DNA repli-
cation; SCNT.
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PR W,
< Links to Earlier Concepts

In this chapter, you will see how cells use informa-
tion in nucleic acids (Section 3.7) to build proteins
(3.5, 3.6). You will use what you know about base
pairing (8.4) to understand transcription, which is
a bit like DNA replication (8.6). You will also revisit
ribosomes (4.5) and other organelles (4.6-4.8),
energy in metabolism (5.3), and enzymes (5.4). A
review of electrons (2.3) and radiant energy (6.2)
will be useful as you learn about mutations.

Copyright 2011 Cengage Learning,

= — DNAtoRNA to Protein
o <" The sequence of amino acids
6;9 6— in a polypeptide chain cor-
¢ E responds to a sequence of
(_3 __ﬁ nucleotide bases in DNA
called a gene. The conversion
of information in DNA to protein occurs in
two steps: transcription and translation.

DNA to RNA:
Transcription

During transcription, one
strand of a DNA double
helix serves as a template for

| assembling a single, comple-
mentary strand of RNA (a transcript). Each
transcript is an RNA copy of a gene.
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9 From

R.icin and Your Ribosomes

DNA to Protein

Ricin is a naturally occurring protein that is highly toxic: A dose
as small as a few grains of salt can kill an adult. Only botulinum
and tetanus toxins are more deadly, and there is no antidote.
Ricin effectively deters many animals from eating any part of
the castor-oil plant (Ricinus communis), which grows wild in
tropical regions worldwide and is widely cultivated for its seeds
(Figure 9.1). Castor-oil seeds are the source of castor oil, an ingre-
dient in plastics, cosmetics, paints, soaps, polishes, and many
other items. After the oil is extracted from the seeds, the ricin is
typically discarded along with the leftover seed pulp.

The lethal effects of ricin were known as long ago as 1888,
but using ricin as a weapon is now banned by most countries
under the Geneva Protocol. However, controlling its production
is impossible, because it takes no special skills or equipment to
manufacture the toxin from easily obtained raw materials. Thus,
ricin appears periodically in the news.

For example, at the height of the Cold War, the Bulgarian
writer Georgi Markov had defected to England and was working
as a journalist for the BBC. As he made his way to a bus stop on
a London street, an assassin used the tip of a modified umbrella
to jam a small, ricin-laced ball into Markov’s leg. Markov died in
agony three days later.

More recently, police in 2003 acted on an intelligence tip
and stormed a London apartment, where they found laboratory
glassware and castor-oil beans. Traces of ricin were found in a
United States Senate mailroom and State Department building,
and also in an envelope addressed to the White House in 2004.
In 2005, the FBI arrested a man who had castor-oil beans and
an assault rifle stashed in his Florida home. Jars of banana baby
food laced with ground castor-oil beans also made the news in
2005. In 2006, police found pipe bombs and a baby food jar full
of ricin in a Tennessee man’s shed. In 2008, castor beans, fire-
arms, and several vials of ricin were found in a Las Vegas motel
room after its occupant was hospitalized for ricin exposure.

Figure 9.1 Ricin. Above, one of ricin’s polypeptide chains (green) helps
the molecule cross cell membranes. The other chain (tan) destroys a cell’s
capacity for protein synthesis. Sugars attached to the protein are shown.
Opposite, seeds of the castor-oil plant, the source of ricin.

One of ricin’s two polypeptide chains is an enzyme that
inactivates ribosomes. This enzyme also occurs in wheat, barley,
and other food plants, but it is not particularly toxic because it
cannot cross cell membranes very well. However, ricin’s second
chain binds to plasma membranes, and the binding causes the
cell to take up the ricin molecule by endocytosis. Once inside
the cell, ricin’s two polypeptide chains separate, and the enzyme
begins to inactivate ribosomes. Ribosomes assemble amino acids
into proteins. Proteins are critical to all life processes, so cells
that cannot make them die very quickly. Someone who inhales
ricin can die from low blood pressure and respiratory failure
within a few days of exposure.

This chapter details how cells convert information encoded
in their DNA to an RNA or a protein product. Even though it
is extremely unlikely that your ribosomes will ever encounter
ricin, protein synthesis is nevertheless worth appreciating for
how it keeps you and all other organisms alive.

RINA

Messenger RNA (mRNA) car-
ries DNA’s protein-building
instructions. Its nucleotide
sequence is read three bases
at a time. Sixty-four mRNA
base triplets—codons—represent the genetic
code. Two other types of RNA interact with
mRNA during translation of that code.

RINA to Protein: Translation
Translation is an energy-
intensive process by which a
sequence of codons in mRNA
is converted to a sequence of
amino acids in a polypeptide
chain. Transfer RNAs deliver amino acids to
ribosomes, which catalyze the formation of
peptide bonds between the amino acids.

- Mutations
’ Small-scale, permanent
— changes in the nucleotide
sequence of DNA may result

" from replication errors, the

- activity of transposable ele-
ments, or exposure to environmental hazards.
Such mutations can change a gene’s product.
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¥M The Nature of Genetic Information

) Transcription converts information in a gene to RNA;
translation converts information in an mRNA to protein.

€ Links to Proteins 3.5, Nucleic acids 3.7, Ribosomes 4.5,
Enzymes 5.4, DNA sequence and replication 8.6

You learned in Chapter 8 that genetic information con-
sists of the nucleotide base sequence of DNA. How does
a cell convert that information into structural and func-
tional components? Let’s start with the nature of the
information itself.

DNA is like a book, an encyclopedia that contains all
of the instructions for building a new individual. You
already know the alphabet used to write the book: the
four letters A, T, G, and C, for the four nucleotide bases
adenine, thymine, guanine, and cytosine. Each strand of
DNA consists of a chain of those four kinds of nucleo-
tides. The linear order, or sequence, of the four bases in
the strand is the genetic information. That information
occurs in subsets called genes.

O

base I
(guanine)
H

N
NH,

3 phosphate groups

) 5

(RN
4 1 sugar

(ribose)

OH OH

An RNA nucleotide: guanine (G),
or guanosine triphosphate (GTP)

A Guanine, one of the four nucleotides in RNA. The others (adenine, uracil,
and cytosine) differ only in their component bases (blue). Three of the four
bases in RNA nucleotides are identical to the bases in DNA nucleotides.

(6]

base [
(guanine)

Yy H
H
3 phosphate groups o \NH2
€@ €0 o
& 1 sugar

(deoxyribose)

OH H

A DNA nucleotide: guanine (G),
or deoxyguanosine triphosphate (dGTP)

B Compare the DNA nucleotide guanine. The only difference between the RNA
and DNA versions of guanine (or adenine, or cytosine) is the hydrogen atom or
hydroxyl group at the 2" carbon of the sugar (shown in green).

Figure 9.2 Comparison between A an RNA nucleotide and B a DNA nucleotide.

Converting a Gene to an RNA
Converting the information encoded by a gene into a
product starts with RNA synthesis, or transcription. By
this process, enzymes use the nucleotide sequence of a
gene as a template to synthesize a strand of RNA (ribo-
nucleic acid):
transcription
DNA —— > RNA

Except for the double-stranded RNA that is the genetic
material of some types of viruses, RNA usually occurs
in single-stranded form. A strand of RNA is structurally
similar to a single strand of DNA. For example, both are
chains of four kinds of nucleotides. Like a DNA nucleo-
tide, an RNA nucleotide has three phosphate groups, a
sugar, and one of four bases. However, DNA and RNA
nucleotides are slightly different (Figure 9.2). The two
nucleic acids are named after their component sugars,
ribose and deoxyribose, which differ in one functional
group. Three of the bases (adenine, cytosine, and guanine)
are the same in RNA and DNA nucleotides, but the fourth
base in RNA is uracil, not thymine as it is in DNA.

Despite these small differences in structure, DNA and
RNA have very different functions (Figure 9.3). DNA’s only
role is to store a cell’s heritable information. By contrast, a
cell transcribes several kinds of RNAs, and each kind has
a different function. MicroRNAs are important in gene
control, which is the subject of the next chapter. Three
types of RNA have roles in protein synthesis. Ribosomal
RINA (rRNA\) is the main component of ribosomes,
structures upon which polypeptide chains are built (Sec-
tion 4.5). Transfer RNA (tRNA\) delivers amino acids to
ribosomes, one by one, in the order specified by a mes-

senger RNA (mRNA).

Converting mRINA to Protein

Messenger RNA is the only kind of RNA that carries a
protein-building message. That message is encoded within
the sequence of the mRNA by sets of three nucleotide
bases, “genetic words” that follow one another along the
length of the mRNA. Like the words of a sentence, a series

gene Part of a DNA base sequence; specifies an RNA or pro-
tein product.

gene expression Process by which the information in a gene
becomes converted to an RNA or protein product.

messenger RNA (mRNA) A type of RNA that carries a
protein-building message.

ribosomal RNA (rRNA) A type of RNA that becomes part
of ribosomes.

transcription Process by which an RNA is assembled from
nucleotides using the base sequence of a gene as a template.
transfer RNA (tRNA) A type of RNA that delivers amino acids
to a ribosome during translation.

translation Process by which a polypeptide chain is assembled
from amino acids in the order specified by an mRNA.
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A DNA has one function: It
permanently stores a cell’s
genetic information, which is
passed to offspring.

Nucleotide bases
of DNA

Figure 9.3 DNA and RNA compared.

of these genetic words can form a meaningful parcel of
information—in this case, the sequence of amino acids
of a protein.

By the process of translation, the protein-building
information in an mRNA is decoded (translated) into a
sequence of amino acids. The result is a polypeptide chain
that twists and folds into a protein:

translation
mRNA

PROTEIN
Sections 9.4 and 9.5 describe how rRNA and tRNA inter-
act to translate the sequence of base triplets in an mRNA
into the sequence of amino acids in a protein.

The processes of transcription and translation are part
of gene expression, a multistep process by which genetic
information encoded by a gene is converted into a struc-
tural or functional part of a cell or a body:

transcription translation

DNA ——— > mRNA PROTEIN

base pair uracil U

B Different types of RNA have different
functions. Some serve as disposable copies

) Nucleotide bases
of DNA’s genetic message; some are cata-

of RNA

lytic; others have roles in gene control.

A cell’s DNA sequence contains all of the information
it needs to make the molecules of life. Each gene encodes
an RNA, and different types of RNAs interact to assemble
proteins from amino acids (Section 3.5). Some of those
proteins are enzymes that assemble lipids and complex
carbohydrates from simple building blocks (Section 3.2),
replicate DNA (Section 8.6), and make RNA, as you will
see in the next section.

Take-Home M essage Whatis the nature of genetic information
carried by DNA?

Y The nucleotide sequence of a gene encodes instructions for building an RNA or
protein product.

> A cell transcribes the nucleotide sequence of a gene into RNA.

> Although RNA is structurally similar to a single strand of DNA, the two types
of molecules differ functionally.

> A messenger RNA (mRNA) carries a protein-building code in its nucleotide
sequence. TRNAs and tRNAs interact to translate that sequence into a protein.
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Transcription

> RNA polymerase links RNA nucleotides into a chain, in the
order dictated by the base sequence of a gene.

> A new RNA strand is complementary in sequence to the
DNA strand from which it was transcribed.

€ Links to Base pairing 8.4, DNA replication 8.6

Remember that DNA replication begins with one DNA
double helix and ends with two DNA double helices
(Section 8.6). The two double helices are identical to the

RNA gene region
polymerase | ]

promoter sequence in DNA

@ RNA polymerase binds to a promoter in the DNA. The bind-
ing positions the polymerase near a gene. In most cases, the base
sequence of the gene occurs on only one of the two DNA strands.
Only the DNA strand complementary to the gene sequence will be
translated into RNA.

RNA

o @

DNA winding up DNA unwinding

e The polymerase begins to move along the DNA and unwind it. As it
does, it links RNA nucleotides into a strand of RNA in the order speci-
fied by the base sequence of the DNA. The DNA winds up again after
the polymerase passes. The structure of the “opened” DNA at the tran-
scription site is called a transcription bubble, after its appearance.

© Zooming in on the gene region, we can see that RNA polymerase
covalently bonds successive nucleotides into an RNA strand. The
base sequence of the new RNA strand is complementary to the base

sequence of its DNA template strand, so it is an RNA copy of the gene.

parent molecule because base-pairing rules are followed
during DNA replication. A nucleotide can be added to a
growing strand of DNA only if it base-pairs with the cor-
responding nucleotide of the parent strand: G pairs with
C, and A pairs with T (Section 8.4). Base-pairing rules
also govern RNA synthesis during transcription. An RNA
strand is structurally so similar to a DNA strand that the
two can base-pair if their nucleotide sequences are com-
plementary. In such hybrid molecules, G pairs with C; A
pairs with U (uracil).

During transcription, a strand of DNA acts as a tem-
plate upon which a strand of RNA—a transcript—is
assembled from RNA nucleotides. A nucleotide can be
added to a growing RNA only if it is complementary to
the corresponding nucleotide of the parent DNA strand.
Thus, each new RNA is complementary in sequence to
the DNA strand that served as its template. As in DNA
replication, each nucleotide provides the energy for its
own attachment to the end of a growing strand.

Transcription is similar to DNA replication in that one
strand of a nucleic acid serves as a template for synthesis
of another. However, in contrast with DNA replication,
only part of one DNA strand, not the whole molecule, is
used as a template for transcription. The enzyme RNA
polymerase, not DNA polymerase, adds nucleotides to
the end of a growing transcript. Also, transcription results
in a single strand of RNA, not two DNA double helices.

Transcription begins with a gene on a chromosome
(Figure 9.4). The process gets under way when an RNA
polymerase and several regulatory proteins attach to a
specific binding site in the DNA called a promoter @.
The binding positions the polymerase at a transcription

direction of transcription

Figure 9.4 Animated Transcription. By this process, a strand of RNA is assembled

from nucleotides according to a template: a gene region in DNA.

» Figure It Out After the guanine, what is the next nucleotide that will be added to

this growing strand of RNA?

(D) auiueng sayrouy uamsuy
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Figure 9.5 Typically, many RNA polymerases simultaneously transcribe the same gene, producing a
structure often called a “Christmas tree” after its shape. Here, three genes next to one another on the

same chromosome are being transcribed.

> Figure It Out Are the polymerases transcribing this DNA molecule moving from left to right or

from right to left?

start site close to a gene. The polymerase starts moving
along the DNA, in the 3 to 5" direction over the gene @.
As it moves, the polymerase unwinds the double helix just
a bit so it can “read” the base sequence of the noncoding
DNA strand. The polymerase joins free RNA nucleotides
into a chain, in the order dictated by that DNA sequence.
As in DNA replication, the synthesis is directional: An
RNA polymerase adds nucleotides only to the 3’ end of
the growing strand of RNA.

When the polymerase reaches the end of the gene, the
DNA and the new RNA strand are released. RNA poly-

gene
i

promoter fexon intron  exon intron exon]

transcription

exon intron exon intron exon

e
RNA processing

new transcript

exon exon exon
finished RNA 5 3’

cap poly-A tail
Figure 9.6 Animated Post-transcriptional modification of RNA.

Introns are removed and exons spliced together. Messenger RNAs
also get a poly-A tail and modified guanine “cap.”

alternative splicing RNA processing event in which some exons
are removed or joined in various combinations.

exon Nucleotide sequence that is not spliced out of RNA during
processing.

intron Nucleotide sequence that intervenes between exons and is
excised during RNA processing.

promoter In DNA, a sequence to which RNA polymerase binds.
RNA polymerase Enzyme that carries out transcription.

1ySu 01 Yo MUY

merase follows base-pairing rules, so the new RNA strand
is complementary in base sequence to the DNA strand
from which it was transcribed @. It is an RNA copy of a
gene, the same way that a paper transcript of a conversa-
tion carries the same information in a different format.
Typically, many polymerases transcribe a particular gene
region at the same time, so many new RNA strands can
be produced very quickly (Figure 9.5).

Post-Transcriptional Modifications

In eukaryotes, transcription takes place in the nucleus.
Eukaryotes also modify their RNA inside the nucleus,
then ship it to the cytoplasm. Just as a dressmaker may
snip off loose threads or add bows to a dress before it
leaves the shop, so do eukaryotic cells tailor their RNA
before it leaves the nucleus.

For example, most eukaryotic genes contain introns,
nucleotide sequences that are removed from a new RNA.
Introns intervene between exons, sequences that stay in
the RNA (Figure 9.6). Introns are transcribed along with
exons, but they are removed before the RNA leaves the
nucleus. Either all exons remain in the mature RNA, or
some are removed and the remaining exons are spliced
together. By such alternative splicing, one gene can
encode different proteins.

New transcripts that will become mRNAs are further
tailored after splicing. A modified guanine “cap” gets
attached to the 5" end of each. Later, the cap will help the
mRNA bind to a ribosome. A tail of 50 to 300 adenines
is also added to the 3" end of a new mRNA; hence the
name, poly-A tail.

Take-Home Message Howis RNA assembled?

) In transcription, RNA polymerase uses the nucleotide sequence of a gene
region in a chromosome as a template to assemble a strand of RNA.

> The new strand of RNA is a copy of the gene from which it was transcribed.

Chapter 9 From DNA to Protein 141

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



XM R NA and the Genetic Code

) Base triplets in an mRNA encode a protein-building
message. Ribosomal RNA and transfer RNA translate
that message into a polypeptide chain.

< Links to Polypeptides 3.5, Ribosomes 4.5, Catalysis 5.4

DNA stores heritable information about proteins, but
making those proteins requires messenger RNA (mRNA),
transfer RNA (tRNA), and ribosomal RNA (rRNA). The
three types of RNA interact to translate DNA’s informa-
tion into a protein.

An mRNA is essentially a disposable copy of a gene.
Its job is to carry DNA’s protein-building information to
the other two types of RNA for translation. That protein-
building information consists of a linear sequence of
genetic “words” spelled with an alphabet of the four bases
A, C, G, and U. Each of the genetic “words” carried by an

first second base third

bafe f w E E F‘ bafe
w UUUlphe ucu UAU } .

uuc ucc UAC

ser
UUA UCA UAA @
}Ieu
UAG UGG trp

E Cuu CCu CAU CGU
} his

uuG ucaG

Cuc CCC CAC CGC
leu pro arg
CUA CCA CAA CGA
} gln
CUG CCG CAG CGG

v AUU ACU AAU AGU
asn ser
AUC |ile ACC AAC AGC
thr
AUA ACA AAA AGA
}Iys arg
AUG met ACG AAG AGG
E GUU GCU GAU GGU
}asp
GUC GCC GAC GGC
val ala gly
GUA GCA GAA GGA
}glu
GUG GCG GAG GGG

diaini= daini=] daini= da=i=

mRNA is three bases long, and each is a code—a codon—
for a particular amino acid. There are four possible bases
in each of the three positions of a codon, so there are a
total of sixty-four (or 43) mRNA codons. Collectively, the
sixty-four codons constitute the genetic code (Figure 9.7).
Which of the four nucleotides is in the first, second, and
third position of a base triplet determines which amino
acid the codon specifies. For instance, the codon AUG
codes for the amino acid methionine (met), and UGG
codes for tryptophan (trp).

One codon follows the next along the length of an
mRNA, so the order of codons in an mRNA determines
the order of amino acids in the polypeptide that will be
translated from it. Thus, the base sequence of a gene is
transcribed into the base sequence of an mRNA, which is
in turn translated into an amino acid sequence (Figure 9.8).

There are only twenty kinds of amino acids found
in proteins. Sixty-four codons are more than are needed
to specify twenty amino acids, so some amino acids are
specified by more than one codon. For instance, GAA
and GAG both code for glutamic acid. Other codons sig-
nal the beginning and end of a protein-coding sequence.
For example, the first AUG in an mRNA is the signal to
start translation in most species. AUG also happens to be
the codon for methionine, so methionine is always the
first amino acid in new polypeptides of such organisms.
UAA, UAG, and UGA do not specify an amino acid. They
are signals that stop translation, so they are called stop

ala alanine (A) leu leucine (L)
arg arginine (R) lys  lysine (K)
asn asparagine (N) met methionine (M)

asp aspartic acid (D) phe phenylalanine (F)

cys cysteine (C) pro  proline (P)

glu  glutamic acid (E) ser  serine (S)

gln  glutamine (Q) thr  threonine (T)
gly  glycine (G) trp  tryptophan (W)
his  histidine (H) tyr  tyrosine (Y)

ile isoleucine (l) val  valine (V)

Figure 9.7 Animated The genetic code. Each codon in mRNA is a
set of three nucleotide bases. In the large chart, the /left column lists
a codon’s first base, the top row lists the second, and the right col-
umn lists the third. Sixty-one of the triplets encode amino acids; the
remaining three are signals that stop translation. The amino acid
names that correspond to abbreviations in the chart are listed above.

» Figure It Out Which codons specify the amino acid lysine (lys)?
DVV PUB VY amsuy
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codon codon codon

transcription

translation
methionine — tyrosine — serine —--- amino acid
(met) (tyr) (ser) sequence

Figure 9.8 Example of the correspondence between DNA,
RNA, and proteins. A DNA strand is transcribed into mRNA,
and the codons of the mRNA specify a chain of amino acids.

codons. A stop codon marks the end of the protein-coding
sequence in an mRNA.

The genetic code is highly conserved, which means
that many organisms use the same code and probably
always have. Bacteria, archaeans, and some protists have
a few codons that differ from the typical code, as do mito-
chondria and chloroplasts. The variation was a clue that
led to a theory of how organelles evolved (we will return
to the topic of endosymbiosis in Section 18.6).

rRINA and tRNA—The Translators

A ribosome has one large and one small subunit. Each
subunit consists mainly of rRNA, with some associated
structural proteins. During translation, a large and a small
ribosomal subunit converge as an intact ribosome on an
mRNA (Figure 9.9).

Ribosomes and tRNAs interact to translate an mRNA
into a polypeptide. Transfer RNAs deliver amino acids
to ribosomes in the order specified by the mRNA. Each
tRNA has two attachment sites. The first is an anticodon,
a triplet of nucleotides that base-pairs with an mRNA
codon (Figure 9.10). The other attachment site on a tRNA
binds to an amino acid—the one specified by the codon.
Transfer RNAs with different anticodons carry different
amino acids. You will see in the next section how those
tRNAs deliver amino acids, one after the next, to a ribo-
some during translation of an mRNA.

Ribosomal RNA is one of the few examples of RNA
with enzymatic activity: The rRNA of a ribosome, not
the protein, catalyzes the formation of a peptide bond

large subunit small subunit intact ribosome
Figure 9.9 Animated Ribosome structure. An intact ribosome consists of a large
and a small subunit. Structural protein components of the subunits are shown in
green; catalytic rRNA components, in tan. Notice the tunnel through the interior of the
large subunit. A polypeptide chain threads through this tunnel as it is being assem-
bled by the ribosome. We show an mRNA (in red) attached to the small subunit.

——anticodon —ﬂ%

amino acid
attachment site

A

Figure 9.10 Animated tRNA structure. A Models of the tRNA that carries the amino
acid tryptophan. Each tRNA’s anticodon is complementary to an mRNA codon. Each
also carries the amino acid specified by that codon. B During translation, tRNAs dock
at an intact ribosome. Here, three tRNAs (brown) are docked at the small ribosomal
subunit (the large subunit is not shown, for clarity). The anticodons of the tRNAs line
up with complementary codons in an mRNA (shown in red).

between amino acids. As the amino acids are delivered,
the ribosome joins them via peptide bonds into a new
polypeptide (Section 3.5). Thus, the order of codons in an
mRNA—DNA’s protein-building message—becomes trans-
lated into a new protein.

codon In mRNA, a nucleotide base triplet that codes for an amino
acid or stop signal during translation.
genetic code Complete set of sixty-four mRNA codons.

Take-Home Message What roles do mRNA, tRNA, and rRNA
play during translation?
> mRNA carries protein-building information. The bases in mRNA are “read” in
sets of three during protein synthesis. Most of these base triplets (codons) code
for amino acids. The genetic code consists of all sixty-four codons.
> Ribosomes, which consist of two subunits of rRNA and proteins, assemble
amino acids into polypeptide chains.
> A tRNA has an anticodon complementary to an mRNA codon, and it has a
binding site for the amino acid specified by that codon. Transfer RNAs deliver
amino acids to ribosomes.
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Translating the Code: RNA to Protein

start codon ﬁ:‘\

(AUG)

initiator tRNA

first amino acid
of polypeptide

peptide bond

o Ribosome subunits
and an initiator tRNA
converge on an mRNA.
A second tRNA binds
to the second codon.

@ A peptide bond
forms between the
first two amino acids.

© The first tRNA is
released and the ribo-
some moves to the next
codon. A third tRNA

binds to the third codon.

o A peptide bond forms

between the second and
third amino acids.

eThe second tRNA is
released and the ribo-
some moves to the next
codon. A fourth tRNA
binds the fourth codon.

o A peptide bond forms

between the third and
fourth amino acids.

) Translation converts the information carried by an mRNA
into a polypeptide.

> The order of the codons in an mRNA determines the order
of amino acids in the translated polypeptide.

< Links to Peptide bonds 3.5, Endomembrane system 4.8,
Nucleus 4.7, Energy in metabolism 5.3

Translation, the second part of protein synthesis, occurs in
the cytoplasm, which has many free amino acids, tRNAs,
and ribosomal subunits (Figures 9.11 and 9.12A). Transla-
tion proceeds in three stages: initiation, elongation, and
termination. In eukaryotes, the initiation stage begins when
an mRNA leaves the nucleus and a small ribosomal subunit
binds to it. Next, the anticodon of a special tRNA called an
initiator base-pairs with the first AUG codon of the mRNA.
Then, a large ribosomal subunit joins the small subunit .

In the elongation stage, the ribosome assembles a poly-
peptide chain as it moves along the mRNA. The initia-
tor tRNA carries the amino acid methionine, so the first
amino acid of the new polypeptide chain is methionine.
Another tRNA brings the second amino acid to the com-
plex as its anticodon base-pairs with the second codon in
the mRNA. The ribosome catalyzes formation of a peptide
bond between the first two amino acids @.

The first tRNA is released and the ribosome moves
to the next codon. Another tRNA brings the third amino
acid to the complex as its anticodon base-pairs with the
third codon of the mRNA @. A peptide bond forms
between the second and third amino acids @.

The second tRNA is released and the ribosome moves
to the next codon. Another tRNA brings the fourth amino
acid to the complex as its anticodon base-pairs with the
fourth codon of the mRNA @. A peptide bond forms
between the third and fourth amino acids @. The new
polypeptide chain continues to elongate as the ribosome
catalyzes peptide bonds between amino acids delivered by
successive tRNAs.

Termination occurs when the ribosome reaches a stop
codon in the mRNA. The mRNA and the polypeptide
detach from the ribosome, and the ribosomal subunits
separate from each other. Translation is now complete.
The new polypeptide will either join the pool of proteins
in the cytoplasm, or enter rough ER of the endomem-
brane system (Section 4.8).

In cells that are making a lot of protein, many ribo-
somes may simultaneously translate the same mRNA,
in which case they are called polysomes (Figure 9.12B).

Figure 9.11 Animated Translation. Translation initiates when ribo-
somal subunits and an initiator tRNA converge on an mRNA. tRNAs
deliver amino acids in the order dictated by successive codons in

The process repeats until
the ribosome encounters

the mRNA. The ribosome links the amino acids together as it moves
along the mRNA, so a polypeptide forms and elongates. Translation
terminates when the ribosome reaches a stop codon.

a stop codon in the mRNA.

144 Unit2 Genetics

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



’ a J
Transcription/

>

polysomes

Y
" i

>
L 3

ribosome
subunits

Convergence of RNAs

polypeptide
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Figure 9.12 Animated Overview of translation. A In eukaryotes, RNA

transcribed in the nucleus moves into the cytoplasm through nuclear

pores. Translation occurs in the cytoplasm. Ribosomes simultanously

translating the same mRNA are called polysomes. B This micrograph

shows polypeptides elongating from polysomes on an mRNA. mRNA  polysomes newly forming polypeptide

Transcription and translation both occur in the cytoplasm from the RNA nucleotide GTP (shown in Figure 9.2A) to
of bacteria, and these processes are closely linked in time molecules involved in the process.

and in space. Translation begins before transcription is
done, so in these cells, a DNA transcription tree may be
decorated with polysome “balls.” Take-Home Messa ge How is mRNA translated into protein?

Given that many polypeptides are translated from

one mRNA, why would a cell also make many copies of
an mRNA? Compared with DNA, RNA is not very stable. ) During initiation, an mRNA joins with an initiator tRNA and two ribosomal
An mRNA may last only a few minutes before it gets subunits.

disassembled by enzymes in the cytoplasm. The fast turn-

) Translation is an energy-requiring process that converts the protein-building
information carried by an mRNA into a polypeptide.

> During elongation, amino acids are delivered to the complex by tRNAs in the
over allows cells to adjust their protein synthesis quickly order dictated by successive mRNA codons. As they arrive, the ribosome joins
in response to changing needs. each to the end of the polypeptide chain.

Translation is energy intensive. That energy is pro- > Termination occurs when the ribosome encounters a stop codon in the mRNA.

vided mainly in the form of phosphate-group transfers The mRNA and the polypeptide are released, and the ribosome disassembles.
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m Mutated Genes and Their Protein Products

A Hemoglobin, an oxygen-binding
protein in red blood cells. This pro-
tein consists of four polypeptides:
two alpha globins (blue) and two
beta globins (green). Each globin has
a pocket that cradles a heme (red).
Oxygen molecules bind to the iron
atom at the center of each heme.

ABNCHUBCHECHUBNGHNABNGEHGEANGEANRANG

VvV ¥V VvV VvV ¥

—————— threonine proline——glutamic acid—glutamic acid — lysine -+~

B Part of the DNA (blue), mRNA (brown), and amino acid sequence (green)
of human beta globin.

8 SILALALJA
AMMBNMAAAAOAAAM

VvV ¥V VvV ¥ N

—————— threonine proline glycine arginine sering-------

C A base-pair deletion causes the reading frame for the rest of the mRNA to
shift, so a completely different protein product forms. The mutation shown

results in a defective beta globin. The outcome is beta thalassemia, a genetic
disorder in which a person has an abnormally low amount of hemoglobin.

TGAGGACGCCTCTTC

ACUCCUGMGGAGAAG

VvV ¥V VvV V¥V ¥

—————— threonine proline valine — glutamic acid — lysine -~

D A base-pair substitution replaces a thymine with an adenine. When the

altered mRNA is translated, valine replaces glutamic acid as the sixth amino
acid of the polypeptide. Hemoglobin with this form of beta globin is called
HbS, or sickle hemoglobin.

E The substitution of valine
for glutamic acid causes the
HbS protein to aggregate into
rod-like clumps at low oxygen
levels. The clumps distort nor-
mally round red blood cells
into sickle shapes (a sickle is
a farm tool with a crescent-

shaped blade).

Figure 9.13 Animated Examples of

mutations in the human beta globin gene.

) If the nucleotide sequence of a gene changes, it may result
in an altered gene product, with harmful effects.

€ Links to Electron energy levels 2.3, Protein structure 3.6,
Free radicals and hemes as cofactors 5.4, Radiant energy
6.2, DNA replication and mutations 8.6

Mutations are permanent changes in the sequence of a
cell's DNA (Section 8.6). If a mutation changes the genetic
instructions encoded in the DNA, an altered gene product
may result. Remember, more than one codon can specify
the same amino acid, so cells have some margin of safety.
For example, a mutation that changes a UCU codon to
UCC in an mRNA may not have further effects, because
both codons specify serine. However, other mutations
have drastic consequences.

The oxygen-binding properties of hemoglobin provide
an example of how mutations can change the structure
(and function) of a protein. As red blood cells circulate
through the lungs, the hemoglobin proteins inside of
them bind to oxygen molecules. The cells then travel to
regions of the body where the oxygen level is low. There,
the hemoglobin releases its oxygen cargo. When the red
blood cells return to the lungs, the hemoglobin binds to
more oxygen.

Hemoglobin’s structure allows it to bind and release
oxygen. The protein consists of four polypeptides called
globins (Figure 9.13A). Each globin folds around a heme, a
cofactor with an iron atom at its center (Section 5.4). Oxy-
gen molecules bind to hemoglobin at those iron atoms.

In adult humans, two alpha globins and two beta
globins make up each hemoglobin molecule. Defects in
either polypeptide can cause a condition called anemia,
in which a person’s blood is deficient in red blood cells or
in hemoglobin. Both outcomes limit the blood’s ability to
carry oxygen.

For example, the loss of a particular nucleotide—a
deletion—from the DNA of the beta globin gene causes a
type of anemia called beta thalassemia. Like many other
deletions, this one causes the reading frame of mRNA
codons to shift. The shift garbles the genetic message, just
as incorrectly grouping a series of letters garbles the mean-
ing of a sentence:

The cat ate the rat.
T hec ata tet her at.
Th eca tat eth era t.

Expression of a beta globin gene with a beta thalassemia
mutation results in a polypeptide that differs drastically
from normal beta globin (Figure 9.13B,C). Hemoglobin mol-
ecules do not assemble correctly with the altered polypep-
tide, an outcome that is the source of the anemia.

Frameshifts may also be caused by insertion muta-
tions, in which extra bases get inserted into a gene.

Other types of mutations do not cause frameshifts. With
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Figure 9.14 Two types of '
DNA damage that can lead to

mutations. A Chromosomes

from a human cell after expo-

sure to gamma rays (a type of
ionizing radiation). The bro-

- ‘
ken pieces (red arrows) may
get lost during DNA replica-
tion. B A thymine dimer. \

a base-pair substitution, a nucleotide and its partner

are replaced by a different base pair. A substitution may
result in an amino acid change in a gene’s protein prod-
uct, or a premature stop codon that shortens it. Sickle-cell
anemia, a type of anemia that is most common in people
of African ancestry, arises because of a base-pair substitu-
tion. The substitution causes valine to be the sixth amino
acid of beta globin instead of glutamic acid (Figure 9.13D).
Hemoglobin with this mutation in its beta globin is called
sickle hemoglobin, or HbS.

Unlike glutamic acid, which carries a negative charge,
valine carries no charge. As a result of that one substitu-
tion, a tiny patch of the beta globin polypeptide changes
from hydrophilic to hydrophobic, which in turn causes
the hemoglobin’s behavior to change slightly. HbS mol-
ecules stick together and form large, rodlike clumps
under certain conditions. Red blood cells that contain the
clumps become distorted into a crescent (sickle) shape
(Figure 9.13E). Sickled cells clog tiny blood vessels, thus
disrupting blood circulation throughout the body. Over
time, repeated episodes of sickling can damage organs
and cause death.

What Causes Mutations?

Insertion mutations are often caused by activity of trans-
posable elements, segments of DNA that can move spon-
taneously within or between chromosomes. Transposable
elements can be hundreds or thousands of base pairs
long, so when one interrupts a gene it becomes a major
insertion that changes the gene’s product. Transposable
elements are common in the DNA of all species; about

base-pair substitution Type of mutation in which a single base-
pair changes.

deletion Mutation in which one or more base pairs are lost.
insertion Mutation in which one or more base pairs become
inserted into DNA.

transposable element Segment of DNA that can spontaneously
move to a new location in a chromosome.

45 percent of human DNA consists of transposable ele-

ments or their remnants.

Many mutations occur spontaneously during DNA rep-
lication (Section 8.6). DNA polymerases make mistakes at
predictable rates, but most types fix errors as they occur.
Errors that remain uncorrected are mutations.

Environmental agents also cause mutations. For
example, x-rays and other forms of ionizing radiation can
knock electrons out of atoms. Ionizing radiation breaks
chromosomes into pieces that get lost during DNA replica-
tion (Figure 9.14A). It also damages DNA indirectly when it
penetrates living tissue, because it leaves a trail of destruc-
tive free radicals in its wake (Section 5.4).

Nonionizing radiation boosts electrons to a higher
energy level, but not enough to knock them out of an
atom. DNA absorbs one kind, ultraviolet (UV) light. Expo-
sure to UV light can cause two adjacent thymine bases to
bond covalently to one another (Figure 9.14B). The result-
ing thymine dimer kinks the DNA. DNA polymerase may
copy the kinked part incorrectly during replication, so a
mutation becomes introduced into the DNA. Mutations
that cause certain kinds of cancers begin with thymine
dimers. Exposing unprotected skin to sunlight increases
the risk of skin cancer because it causes thymine dimers
to form in the DNA of skin cells.

Some natural or synthetic chemicals can also cause
mutations. For instance, chemicals in cigarette smoke trans-
fer small hydrocarbon groups to the bases in DNA. The
altered bases mispair during replication, or stop replication
entirely. Both events increase the chance of mutation.

Take-Home Message Whatis a mutation?

> A base-pair substitution, insertion, or deletion are mutations that may alter a

gene product.

> Most mutations arise during DNA replication as a result of unrepaired DNA
polymerase errors. Some mutations occur as a result of transposable elements,

or after exposure to harmful radiation or chemicals.
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I R.icin and Your Ribosomes (revisited)

The enzyme part of ricin inactivates ribo-
somes by removing a particular adenine
base from one of the rRNAs in the heavy
subunit. That adenine is part of an RNA
binding site for proteins that help with
elongation. After the base has been
removed, a ribosome can no longer bind
to those proteins, and elongation stops.
One molecule of ricin enzyme can inactivate more than 1,000 ribosomes
per minute. If enough ribosomes are affected, protein synthesis grinds to a
halt, and the cell quickly dies. A modified form of ricin is currently being
tested as a treatment for some kinds of cancer. The ricin is attached to an
antibody that can find cancer cells in a person’s body. Researchers hope that
the attached ricin will kill the cancer cells without harming normal ones.

How Would You Vote? Accidental exposure to ricin is unlikely, but terrorists
may try to poison food or water supplies with it. Researchers have developed a vaccine
against ricin. Do you want to be vaccinated? See CengageNow for details, then vote
online (cengage.com).

Summary

genetic code. Each tRNA has an anticodon that can base-
pair with a codon, and it binds to the amino acid specified
by that codon. rRNA and proteins make up the two sub-
units of ribosomes.

Section 9.5 Genetic information carried by
an mRNA directs the synthesis of a poly-
peptide during translation. First,an mRNA,
an initiator tRNA, and two ribosomal sub-
units converge. The intact ribosome then
joins successive amino acids, which are delivered by tRNAs
in the order specified by the codons in the mRNA. Transla-
tion ends when the polymerase encounters a stop codon.

\ my . Section 9.6 Insertions, deletions, and

7 ' base-pair substitutions are mutations that
i “ \ can arise by replication error, the activity

of transposable elements, or exposure to

environmental hazards such as radiation or
chemicals. A mutation that changes a gene’s product may
have harmful effects. Sickle-cell anemia, which is caused
by a base-pair substitution in the hemoglobin beta chain
gene, is one example.

Sel.f— Q__Uiz Answers in Appendix ||

Section 9.1 The ability to make proteins is critical to all life
processes. Ricin is toxic because it inactivates ribosomes.

= > Section 9.2 DNA'’s genetic information is
%" é’ encoded within its base sequence. Genes
2 \ are subunits of that sequence. A cell uses

é the information in a gene to make an RNA

- or protein product. The process of gene
expression involves transcription of a DNA sequence to an
RNA, and translation of the information in an mRINA or
messenger RNA, to a protein product. Translation
requires the participation of tRINA (transfer RNA) and
rRINA (ribosomal RNA).

ar

| Section 9.3 During transcription, RNA
~  polymerase binds to a promoter near a
gene region of a chromosome. The poly-
merase assembles a strand of RNA by link-
ing RNA nucleotides in the order dictated
by the base sequence of the gene. Thus, the new RNA is
complementary to the gene from which it was transcribed.
The RNA of eukaryotes is modified before it leaves the
nucleus. Introns are removed. With alternative splicing,
some exons may be removed also, and the remaining ones
spliced in different combinations. A cap and a poly-A tail
are also added to a new mRNA.

Section 9.4 mRNA carries DNA’s protein-
building information. The information
consists of a series of codons, sets of three
nucleotides. Sixty-four codons, most of
which specify amino acids, constitute the

1. A chromosome contains many different gene regions
that are transcribed into different

c. RNAs

d.aand b

a. proteins

b. polypeptides
2. A binding site for RNA polymerase is called a
c. codon
d. protein

a. gene
b. promoter

3. Energy that drives transcription is provided mainly
by .
a. ATP c. GTP

b. RNA nucleotides d.all are correct

4. An RNA molecule is typically ; a DNA mol-
ecule is typically

a. single-stranded; double-stranded

b. double-stranded; single-stranded

c. both are single-stranded

d. both are double-stranded

5. RNAs form by ; proteins form by
a. replication; translation
b. translation; transcription
c. transcription; translation
d. replication; transcription

6. Most codons specify a(n)
a. protein
b. polypeptide

c. amino acid
d. mRNA

7. Anticodons pair with
a. mRNA codons
b. DNA codons

c. RNA anticodons
d. amino acids
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Data Analysis Activities

Herbicides and Chromosome Damage in Foresters Forestry
workers in the U.S. routinely apply herbicides and pesticides as
part of their work. A 2001 study by Vincent F. Garry looked at
chromosome abnormalities inside white blood cells of forestry
employees who worked with the herbicide 2,4-D (dichlorophen-
oxyacetic acid) more than five days in one year. Most of the
workers in the study distributed the herbicide over large areas
from a helicopter or airplane. The results, shown in Figure 9.15,
were categorized by type of aberration.

1. Which group of workers, those who sprayed a low amount

of 2,4-D or those who sprayed a midrange amount of the her-

bicide, had the lower frequency of chromosome breaks?

. What group had the highest frequency of missing chromo-
some pieces? Breaks?

. How many herbicide-wielding foresters were tested?

Total Volume of Herbicide Applied

Type of

Chromosome Low Midrange Heavy
Aberration None (1-100 gal) (100-1,000 gal) (>1,000 gal)
Rearrangements  0.65 1.20 1.00 2.22
Missing pieces 0.93 117 1.33 2.89
Breaks 1.29 1.03 1.33 3.00
Other 0.29 0.29 0.50 0.33
No. of subjects 14 7 6 9

Figure 9.15 Chromosome abnormalities and use of the herbicide 2,4-D.
The table compares chromosome abnormalities in white blood cells of
forestry workers who routinely apply herbicide as part of their job. The
numbers indicate the average number of aberrations per 100 cells.

Results are categorized by the total volume of herbicide applied, and by
type of chromosome damage.

Ciritical Thinking

8. What is the maximum length of a polypeptide
encoded by an mRNA that is 45 nucleotides long?

9. are removed from new mRNA transcripts.

a. Introns c. Telomeres

b. Exons d. Amino acids

10. Where does transcription take place in a typical

eukaryotic cell?
a. the nucleus
b. ribosomes

c. the cytoplasm
d.b and c are correct

11. Where does translation take place in a typical

eukaryotic cell?
a. the nucleus
b. ribosomes

c. the cytoplasm
d.b and c are correct

12. Each amino acid is specified by a set of bases

in an mRNA transcript.

a. 3 b. 20 c. 64 d. 120

13. different codons constitute the genetic code.
a. 3 b. 20 c. 64 d. 120

14. can cause mutations.

a. Replication errors
b. Transposons
c. Ionizing radiation

d. Nonionizing radiation
e. b and c are correct
f. all of the above

15. Match the terms with the best description.

genetic message  a. protein-coding segment

____promoter b. gets around

____polysome c. read as base triplets

____exon d. removed before translation

___ genetic code e. occurs only in groups

___intron f. complete set of 64 codons

___transposable g. binding site for RNA
element polymerase

Additional questions are available on CENGAGENOW.

1. Antisense drugs help us fight some types of cancer and
viral diseases. The drugs consist of short mRNA strands that
are complementary in base sequence to mRNAs linked to
the diseases. Speculate on how antisense drugs work.

2. An anticodon has the sequence GCG. What amino acid
does this tRNA carry? What would be the effect of a muta-
tion that changed the C of the anticodon to a G?

3. Each position of a codon can be occupied by one of four
nucleotides. What is the minimum number of nucleotides
per codon necessary to specify all 20 of the amino acids
that are typical of eukaryotic proteins?

4. Using Figure 9.7, translate this nucleotide sequence into
an amino acid sequence, starting at the first base:

5'—GGUUUCUUGAAGAGA—3’

5. Translate the sequence of bases in the previous ques-
tion, starting at the second base.

6. Cigarette smoke contains at least fifty-five different
chemicals identified as carcinogenic (cancer-causing) by
the International Agency for Research on Cancer (IARC).
When these carcinogens enter the bloodstream, enzymes
convert them to a series of chemical intermediates that are
easier to excrete. Some of the intermediates bind irrevers-
ibly to DNA. Propose a hypothesis about why cigarette
smoke causes cancer.

Animations and Interactions on CENGAGENOW:

> Transcription; RNA processing; The genetic code; Ribo-
some structure; tRNA structure; Translation; Differences
between prokaryotic and eukaryotic protein synthesis;
Substitutions; Frameshifts.
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< Links to Earlier Concepts

A review of what you know about development
(Section 1.3) and metabolic control (5.5) will be
helpful as we revisit the concept of gene expression
(9.2) in more depth. You will be applying what you
know about the organization of chromosomal DNA
(8.2) and mutations (9.6) as you learn about con-
trols over transcription (9.3), translation (9.5), and
other processes that affect gene expression. You will
revisit carbohydrates (3.3) and fermentation (7.6)
in context of gene control in bacteria.

Copyright 2011 Cengage Learning,

Key Concepts
" l} Gene Control in Eukaryotes
f A variety of molecules and
processes alter gene expres-
sion in response to changing
conditions both inside and
outside the cell. Selective gene
expression also results in differentiation, by
which cell lineages become specialized.

Mechanisms of Control

All cells in an embryo inherit
the same genes, but they start
using different subsets of
those genes during develop-
ment. The orderly, localized
expression of master genes gives rise to the
body plan of complex multicelled organisms.
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10 Controls Over Genes

Between You and Eternity

You are in college, your whole life ahead of you. Your risk of
developing cancer is as remote as old age, an abstract statistic
that is easy to forget. “There is a moment when everything
changes—when the width of two fingers can suddenly be the
total distance between you and eternity.” Robin Shoulla wrote
those words after being diagnosed with breast cancer. She was
seventeen. At an age when most young women are thinking
about school, friends, parties, and potential careers, Robin was
dealing with radical mastectomy: the removal of a breast, all
lymph nodes under the arm, and skeletal muscles in the chest
wall under the breast. She was pleading with her oncologist not
to use her jugular vein for chemotherapy and wondering if she
would survive to see the next year (Figure 10.1).

Robin’s ordeal became part of a statistic, one of more than
200,000 new cases of breast cancer diagnosed in the United
States each year. About 5,700 of those cases occur in women and
men under thirty-four years of age.

Every second, millions of cells in your skin, bone marrow,
gut lining, liver, and elsewhere are dividing and replacing their
worn-out, dead, and dying predecessors. They do not divide at
random. Many gene expression controls regulate cell growth
and division. When those controls fail, cancer is the outcome.
Cancer is a multistep process in which abnormally growing and
dividing cells disrupt body tissues. Mechanisms that normally
keep cells from getting overcrowded in tissues are lost, so can-
cer cell populations may reach extremely high densities. Unless
chemotherapy, surgery, or another procedure eradicates them,
cancer cells can put an individual on a painful road to death.
Each year, cancers cause 15 to 20 percent of all human deaths
in developed countries alone.

Cancer typically begins with a mutation in a gene whose
product is part of a system of stringent controls over cell growth
and division. Such controls govern when and how fast specific
genes are transcribed and translated. The mutation may be

normal cells in cancer cells in
organized clusters disorganized clusters

Figure 10.1 A case of breast cancer. Above, this light micrograph shows irregular
clusters of cancer cells in the milk ducts of human breast tissue. Opposite, Robin
Shoulla. Diagnostic tests revealed abnormal cells such as these in her body.

inherited, or it may be a new one, as when DNA becomes dam-
aged by environmental agents. If the mutation alters the gene’s
protein product so that it no longer works properly, one level
of control over the cell’s growth and division has been lost.
You will be considering the impact of gene controls in chapters
throughout the book, and in some chapters of your life.

Robin Shoulla survived. Although radical mastectomy is
rarely performed today (a modified procedure is less disfigur-
ing), it is the only option when cancer cells invade muscles
under the breast. It was Robin’s only option. Now, sixteen years
later, she has what she calls a normal life: career, husband, chil-
dren. Her goal as a cancer survivor: “To grow very old with gray
hair and spreading hips, smiling.”

cancer Disease that occurs when the uncontrolled growth of body cells
physically and metabolically disrupts tissues.

Examples in Eukaryotes
One of the two X chromo-
._ | somes s inactivated in every
Y cell of female mammals. The Y
chromosome carries a master
gene that causes male traits

r

Gene Control in Bacteria
Bacterial gene controls
govern responses to short-
term changes in nutrient
availability and other aspects
of the environment. The main

to develop in the human fetus. Flower develop- gene controls bring about fast adjustments in

ment is orchestrated by a set of homeotic genes. the rate of transcription.
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Gene Expression in Eukaryotic Cells

> Gene controls govern the kinds and amounts of substances

LI enhancer

that are present in a cell at any given interval.

< Links to Phosphorylation 5.3, Glycolysis 7.3, Histones 8.2,
Gene expression 9.2, Promoters and transcription 9.3,
Translation 9.5, Globin 9.6

Figure 10.3 Hypothetical part of a chromosome that contains a
gene. Molecules that affect the rate of transcription of the gene
bind at promoter (yellow) or enhancer (green) sequences.

All of the cells in your body are descended from the same
fertilized egg, so they all contain the same DNA with the

become specialized, occurs as different cell lineages begin
to express different subsets of their genes. Which genes a
same genes. Some of the genes are transcribed by all cells; cell uses determines the molecules it will produce, which
such genes affect structural features and metabolic path- in turn determines what kind of cell it will be.
ways common to all cells. For example, most of your body cells express the genes
In other ways, however, nearly all of your body cells that encode the enzymes of glycolysis (Section 7.3), but

are specialized. Differentiation, the process by which cells only immature red blood cells use the genes that code for

Nucleus

@ Transcription

Binding of transcription factors to special sequences in
DNA slows or speeds transcription. Chemical modifica-
tions and chromosome duplications affect RNA poly-
merase’s physical access to genes.

new RNA
transcript

® mRNA Processing

New mRNA cannot leave the nucleus before being modi-
fied, so controls over mRNA processing affect the timing
of transcription. Controls over alternative splicing influ-

ence the final form of the protein.

© mRNA Transport

RNA cannot pass through a nuclear pore unless bound
to certain proteins. Transport protein binding affects
where the transcript will be delivered in the cell.

Cytoplasm

@ Translation
An mRNA’s stability influences how long it is translated.
Proteins that attach to ribosomes or initiation factors
can inhibit translation. Double-stranded RNA triggers
polypeptide degradation of complementary mRNA.

chain
© Protein Processing
A new protein molecule may become activated or disabled
by enzyme-mediated modifications, such as phosphoryla-
tion or cleavage. Controls over these enzymes influence
many other cell activities.

active

protein

Figure 10.2 Animated Points of control over eukaryotic gene expression.

globin (Section 9.6). Only your liver cells express genes
for enzymes that neutralize certain toxins.

A cell rarely uses more than 10 percent of its genes
at once. Which genes are expressed at any given time
depends on many factors, such as conditions in the cyto-
plasm and extracellular fluid, and the type of cell. These
factors affect controls governing all steps of gene expres-
sion, starting with transcription and ending with delivery
of an RNA or protein product to its final destination
(Figure 10.2). Such controls consist of processes that start,
enhance, slow, or stop gene expression.

Control of Transcription Many controls affect whether
and how fast certain genes are transcribed into RNA @.
Those that prevent an RNA polymerase from attaching to
a promoter near a gene also prevent transcription of the
gene. Controls that help RNA polymerase bind to DNA
also speed up transcription.

Some types of proteins affect the rate of transcription
by binding to special nucleotide sequences in the DNA.
For example, an activator speeds up transcription when
it binds to a promoter. Activators also speed transcrip-
tion by binding to DNA sequences called enhancers. An
enhancer is not necessarily close to the gene it affects, and
may even be on a different chromosome (Figure 10.3). As
another example, a repressor slows or stops transcription
when it binds to certain sites in DNA.

Regulatory proteins such as activators and repressors
are called transcription factors. Whether and how fast a
gene is transcribed depends on which transcription fac-
tors are bound to the DNA.

Interactions between DNA and the histone proteins it
wraps around also affect transcription. RNA polymerase
can only attach to DNA that is unwound from histones
(Section 8.2). Attachment of methyl groups (—CHj)
causes DNA to wind tightly around histones; thus, mol-
ecules that methylate DNA prevent its transcription.

The number of copies of a gene also affects how fast
its product is made. For example, in some cells, DNA is
copied repeatedly with no cytoplasmic division between
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intron

| promoter | exoni

transcription start site

replications. The result is a cell full of polytene chromo-
somes, each of which consists of hundreds or thousands
of side-by-side copies of the same DNA molecule. All of
the DNA strands carry the same genes. Translation of one
gene, which occurs simultaneously on all of the identical
DNA strands, produces a lot of mRNA, which is translated
quickly into a lot of protein. Polytene chromosomes are
common in immature amphibian eggs, the storage tissues
of some plants, and the saliva gland cells of some insect
larvae (Figure 10.4).

mR.NA Processing As you know, before eukaryotic
mRNAs leave the nucleus, they are modified—spliced,
capped, and finished with a poly-A tail (Section 9.3). Con-
trols over these modifications can affect the form of a
protein product and when it will appear in the cell @. For
example, controls that determine which exons are spliced
out of an mRNA affect which form of a protein will be
translated from it.

mRINA Transport mRNA transport is another point

of control @. For example, in eukaryotes, transcription
occurs in the nucleus, and translation in the cytoplasm. A
new RNA can pass through pores of the nuclear envelope
only after it has been processed appropriately. Controls

exon2

<—J transcription end

production or function of the various
molecules that carry out translation.
Others affect mRNA stability: The lon-
ger an mRNA lasts, the more protein
can be made from it. Enzymes begin
to disassemble a new mRNA as soon
as it arrives in the cytoplasm. The fast
turnover allows cells to adjust their
protein synthesis quickly in response
to changing needs. How long an
mRNA persists depends on its base
sequence, the length of its poly-A tail,
and which proteins are attached to it.

As a different example, microRNAs
inhibit translation of other RNA. Part
of a microRNA folds back on itself
and forms a small double-stranded
region. By a process called RNA inter-
ference, any double-stranded RNA
(including a microRNA) is cut up into
small bits that are taken up by special
enzyme complexes. These complexes
destroy every mRNA in a cell that can
base-pair with the bits. So, expression
of a microRNA complementary in

_enhancer BTN

sequence to a gene inhibits expression

Figure 10.4 Polytene chromo-

that delay the processing also delay an mRNA’s appear-
ance in the cytoplasm, and thereby delay its translation. somes in the salivary gland cells
of fruit flies. These giant chro-

mosomes form by repeated DNA

of that gene.
Controls also govern mRNA localization. A short base

sequence near an mRNA’s poly-A tail is like a zip code. Post-Translational Modification

replication without cell division.
Many newly synthesized polypeptide
chains must be modified before they

become functional @. For example,

Certain proteins that attach to the zip code drag the
mRNA along cytoskeletal elements and deliver it to the
organelle or area of the cytoplasm specified by the code.
Other proteins that attach to the zip code region prevent
the mRNA from being translated before it reaches its des-

Each of these chromosomes
consists of hundreds or thou-
sands of copies of the same DNA

: strand, aligned side by side.
some enzymes become active only

after they have been phosphorylated

Transcription is visible as puffs
(white arrows) where the DNA

tination. mRNA localization allows cells to grow or move
in specific directions. It is also crucial for proper embry-
onic development.

(Section 5.3). Such post-translational has loosened.
modifications inhibit, activate, or sta-

bilize many molecules, including the

enzymes that participate in transcrip-
Translational Control Most controls over eukaryotic tion and translation.

gene expression affect translation @. Many govern the

activator Regulatory protein that increases the rate of transcrip-
tion when it binds to a promoter or enhancer.

differentiation The process by which cells become specialized.
enhancer Binding site in DNA for proteins that enhance the rate
of transcription.

repressor Regulatory protein that blocks transcription.
transcription factor Regulatory protein that influences transcrip-
tion; e.g., an activator or repressor.

Take-Home Message Whatis gene control?

> Most cells of multicelled organisms differentiate when they start expressing a
unique subset of their genes. Which genes a cell expresses depends on the type
of organism, its stage of development, and environmental conditions.

2 Various control processes regulate all steps between gene and gene product.
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There’'s a Flyin My Research

) Research with fruit flies yielded the insight that body plans
are a result of patterns of gene expression in embryos.
€ Links to Development 1.3, Taxa 1.5, Genes 9.2

For about a hundred years, Drosophila melanogaster has
been the subject of choice for many research experiments
on eukaryotic gene expression. Why? It costs almost noth-
ing to feed this fruit fly, which is only about 3 millimeters
long and can live its entire life in a bottle. D. melanogaster
also reproduces quickly and has a short life cycle. As well,
experimenting on insects generally viewed as nuisance
pests presents few ethical dilemmas.

Many important discoveries about how gene controls
guide development have come from Drosophila research.
The discoveries are clues to understanding similar pro-
cesses in humans and other organisms, which have a
shared evolutionary history.

Homeotic Genes

Homeotic genes control the formation of specific body
parts (eyes, legs, segments, and so on) during the develop-
ment of embryos. All homeotic genes encode transcrip-
tion factors with a homeodomain, a region of about sixty
amino acids that can bind to a promoter or some other
DNA sequence in a chromosome.

Homeotic genes are a type of master gene. The prod-
ucts of master genes affect the expression of many other

genes. Expression of a master gene causes other genes to
be expressed, with the final outcome being the comple-

tion of an intricate task such as the formation of an eye
during embryonic development.

Such processes begin long before body parts develop,
as various master genes are expressed in local areas of the
early embryo. The master gene products form in concen-
tration gradients that span the entire embryo. Depending
on where they are located within the gradients, embry-
onic cells begin to transcribe different homeotic genes.
Products of the homeotic genes form in specific areas of
the embryo. The different products cause cells to differ-
entiate into tissues that form specific structures such as
wings or a head.

The function of many homeotic genes has been dis-
covered by manipulating their expression, one at a time.
Researchers inactivate a homeotic gene by introducing a
mutation or deleting it entirely, an experiment called a
knockout. An organism that carries the knocked-out gene
may differ from normal individuals, and the differences
are clues to the function of the missing gene product.

Researchers often name homeotic genes based on what
happens in their absence. For instance, fruit flies with a
mutated eyeless gene develop with no eyes (Figure 10.5A,B).
Dunce is required for learning and memory. Wingless,
wrinkled, and minibrain are self-explanatory. Tinman is
necessary for development of a heart. Flies with a mutated
groucho gene have too many bristles above their eyes. One
gene was named toll, after what its German discoverer
exclaimed upon seeing the disastrous effects of the muta-
tion (toll is a German slang word that means “cool!”).

Figure 10.5 Eyes and eyeless. A A normal fruit fly has large, round eyes. B A fruit fly with
a mutation in its eyeless gene develops with no eyes. C Eyes form wherever the eyeless gene

is expressed in fly embryos—here, on the head and wing.

Humans, mice, squids, and other animals have a gene called PAX6. In humans, PAX6
mutations result in missing irises, a condition called aniridia D. Compare a normal iris E.
PAXG6 is so similar to eyeless that it triggers eye development when expressed in fly embryos.
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Homeotic genes control development by the same
mechanisms in all eukaryotes, and many are interchange-
able among different species. Thus, we can infer that they
evolved in the most ancient eukaryotic cells. Homeodo-

mains often differ among species only in conservative
substitutions—one amino acid has replaced another with
similar chemical properties.

Consider the eyeless gene. Eyes form in embryonic
fruit flies wherever this gene is expressed, which is
typically in tissues of the head. If the eyeless gene is
expressed in another part of the developing embryo, eyes
form there too (Figure 10.5C). Humans, squids, mice, fish,
and many other animals have a gene called PAX6, which
is very similar to the eyeless gene. In humans, mutations
in PAX6 cause eye disorders such as aniridia, in which
a person’s irises are underdeveloped or missing (Figure
10.5D,E). PAX6 works across different species. For exam-
ple, if the PAX6 gene from a human or mouse is inserted
into an eyeless mutant fly, it has the same effect as the
eyeless gene: An eye forms wherever it is expressed. Such
studies are evidence of a shared ancestor among these
evolutionarily distant animals.

Filling in Details of Body Plans

As an embryo develops, its differentiating cells form tis-
sues, organs, and body parts. Some cells that alternately
migrate and stick to other cells develop into nerves, blood
vessels, and other structures that weave through the tis-
sues. Events like these fill in the body’s details, and all are
driven by cascades of master gene expression.

homeotic gene Type of master gene; its expression controls for-
mation of specific body parts during development.

knockout An experiment in which a gene is deliberately inacti-
vated in a living organism.

master gene Gene encoding a product that affects the expression
of many other genes.

pattern formation Process by which a complex body forms from
local processes during embryonic development.

Figure 10.6 How gene expression control makes a fly, as illuminated by segmentation.
The expression of different master genes is shown by different colors in fluorescence
microscopy images of whole Drosophila embryos at successive stages of development.
The bright dots are individual cell nuclei.

A, B The master gene even-skipped is expressed (in red) only where two maternal gene
products (blue and green) overlap.

C-E The products of several master genes, including the two shown here in green and
blue, confine the expression of even-skipped (red) to seven stripes.

F One day later, seven segments develop that correspond to the position of the stripes.

Pattern formation is the process by which a complex
body forms from local processes in an embryo. Pattern
formation begins as maternal mRNAs are delivered to
opposite ends of an unfertilized egg as it forms. The local-
ized maternal mRNAs get translated right after the egg
is fertilized, and their protein products diffuse away in
gradients that span the entire embryo. Cells of the devel-
oping embryo translate different master genes, depending
on where they fall within those gradients. The products of
the master genes also form in overlapping gradients. Cells
of the embryo translate still other master genes depend-
ing on where they fall within these gradients, and so on.

Such regional gene expression during development
results in a three-dimensional map that consists of over-
lapping concentration gradients of master gene products.
Which master genes are active at any given time changes,
and so does the map. Some master gene products cause
undifferentiated cells to differentiate, and specialized tis-
sues are the outcome. The formation of body segments in
a fruit fly embryo is an example of how pattern formation
works (Figure 10.6).

Take-Home M essage What controls gene expression?

> Research on fruit flies yielded many important discoveries about the mecha-
nisms of gene control in eukaryotes.

> Development is orchestrated by cascades of master gene expression in
embryos.

> The expression of homeotic genes during development governs the formation
of specific body parts. Homeotic genes that function in similar ways across
taxa are evidence of shared ancestry.
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A Few Outcomes of Gene Controls

) Selective gene expression gives rise to many traits.
€ Links to Chromosomes and sex determination 8.2,
Mutations 9.6

Many of the traits that are characteristic of humans and
other eukaryotic organisms arise as an outcome of gene
expression controls, as the following examples illustrate.

X Chromosome |nactivation

In humans and other mammals, a female’s cells each
contain two X chromosomes, one inherited from her
mother, the other one from her father. One X chromo-
some is always tightly condensed (Figure 10.7). We call
the condensed X chromosomes “Barr bodies,” after Mur-
ray Barr, who discovered them. RNA polymerase cannot
access most of the genes on the condensed chromosome.
This X chromosome inactivation ensures that only one
of the two X chromosomes in a female’s cells is active.
According to a theory called dosage compensation, the
inactivation equalizes expression of X chromosome genes
between the sexes. The body cells of male mammals (XY)
have one set of X chromosome genes. The body cells
of female mammals (XX) have two sets, but only one
is expressed. Normal development of female embryos
depends on this control.

X chromosome inactivation occurs when an embryo
is a ball of about 200 cells. In humans and many other
mammals, it occurs independently in every cell of a
female embryo. The maternal X chromosome may get
inactivated in one cell, and the paternal or maternal X
chromosome may get inactivated in a cell next to it. Once
the selection is made in a cell, all of that cell’s descen-

Figure 10.7 X chromosome inactivation. Barr
bodies are visible as red spots in the nucleus
of the four XX cells on the left. Compare the
nucleus of two XY cells to the right.

Structures that will give rise
to external genitalia appear
at seven weeks

Y

B

SRY expressed no SRY present

penis i

\ vaginal a—‘)
A) opening

birth approaching

Figure 10.8 Development of reproductive organs in human embryos.
An early human embryo appears neither male nor female. Gene
expression determines what reproductive organs will form.

In an XY embryo, the SRY gene product triggers the formation of tes-
tes, male gonads that secrete testosterone. This hormone initiates
development of other male traits. In an XX embryo, ovaries form in
the absence of the Y chromosome and its SRY gene.

dants make the same selection as they continue dividing
and forming tissues. As a result of the inactivation, an
adult female mammal is a “mosaic” for the expression
of genes on the X chromosome. She has patches of tis-
sue in which genes of the maternal X chromosome are
expressed, and patches in which genes of the paternal X
chromosome are expressed.

How does just one of two X chromosomes get inacti-
vated? An X chromosome gene called XIST does the trick.
This gene is transcribed on only one of the two X chro-
mosomes. The gene’s product, a large RNA, sticks to the
chromosome that expresses the gene. The RNA coats the
chromosome and causes it to condense into a Barr body.
Thus, transcription of the XIST gene keeps the chromo-
some from transcribing other genes. The other chromo-
some does not express XIST, so it does not get coated with
RNA; its genes remain available for transcription. It is
still unknown how the cell chooses which chromosome
will express XIST.

Male Sex Determination in Humans

The human X chromosome carries 1,336 genes. Some of
those genes are associated with sexual traits, such as the
distribution of body fat and hair. However, most of the
genes on the X chromosome govern nonsexual traits such
as blood clotting and color perception. Such genes are
expressed in both males and females. Males, remember,
also inherit one X chromosome.
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B Mutations in Arabidopsis
ABC genes result in mal-

formed flowers.
petals

carpel
Top left, right: A gene muta-

tions lead to petal-less

flowers with no structures

A The pattern in which in place of missing petals.

the floral identity
genes A, B, and C are
expressed affects dif-
ferentiation of cells

Bottom left: B gene muta-
tions lead to flowers with
sepals instead of petals.

Bottom right: C gene muta-

growing in whorls in the tions lead to flowers with

plant’s tips. Their gene petals instead of sepals
and carpels. Compare the

normal flower in A.

products guide expres-
sion of other genes in
cells of each whorl; a
flower results.

Figure 10.9 Animated Control of flower formation, as revealed by mutations in Arabidopsis thaliana.

The human Y chromosome carries only 307 genes,
but one of them is the SRY gene—the master gene for

common wall cress plant, Arabidopsis thaliana, elucidated
how the specialized parts of a flower develop. Three sets

male sex determination in mammals. Its expression in
XY embryos triggers the formation of testes, which are
male gonads (Figure 10.8). Some of the cells in these pri-
mary male reproductive organs make testosterone, a sex
hormone that controls the emergence of male secondary
sexual traits such as facial hair, increased musculature,
and a deep voice. We know that SRY is the master gene
that controls emergence of male sexual traits because
mutations in this gene cause XY individuals to develop
external genitalia that appear female. An XX embryo has
no Y chromosome, no SRY gene, and much less testoster-
one, so primary female reproductive organs (ovaries) form
instead of testes. Ovaries make estrogens and other sex
hormones that will govern the development of female sec-
ondary sexual traits, such as enlarged, functional breasts,
and fat deposits around the hips and thighs.

Flower Formation

When it is time for a plant to flower, populations of cells
that would otherwise give rise to leaves instead differenti-
ate into floral parts—sepals, petals, stamens, and carpels.
How does the switch happen? Studies of mutations in the

dosage compensation Theory that X chromosome inactivation
equalizes gene expression between males and females.
X chromosome inactivation Shutdown of one of the two X chro-

of master genes called A, B, and C guide the process of
flower formation. These genes are switched on by envi-
ronmental cues such as seasonal changes in the length of
night, as you will see in Section 27.9.

At the tip of a shoot, cells form whorls of tissue, one
over the other like layers of an onion. Cells in each whorl
give rise to different tissues depending on which of their
ABC genes are activated (Figure 10.9A). In the outer whorl,
only the A genes are switched on, and their products trig-
ger events that cause sepals to form. Cells in the next
whorl express both A and B genes; they give rise to petals.
Cells farther in express B and C genes; they give rise to
stamens, the structures that produce male reproductive
cells. The cells of the innermost whorl express only the
C genes; they give rise to carpels, the structures that pro-
duce female reproductive cells. The phenotypic effects of
mutations in ABC genes support this model (Figure 10.9B).

Take-Home M essage What are some examples of gene control

in eukaryotes?

> X chromosome inactivation balances expression of X chromosome genes
between female (XX) and male (XY) mammals. The balance is vital for devel-

opment of female embryos.

> SRY gene expression triggers the development of male traits in mammals.

> Gene control also guides flower formation. ABC master genes that are

mosomes in the cells of female mammals. expressed differently in shoot tissues govern development of flower parts.
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Gene Control in Bacteria

) Bacteria control gene expression mainly by adjusting the
rate of transcription.

< Links to Carbohydrates 3.3, Controls over metabolism 5.5,
Lactate fermentation 7.6

Bacteria and archaeans do not undergo development and
become multicelled organisms, so these cells do not use
master genes. However, they do use gene controls. By
adjusting gene expression, they can respond to environ-
mental conditions. For example, when a certain nutrient
becomes available, a bacterial cell will begin transcribing
genes whose products allow the cell to use that nutrient.
When the nutrient is not available, transcription of those
genes stops. Thus, the cell does not waste energy and
resources producing gene products that are not needed
at a particular moment.

Bacteria control their gene expression mainly by
adjusting the rate of transcription. Genes that are used
together often occur together on the chromosome, one
after the other. All of them are transcribed together into

a single RNA strand, so their transcription is controllable
in a single step.

The Lactose Operon

Escherichia coli lives in the gut of mammals, where it dines
on nutrients traveling past. Its carbohydrate of choice is
glucose, but it can make use of other sugars, such as the
lactose in milk. E. coli cells use a set of three enzymes in
order to harvest the glucose subunit of lactose molecules.
However, unless there is lactose in the gut, E. coli cells keep
the three genes for those enzymes turned off. There is one
promoter for all three genes. Flanking the promoter are
two operators, regions of DNA that serve as binding sites
for a repressor. (Repressors, remember, stop transcription.)
A promoter and one or more operators that together con-
trol the transcription of multiple genes are collectively
called an operon. Operons occur in bacteria, archaeans,
and eukaryotes. The one that controls lactose metabolism
in E. coli is called the lac operon (Figure 10.10 @).

@ The lac operon in the E. coli chromosome.

[

operator BSEIEIGE operator I

gene 1

Lactose absent

T
. N
Repressor protein L7 ]
A U S
N A~ )
N -

gene 2 gene 3

@ In the absence of lactose, a repressor binds to the two operators.
1 | Binding prevents RNA polymerase from attaching to the promoter, so

transcription of the operon genes does not occur.

O
A4
Lactose present
—~ @ When lactose is present, some is converted to a form that binds
O @ T A to the repressor. Binding alters the shape of the repressor such that it

releases the operators. RNA polymerase can now attach to the pro-
moter and transcribe the operon genes.

mRNA RNA

polymerase

[Ecuad | promoter R ed | gene 1 gene 2 gene 3

Figure 10.10 Animated Example of gene control in bacteria:
the lactose operon on a bacterial chromosome. The operon
consists of a promoter flanked by two operators, and three
genes for lactose-metabolizing enzymes.

» Figure It Out What portion of the operon binds RNA
polymerase when lactose is present?

aa10woud 3y samsuy
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gof milk7

When lactose is not present, the lac operon repressors
bind to the E. coli DNA, and lactose-metabolizing genes
stay switched off. One repressor molecule binds to both
operators, so that the region of DNA with the promoter
twists into a loop @. RNA polymerase cannot bind to the
twisted promoter, so it cannot transcribe the operon genes.

When lactose is in the gut, some of it is converted to
another sugar, allolactose. Allolactose binds to the repres-
sor and changes its shape. The altered repressor can no
longer bind to the operators. The looped DNA unwinds,
the promoter is now accessible to RNA polymerase, and
transcription begins @.

E. coli cells use extra enzymes to metabolize lactose
compared with glucose, so it is more efficient for them to
use glucose. Accordingly, when both sugars are present,
the cells will use up all of the available glucose before
switching to lactose metabolism.

Lactose Intolerance

Like infants of other mammals, human infants drink
milk. Cells in the lining of the small intestine secrete lac-
tase, an enzyme that cleaves the lactose in milk into its
subunit monosaccharides. In most people, lactase produc-
tion starts to decline at the age of five.

After that, it becomes more difficult to digest lactose
in food—a condition called lactose intolerance. Lactose
is not absorbed directly by the intestine. Thus, any that
is not broken down in the small intestine ends up in
the large intestine, which hosts E. coli and a variety of
other bacteria. These resident organisms respond to the
abundant sugar supply by switching on their lac operons.
Carbon dioxide, methane, hydrogen, and other gaseous
products of their various fermentation reactions accu-
mulate quickly in the large intestine, distending its wall
and causing pain. The other products of their metabolism
(undigested carbohydrates) disrupt the solute-water bal-
ance inside the large intestine, and diarrhea results.

Not everybody is lactose intolerant. Many people
carry a mutation in one of the genes responsible for

h Between You and Eternity (revisited)

Mutations in some genes predispose individuals to
develop certain kinds of cancer. Tumor suppressor
genes are named because tumors are more likely
to occur when these genes mutate. Two examples
are BRCAI and BRCA2: A mutated version of one
or both of these genes is often found in breast and
ovarian cancer cells. Because mutations in genes
such as BRCA can be inherited, cancer is not only a
disease of the elderly, as Robin Shoulla’s story illustrates. Robin is one
of the unlucky people who carry mutations in both BRCAI and BRCA2.

If a BRCA gene mutates in one of three especially dangerous ways, a
woman has an 80 percent chance of developing breast cancer before the age
of seventy. BRCA genes are master genes whose protein products help main-

tain the structure and number of chromosomes in a dividing cell. The mul-
tiple functions of these proteins are still being unraveled. We do know they
participate directly in DNA repair (Section 8.6), so any mutations that alter
this function also alter the cell’s capacity to repair damaged DNA. Other
mutations are likely to accumulate, and that sets the stage for cancer.

The products of BRCA genes also bind to receptors for the hormones
estrogen and progesterone, which are abundant on cells of breast and ovar-
ian tissues. Binding suppresses transcription of growth factor genes in these
cells. Among other things, growth factors stimulate cells to divide during
normal, cyclic renewals of breast and ovarian tissues. When a mutation
alters a BRCA gene so that its product cannot bind to hormone receptors,
the cells overproduce growth factors. Cell division goes out of control, and
tissue growth becomes disorganized. In other words, cancer develops.

Two groups of researchers, one at the Dana-Farber Cancer Institute at
Harvard, the other at the University of Milan, recently found that the RNA
product of the XIST gene localizes abnormally in breast cancer cells. In
those cells, both X chromosomes are active. It makes sense that two active X
chromosomes would have something to do with abnormal gene expression,
but why the RNA product of an unmutated XIST gene does not localize
properly in cancer cells remains a mystery.

Mutations in the BRCAI gene may be part of the answer. The Harvard
researchers found that the protein product of the BRCAI gene physically
associates with the RNA product of the XIST gene. They were able to restore
proper XIST RNA localization—and proper X chromosome inactivation—by
restoring the function of the BRCAI gene product in breast cancer cells.

How Would You Vote? Some women at high risk of developing breast cancer
opt for preventive breast removal. Many of them never would have developed cancer.
Should the surgery be restricted to cancer treatment? See CengageNow for details,
then vote online (cengagenow.com).

operator Part of an operon; a DNA binding site for a repressor.
operon Group of genes together with a promoter-operator DNA
sequence that controls their transcription.

the programmed lactase shutdown. These people make
enough lactase to continue drinking milk without prob-
lems into adulthood.

Take-Home M essage Do bacteria control gene expression?

) In bacteria, the main gene expression controls regulate transcription in
response to shifts in nutrient availability and other outside conditions.
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Summary

Section 10.1 Controls over gene expression
are a critical part of the embryonic develop-
ment and normal functioning of a multi-
celled body. When gene controls fail, as

=~ occurs as a consequence of some mutations,
cancer may be the outcome.

Section 10.2 Which genes a cell uses
depends on the type of organism, the type
of cell, factors inside and outside the cell,
and, in complex multicelled species, the
organism'’s stage of development.

Controls over gene expression are part of homeostasis
in all organisms. They also drive development in multi-

9..
:

celled eukaryotes. All cells of an embryo share the same
genes. As different cell lineages use different subsets of
genes during development, they become specialized, a pro-
cess called differentiation. Specialized cells form tissues
and organs in the adult.

Different molecules and processes govern every step
between transcription of a gene and delivery of the gene’s
product to its final destination. Most controls operate at
transcription; transcription factors such as activators and
repressors influence transcription by binding to promot-
ers, enhancers, or other sequences in chromosomal DNA.

Section 10.3 Knockouts of homeotic genes
in fruit flies (Drosophila melanogaster)
revealed that local controls over gene
expression govern the embryonic develop-
ment of all complex, multicelled bodies, a
process called pattern formation. Various master genes
are expressed locally in different parts of an embryo as it

develops. Their products diffuse through the embryo and
affect expression of other master genes, which affect the
expression of others, and so on. These cascades of master
gene products form a dynamic spatial map of overlapping
gradients that spans the entire embryo body. Cells differ-
entiate according to their location on the map.

Section 10.4 In female mammals, most
genes on one of the two X chromosomes
are permanently inaccessible. X chromo-
some inactivation balances gene expression
between the sexes. Such dosage compen-
sation arises because the XIST gene gets transcribed on
only one of the two X chromosomes. The gene’s RNA prod-
uct shuts down the chromosome that transcribes it.
Studies of mutations in Arabidopsis thaliana showed
that three sets of master genes (A, B, and C) guide cell dif-
ferentiation in the whorls of a floral shoot; sepals, petals,

stamens, and carpels form.

Section 10.5 Bacterial cells do not have
great structural complexity and do not
undergo development. Most of their gene
controls reversibly adjust transcription
rates in response to environmental condi-

tions, especially nutrient availability. Operons are exam-
ples of bacterial gene controls. The lactose operon governs
expression of three genes, the three products of which
allow the bacterial cell to metabolize lactose. Two opera-
tors that flank the promoter are binding sites for a repres-
sor that blocks transcription.

Sel.f— Quiz Answers in Appendix ||

1. The expression of a gene may depend on
a. the type of organism c. the type of cell
b. environmental conditions d. all of the above

2. Gene expression in multicelled eukaryotic cells
changes in response to .
a. conditions outside the cell c. operons

b. master gene products d.aand b

in DNA can increase

3. Binding of to
the rate of transcription of specific genes.

C. Tepressors; operators
d.both aand b

a. activators; promoters
b. activators; enhancers

4. Proteins that influence gene expression by binding to
DNA are called .

5. Polytene chromosomes form in some types of cells
that .
a. have a lot of chromosomes c. are differentiating
b. are making a lot of protein d.b and c are correct

6. Eukaryotic gene controls govern .
a. transcription e. translation

b. RNA processing

c. RNA transport

d. mRNA degradation

f. protein modification
g. a through e
h.all of the above

7. Controls over eukaryotic gene expression guide
c. development
d.all of the above

a. natural selection
b. nutrient availability

8. The expression of ABC genes
a. occurs in layers
b. controls flower formation
c. causes mutations in flowers

d.both a and b

9. Cell differentiation .
a. occurs in all complex multicelled organisms
b. requires unique genes in different cells
c. involves selective gene expression
d.both a and ¢
e. all of the above

10. During X chromosome inactivation .
a. female cells shut down  c. pigments form
b. RNA coats chromosomes d.both a and b

11. A cell with a Barr body is
a. a bacterium c. from a female mammal

b. a sex cell d.infected by Barr virus
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Data Analysis Activities

BRCA Mutations in Women Diagnosed With Breast Cancer
Investigating a correlation between specific cancer-causing muta-
tions and the risk of mortality in humans is challenging, in part
because each cancer patient is given the best treatment available
at the time. There are no “untreated control” cancer patients, and
ideas about which treatments are best change quickly as new
drugs become available and new discoveries are made.

Figure 10.11 shows results from a 2007 study by Pal Moller
and his colleagues. The researchers looked for BRCA mutations
in 442 women who had been diagnosed with breast cancer, and
followed their treatments and progress over several years.

All of the women in the study had at least two affected close
relatives, so their risk of developing breast cancer due to an
inherited factor (such as a BRCA mutation) was estimated to be
greater than that of the general population.

1. According to this study, what is a woman’s risk of dying of
cancer if two of her close relatives have breast cancer?

. What is her risk of dying of cancer if she carries a mutated
BRCAI gene?

. According to these results, is a BRCAI or BRCA2 mutation
more dangerous in breast cancer cases?

. What other data would you have to see in order to make a
conclusion about the effectiveness of preventive mastectomy
or oophorectomy?

BRCA Mutations in Women Diagnosed With Breast Cancer

BRCA1  BRCA2 No BRCA Mutation  Total
Total number of patients 89 35 318 442
Avg. age at diagnosis 43.9 46.2 50.4
Preventive mastectomy 6 3 14 23
Preventive oophorectomy 38 7 22 67
Number of deaths 16 1 21 38
Percent died 18.0 2.8 6.9 8.6

Figure 10.11 Results from a 2007 study investigating BRCA
mutations in women diagnosed with breast cancer. All women
in the study had a family history of the disease.

Some of the women underwent preventive mastectomy (removal
of the noncancerous breast) during their course of treatment.
Others had preventive oophorectomy (surgical removal of the
ovaries) to prevent the possibility of getting ovarian cancer.

Top, model of the unmutated BRCAT protein.

12. Homeotic gene products
a. flank a bacterial operon

Critical Thinking

b. map out the overall body plan in embryos
c. control the formation of specific body parts

13. A gene that is knocked out is .
a. deleted c. expressed
b. inactivated d.eitheraorb

14. A promoter and a set of operators that control access
to two or more genes is a(n) .
c. dosage compensator
d. knockout

a. lactose molecule
b. operon

15. Match the terms with the most suitable description.

__ ABC genes a. a big RNA is its product
__ XIST gene b. binding site for repressor
____operator c. cells become specialized
___ Barr body d. —CHj additions to DNA
_differentiation e. inactivated X chromosome
___methylation f. guide flower development

Additional questions are available on CENGAGENOW.

Animations and Interactions on CENGAGENOW:

> Points of control over gene expression; ABC model for
flowering; X chromosome inactivation; Structure and
function of the lac operon.

1. Why does a cell regulate its gene expression?

2. Do the same gene controls operate in bacterial cells and
eukaryotic cells? Why or why not?

3. Unlike most rodents, guinea pigs are well developed
at the time of birth. Within a few days, they can eat grass,
vegetables, and other plant material.

Suppose a breeder decides to separate baby guinea
pigs from their mothers three weeks after they were born.
He wants to raise the males and the females in different
cages. However, he has trouble identifying the sex of
young guinea pigs. Suggest how a quick look through
a microscope can help him identify the females.

4. Geraldo isolated an E. coli strain in which a mutation
has hampered the capacity of the cAMP activator to bind
the promoter of the lactose operon. How will this mutation
affect transcription of the lactose operon when the E. coli
cells are exposed to the following conditions?

a. Lactose and glucose are both available.
b. Lactose is available but glucose is not.

c. Both lactose and glucose are absent.
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< Links to Earlier Concepts

Be sure you understand chromosome structure

and chromosome number (Section 8.2) before
reading this chapter. You will revisit eukaryotic cell
structure (4.2, 4.10, 4.11), particularly the nucleus
(4.7). What you know about free radicals (5.4) and
mutations (9.6), receptors and recognition proteins
(4.4), phosphorylation (5.3), fermentation (7.6),

Key Conce

_—

pts

The Cell Cycle

A cell cycle starts when a new
cell forms by division of a par-
ent cell, and ends when the
cell completes its own divi-
sion. A typical cell cycle pro-

Mitosis

Mitosis divides the nucleus
and maintains the chromo-
some number. It has four
sequential stages: prophase,
metaphase, anaphase, and

ceeds through intervals of interphase, mitosis,
and cytoplasmic division.

telophase. A spindle parcels the cell’s dupli-

and gene control in eukaryotes (10.2) will help you cated chromosomes into two nuclei.

understand cancer and how it develops.
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11 How Cells Reproduce

Al Henrietta’'s Immortal Cells

Each human starts out as a fertilized egg. By the time of birth,
the human body consists of about a trillion cells, all descended
from that single cell. Even in an adult, billions of cells divide
every day as new cells replace worn-out ones. However, human
cells tend to divide a few times and die within weeks when
grown in the laboratory.

Researchers started trying to coax human cells to become
immortal—to keep dividing outside of the body—in the mid-
1800s. Why? Many human diseases occur only in human cells.
Immortal cell lineages, or cell lines, would allow researchers to
study human diseases (and potential cures for them) without
experimenting on people.

At Johns Hopkins University, George and Margaret Gey were
among the researchers trying to culture human cells. They had
been working on the problem for almost thirty years when, in
1951, their assistant Mary Kubicek prepared a sample of human
cancer cells. Mary named the cells HeLa, after the first and last
names of the patient from whom the cells had been taken.

The HeLa cells began to divide, again and again. The cells
were astonishingly vigorous, quickly coating the inside of their
test tube and consuming the nutrient broth in which they
were bathed. Four days later, there were so many cells that the
researchers had to transfer them to more tubes. The cell popula-
tions increased at a phenomenal rate. The cells were dividing
every twenty-four hours and coating the inside of the tubes
within days.

Sadly, cancer cells in the patient were dividing just as fast.
Just six months after she had been diagnosed with cervical can-
cer, malignant cells had invaded tissues throughout her body.
Two months after that, Henrietta Lacks, a young African Ameri-
can woman from Baltimore, was dead.

Although Henrietta passed away, her cells lived on in the
Geys’ laboratory (Figure 11.1). The Geys were able to grow polio-
virus in HeLa cells, a practice that enabled them to find out

which strains of the virus cause polio. That work was a critical
step in the development of polio vaccines, which have since
saved millions of lives.

Figure 11.1 Hela cells, a
legacy of cancer victim Hen-
rietta Lacks (right). Opposite,
fluorescence micrograph of
two Hela cells in the process
of dividing. Blue and green
show two proteins that help
microtubules (red) attach to
chromosomes (white). Defects
in these and other proteins
that orchestrate cell division
result in descendant cells with
too many or too few chromo-
somes, an outcome that is a
hallmark of cancer.

Henrietta Lacks’s cells, frozen away in tiny tubes and packed
in Styrofoam boxes, continue to be shipped among laboratories
all over the world. Researchers use those cells to investigate can-
cer, viral growth, protein synthesis, and the effects of radiation.
They helped several researchers win Nobel Prizes for research
in medicine and chemistry. Some HeLa cells even traveled into
space for experiments on the Discoverer XVII satellite.

Henrietta Lacks was just thirty-one, a wife and mother of
five, when runaway cell divisions killed her. Her legacy contin-
ues to help people, through her cells that are still dividing, again
and again, more than fifty years after she died. Understanding
why cancer cells are immortal—and why we are not—begins
with understanding the structures and mechanisms that cells
use to divide.

Cytoplasmic Division
™ Y . After nuclear division, the

cytoplasm divides. Typically,
one nucleus ends up in each
of two new cells. The cyto-
plasm of an animal cell simply
pinches in two. In plant cells, a cross-wall
forms in the cytoplasm and divides it.

The Cell Cycle Gone Awry
Built-in mechanisms monitor
and control the timing and
rate of cell division. On rare
occasions, the surveillance
mechanisms fail, and cell divi-
sion becomes uncontrollable. Tumor forma-
tion and cancer are outcomes.
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Multiplication by Division

) Cells reproduce by dividing.

> Division of a eukaryotic cell typically occurs in two steps:
nuclear division followed by cytoplasmic division.

> The sequence of stages through which a cell passes during
its lifetime is called the cell cycle.

€ Links to Cell structure 4.2, Nucleus 4.7, Chromosomes
8.2, DNA replication 8.6, Gene expression controls 10.2

The Life of a Cell

Just as the series of events in an animal’s life is called a
life cycle, the events that occur from the time a cell forms
until the time it divides is called a cell eycle (Figure 11.2).
A typical cell spends most of its life in interphase. During
this phase, the cell increases its mass, roughly doubles the
number of its cytoplasmic components, and replicates its
DNA in preparation for division. Interphase consists of
three stages:

© G1, the first interval (or gap) of cell growth, before
DNA replication

@ s, the time of synthesis (DNA replication)

© G2, the second interval (or gap), when the cell pre-
pares to divide

Gap intervals were named because outwardly they seem
to be periods of inactivity. Actually, most cells going
about their metabolic business are in G1. Cells preparing
to divide enter S, when they copy their DNA. During G2,
they make the proteins that will drive cell division. Once
the S phase begins, DNA replication usually proceeds at a
predictable rate and ends before the cell divides @.

The remainder of the cycle consists of the division
process itself. When a cell divides, both of its two cellu-

@ G is the interval of growth before DNA
replication. The cell’s chromosomes
are unduplicated during
this stage.

lar offspring end up with a blob of cytoplasm and some
DNA. Each of the offspring of a eukaryotic cell inherits its
DNA packaged inside a nucleus. Thus, a eukaryotic cell’s
nucleus has to divide @ before its cytoplasm does @.

There are two processes by which cell nuclei divide. As
you will discover in this chapter and the next, these two
processes—mitosis and meiosis—have much in common,
but their outcomes differ. Mitosis is a nuclear division
mechanism that maintains the chromosome number.
Remember from Section 8.2 that diploid cells have two
sets of chromosomes. For example, human body cells have
46 chromosomes, two of each type. Except for a pairing
of sex chromosomes (XY) in males, the chromosomes of
each pair are homologous. Homologous chromosomes
have the same length, shape, and genes (hom- means
alike). Typically, each member of a pair was inherited
from one of two parents.

With mitosis followed by cytoplasmic division, a dip-
loid parent cell produces two diploid offspring. Both off-
spring have the same chromosome number as the parent.
However, it is not just the number of chromosomes that
matters. If only the total mattered, then one of the cell’s
offspring might get, say, two pairs of chromosome 22 and
no pairs whatsoever of chromosome 9. A cell cannot func-
tion properly without a full complement of DNA, which
means it needs to have one copy of each type of chromo-
some. Thus, each of a cell’s descendants receives one copy
of each chromosome.

When a cell is in G1, each of its chromosomes consists
of one double-stranded DNA molecule (Figure 11.3A). The
cell replicates its DNA in S, so by G2, each of its chromo-
somes consists of two double-stranded DNA molecules

@ S is the time of synthesis. The name
refers to DNA synthesis, because
the cell copies its DNA
during this
stage.

At the

end of

mitosis,
the cyto-
plasm typically
divides, and the cycle
begins anew in interphase for

G2 is the
interval after
DNA replication and

before mitosis. The cell pre-
pares to divide during this stage.

Heltphase

each descendant cell.

eThe nucleus divides during mitosis.

Interphase ends.

Figure 11.2 Animated The eukaryotic cell cycle. The length of the
intervals differs among cells. G1, S, and G2 are part of interphase.
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A An unduplicated pair of
chromosomes in a cell in G1.

B By G2, each chromosome
has been duplicated.

A

C Mitosis and cyto- — —_——
plasmic division pack- Form———rin R
age one copy of each

chromosome into each

of two new cells.

Figure 11.3 How mitosis maintains the chromosome number.

(Figure 11.3B). These molecules stay attached to one
another at the centromere (as sister chromatids) until
mitosis is almost over. The next section shows how mito-
sis parcels sister chromatids into separate nuclei. When
the cytoplasm divides, these new nuclei are packaged into
separate cells (Figure 11.3C). Each new cell has a full com-
plement of unduplicated chromosomes, and each starts
the cell cycle over again in G1 of interphase.

A Bigger Picture of Cell Division

Cell division is complicated business; it requires the coor-
dinated participation of thousands of molecules. A host

of gene expression controls (Section 10.2) orchestrates

the process. As you will see in Section 11.5, many of these
controls function as built-in brakes on the cell cycle. Apply
the brakes that work in G1, and the cycle stalls in G1. Lift
the brakes, and the cycle runs again. Sometimes the brakes

asexual reproduction Reproductive mode by which offspring
arise from a single parent only.

cell cycle A series of events from the time a cell forms until its
cytoplasm divides.

homologous chromosomes Chromosomes with the same length,
shape, and set of genes.

interphase In a eukaryotic cell cycle, the interval between mitotic
divisions when a cell grows, roughly doubles the number of its
cytoplasmic components, and replicates its DNA.

mitosis Nuclear division mechanism that maintains the chromo-
some number. Basis of body growth and tissue repair in multi-
celled eukaryotes; also asexual reproduction in some plants,
animals, fungi, and protists.

Figure 11.4 A multicelled eukaryote develops by repeated cell divisions. This photo shows
early frog embryos, each a product of three mitotic divisions of one fertilized egg.

» Figure It Out Each of these embryos consists of how many cells? 1813 uamsuy

are not lifted. For example, the nerve cells of adult humans
normally stay in G1 of interphase. Because the cell cycle of
these cells cannot proceed, they do not divide. Thus, dam-
aged nerve cells cannot be replaced. Other cells divide at
rates that depend on cell type. The stem cells in your red
bone marrow divide every 12 hours. Their descendants
become red blood cells that replace 2 to 3 million worn-
out ones in your blood each second. Cells in the tips of a
bean plant root divide every 19 hours. The cells in a fruit
fly embryo divide every 10 minutes.

Mitosis and cytoplasmic division are the basis of
increases in body size during development (Figure 11.4),
and ongoing replacements of damaged or dead cells.
Individuals of many species of plants, animals, fungi, and
protists reproduce by mitosis and cytoplasmic division, a
process called asexual reproduction. Bacteria and archae-
ans also reproduce asexually, but they do it by binary
fission, a separate mechanism that we will consider in
Section 19.6.

Take-Home M essage Whatis cell division and why does it occur?

> The sequence of stages through which a cell passes during its lifetime (inter-
phase, mitosis, and cytoplasmic division) is called the cell cycle.

> A eukaryotic cell reproduces by division: nucleus first, then cytoplasm. Each
descendant cell receives a set of chromosomes and some cytoplasm.

> The nuclear division process of mitosis is the basis of body size increases, cell

replacements, and tissue repair in multicelled eukaryotes. It is also the basis of
asexual reproduction in single-celled and some multicelled eukaryotes.
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Mitosis

> When a nucleus divides by mitosis, each new nucleus has
the same chromosome number as the parent cell.

> The four main stages of mitosis are prophase, metaphase,
anaphase, and telophase.

€ Links to Cytoskeletal elements 4.10, Chromosome conden-
sation 8.2, Transcriptional control 10.2

During interphase, a cell’'s chromosomes are loosened to
allow transcription and DNA replication (Figure 11.5). In
preparation for nuclear division, they begin to pack tightly
@. Transcription and DNA replication stop as the chromo-
somes condense into their most compact “X” forms (Sec-
tion 8.2). A cell reaches prophase, the first stage of mitosis,
when its chromosomes have condensed so much that

they are visible under a light microscope @. “Mitosis” is
from the Greek word for thread, mitos, after the threadlike
appearance of chromosomes during nuclear division.

Most animal cells have a centrosome, a region near the
nucleus that organizes microtubules while they are form-
ing. A centrosome usually includes two centrioles, barrel-
shaped organelles that help microtubules assemble (Section
4.10). The centrosome gets duplicated just before prophase.
Then, during prophase, one of the two centrosomes moves
to the opposite side of the cell. Microtubules that begin to
extend from both centrosomes form a spindle, a dynamic
network of microtubules that moves chromosomes during
nuclear division. Motor proteins traveling along the micro-
tubules help the spindle extend in the appropriate direc-
tions. Plant cells have no centrosomes, but they do have
spindles and structures that organize them.

In prophase, the spindle penetrates the nuclear region
as the nuclear envelope breaks up. Some microtubules of
the spindle stop lengthening when they reach the middle
of the cell. Others lengthen until they reach a chromo-
some and attach to it at the centromere. By the end of
prophase, one sister chromatid of each chromosome has
become attached to microtubules extending from one
spindle pole, and the other sister has become attached to
microtubules extending from the other spindle pole @.

The opposing sets of microtubules then begin a tug-
of-war by adding and losing tubulin subunits. As the
microtubules extend and shrink, they push and pull the
chromosomes. When all the microtubules are the same
length, the chromosomes are aligned midway between

Feghl

Onion root cell Whitefish embryo cell

Figure 11.5 Animated Mitosis. Micrographs here and opposite show
plant cells (onion root, left), and animal cells (whitefish embryo,
right). This page, interphase cells are shown for comparison, but
interphase is not part of mitosis.

Opposite page, the stages of mitosis. The drawings show a diploid
(2n) animal cell. For clarity, only two pairs of chromosomes are
illustrated, but nearly all eukaryotic cells have more than two. The
two chromosomes of the pair inherited from one parent are pink;
the two chromosomes from the other parent are blue.

the spindle poles @. The alignment marks metaphase
(from meta, the ancient Greek word for between).

During anaphase, microtubules of the spindle separate
the sister chromatids of each duplicated chromosome, and
move them toward opposite spindle poles @. Each DNA
molecule has now become a separate chromosome.

Telophase begins when the two clusters of chromo-
somes reach the spindle poles @. Each cluster has the
same number and kinds of chromosomes as the parent
cell nucleus had—two of each type of chromosome, if the
parent cell was diploid. A new nucleus forms around each
cluster as the chromosomes loosen up again. Once the two
nuclei have formed, telophase is over, and so is mitosis.

anaphase Stage of mitosis during which sister chromatids sepa-
rate and move to opposite spindle poles.

metaphase Stage of mitosis at which the cell’s chromosomes are
aligned midway between poles of the spindle.

prophase Stage of mitosis during which chromosomes condense
and become attached to a newly forming spindle.

spindle Dynamically assembled and disassembled network of
microtubules that moves chromosomes during nuclear division.
telophase Stage of mitosis during which chromosomes arrive at
the spindle poles and decondense, and new nuclei form.

Take-Home M essage Whatis the sequence of
events that take place during mitosis?

> Each chromosome in a cell’s nucleus was duplicated before
mitosis begins, so each consists of two DNA molecules (sis-
ter chromatids).

) In prophase, the chromosomes condense and a spindle
forms. The spindle microtubules attach to the chromo-
somes as the nuclear envelope breaks up.

> At metaphase, the (still duplicated) chromosomes are
aligned midway between the spindle poles.

) In anaphase, microtubules separate the sister chromatids of
each chromosome, and pull them toward opposite spindle
poles. Each DNA molecule is now a separate chromosome.

) In telophase, two clusters of chromosomes reach the spindle
poles. A new nuclear envelope forms around each cluster.

> Two new nuclei form at the end of mitosis. Each one has
the same chromosome number as the parent cell’s nucleus.
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\ @ Early Prophase

Mitosis begins. In the nucleus, the DNA
begins to appear grainy as it starts to con-
dense. The centrosome gets duplicated.

@ Prophase P/ " M

The duplicated chromosomes become .."|/ 1 1
visible as they condense. One of the i‘h’: ~ [
two centrosomes moves to the oppo- !
site side of the nucleus. The nuclear ‘

lope break : y
envelope breaks up. b o
P P ."-a,,_,.-‘ -
_-"--=_ﬁ =
© Transition to Metaphase 17, \‘;
¥ L
The nuclear envelope is gone, and [ 104 S NA

assemble and bind to chromosomes at
the centromere. Sister chromatids are s

the chromosomes are at their most IH.~ — .-‘I))i:
condensed. Spindle microtubules '\\\\ /.v

attached to opposite spindle poles. microtubule of spindle

@ Metaphase
All of the chromosomes are aligned
midway between the spindle poles.

© Anaphase

Spindle microtubules separate the sis-
ter chromatids and move them toward
opposite spindle poles. Each sister
chromatid has now become an indi-
vidual, unduplicated chromosome.

\ g @ Telophase 7
{ fi' The chromosomes reach the Ji
t " spindle poles and decondense. |

: A nuclear envelope forms around
each cluster, and mitosis ends.
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Cytokinesis: Division of Cytoplasm

) In most eukaryotes, the cell cytoplasm divides between late
anaphase and the end of telophase. The mechanism of
division differs between plants and animals.

< Links to Cytoskeleton 4.10, Primary wall 4.11

A cell’s cytoplasm usually divides after mitosis, so two
cells form. The process of cytoplasmic division, which is
called eytokinesis, differs among eukaryotes.

Typical animal cells pinch themselves in two after
nuclear division (Figure 11.6). How? The spindle begins to
disassemble during telophase @. The cell cortex, which is
the mesh of cytoskeletal elements just under the plasma
membrane, includes a band of actin and myosin filaments
that wraps around the cell’s midsection. The band is
called a contractile ring because it contracts when its com-
ponent proteins are energized by ATP. When the ring con-
tracts, it shrinks, dragging the plasma membrane inward
as it does @. The sinking plasma membrane becomes vis-
ible on the outside of the cell as an indentation between
the former spindle poles @. The indentation is called a
cleavage furrow. The cleavage furrow advances around
the cell, deepening as it does, until the cytoplasm (and the
cell) is pinched in two @. Each of the two cells formed by
this division has its own nucleus and some of the parent
cell’s cytoplasm; each is enclosed by a plasma membrane.

Dividing plant cells face a particular challenge because
they have stiff cell walls on the outside of their plasma
membrane (Section 4.11). Accordingly, plant cells do not
pinch themselves in two; they have a completely differ-
ent mechanism of cytoplasmic division (Figure 11.7). By
the end of anaphase in a plant cell, a set of short micro-

P e
{ N\ @ After mitosis is
KJ completed, the spindle
“ "4 begins to disassemble.
. _—

/'_‘\1—’/;“ : @ At the midpoint of the
a/ k- A former spindle, a ring of
|\ b }‘ actin and myosin filaments
\ S 4 attached to the plasma

/'4""\_ — membrane contracts.

oThis contractile ring
pulls the cell surface
inward as it shrinks.

o A
) ( @ The ring contracts
f‘ J until it pinches the cell
\ 7 \ / intwo.
N h o

Figure 11.6 Animated Cytoplasmic division of an animal cell.

eThe future plane of divi-
sion was established before

mitosis began. Vesicles cluster
here when mitosis ends.

@ As the vesicles fuse
with each other, they
form a cell plate along
the plane of division.

e A e

@ The cell plate expands
outward along the plane of
division. When it reaches the
plasma membrane, it attaches
to the membrane and parti-

. - tions the cytoplasm.

© The cell plate matures as

two new cell walls. These walls

join with the parent cell wall, so
| each descendant cell becomes
% enclosed by its own cell wall.

Figure 11.7 Animated Cytoplasmic division of a plant cell.

tubules has formed on either side of the future plane of
division. These microtubules now guide vesicles from
Golgi bodies and the cell surface to the future plane of
division @. There, the vesicles and their wall-building
contents start to fuse into a disk-shaped cell plate @.
The plate expands at its edges until it reaches the plasma
membrane @. When the cell plate attaches to the mem-
brane, it partitions the cytoplasm. In time, the cell plate
will develop into a primary cell wall that merges with the
parent cell’s wall. Thus, by the end of division, each of the
descendant cells will be enclosed by its own plasma mem-
brane and its own cell wall @.

cell plate After nuclear division in a plant cell, a disk-shaped
structure that forms a cross-wall between the two new nuclei.
cleavage furrow In a dividing animal cell, the indentation where
cytoplasmic division will occur.

cytokinesis Cytoplasmic division.

Take-Home Message How do cells divide?

> After mitosis, the cytoplasm of the parent cell typically
is partitioned into two descendant cells, each with its
own nucleus.

> The process of cytoplasmic division differs between plants
and animals.

> In animal cells, a contractile ring pinches the cytoplasm in
two. In plant cells, a cell plate that forms midway between
the spindle poles partitions the cytoplasm when it reaches
and connects to the parent cell wall.

168 Unit2 Genetics

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Y Controls Over Cell Division

> On rare occasions, controls over cell division are lost.

< Links to Receptor proteins 4.4, Phosphorylation 5.3, Free
radicals 5.4, UV light and mutations 9.6, Eukaryotic gene
control 10.2

Every second, millions of cells in your skin, bone marrow,
gut lining, liver, and elsewhere are dividing and replacing
their worn-out, dead, and dying predecessors. They do not
divide at random. Many gene controls govern DNA repli-
cation and cell division in eukaryotic cells.

What happens when something goes wrong? Suppose
sister chromatids do not separate as they should during
mitosis. As a result, one descendant cell ends up with too
many chromosomes and the other with too few. Or sup-
pose DNA gets damaged when a chromosome is being
duplicated. A cell’s DNA can also be damaged by free
radicals (Section 5.4), or environmental assaults such as
chemicals or ultraviolet radiation (Section 9.6). Such prob-
lems are frequent and inevitable, but a cell may not func-
tion properly unless they are countered quickly.

The cell cycle has built-in checkpoints that allow prob-
lems to be corrected before the cycle advances. Certain
proteins, the products of “checkpoint” genes, can monitor
whether a cell's DNA has been copied completely, whether
it is damaged, and even whether enough nutrients to
support division are available. Such proteins interact to
delay or stop the cell cycle while simultaneously enhanc-
ing transcription of genes involved in chromosome repair
(Figure 11.8). If the problem stays uncorrected, checkpoint
gene products cause the cell to self-destruct. (You will
read more about cell suicide, which is called apoptosis,
in Section 28.9.)

Sometimes a checkpoint gene mutates so that its pro-
tein product no longer works properly. In other cases,
the controls that regulate its production fail, and a cell
makes too much or too little of its product. When enough
checkpoint mechanisms fail, a cell loses control over its
cell cycle. The cell may skip interphase, so division occurs
over and over with no resting period. Signaling mecha-
nisms that make an abnormal cell die may stop working.
The problem is compounded because these checkpoint
malfunctions are passed along to the cell’s descendants,
which form a neoplasm, an accumulation of cells that
lost control over how they grow and divide.

Consider growth factors, which are molecules that
stimulate cells to divide and differentiate. One kind, an
epidermal growth factor (EGF), stimulates a cell to enter
mitosis by binding to a receptor on the cell’s plasma
membrane. Binding to EGF changes the shape of the
receptor so that it becomes enzymatic and phosophory-
lates itself. Phosphorylation activates the EGF receptor,

growth factor Molecule that stimulates mitosis.
neoplasm An accumulation of abnormally dividing cells.

Figure 11.8 Checkpoint genes in action. Radiation damaged the DNA inside this
nucleus. A Green dots pinpoint the location of the product of the 53BP17 gene, and B
red dots pinpoint the location of the product of the BRCAT gene. Both proteins have
clustered around the same chromosome breaks in the same nucleus; both function
to recruit DNA repair enzymes. The integrated action of these and other checkpoint
gene products blocks mitosis until the DNA breaks are fixed.

Figure 11.9 Neoplasms are associated with mutations in checkpoint genes. In this
section of human breast tissue, phosphorylated EGF receptor is stained brown. Nor-
mal cells are the ones with lighter staining.

The heavily stained cells have formed a neoplasm; the abnormal overabundance of
the phosphorylated EGF receptor means that mitosis is being continually stimulated
in these cells. The EGF receptor is overproduced or overactive in most neoplasms.

and it starts a cascade of other intracellular events that
ultimately moves the cell cycle out of interphase and into
mitosis. The EGF receptor is the product of a checkpoint
gene; cells of most neoplasms carry mutations resulting
in its overactivity or overabundance (Figure 11.9).

Take-Home M essage How does a cell “know” when to divide?

) Gene expression controls advance, delay, or block the cell cycle in response to
internal and external conditions.

> The failure of cell cycle checkpoints results in uncontrolled cell divisions.
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13 Cancer: When Control Is Lost

> Cancer develops as cells of a neoplasm become malignant.
< Links to Adhesion proteins 4.4, Fermentation 7.6

A neoplasm that forms a lump in the body is called a
tumor, but the two terms are sometimes used inter-
changeably. Mutations that alter the products of check-
point genes or the rate at which they are made are
associated with an increased risk of tumor formation.
Once such a tumor-causing mutation has occurred, the
mutated gene is called an oncogene. An oncogene is any
gene that transforms a normal cell into a tumor cell (from
the Greek onkos, or bulging mass). Some mutations can be
passed to offspring, which is one reason that some types
of tumors tend to run in families.

Checkpoint genes encoding proteins that promote
mitosis are called proto-oncogenes because mutations

@ benign neoplasm

Figure 11.10 Animated Benign and
malignant neoplasms.

@ Benign neoplasms grow slowly
and stay in their home tissue.

@ Cells of a malignant neoplasm can
break away from their home tissue.

© The malignant cells become
attached to the wall of a blood vessel
or lymph vessel. They release digestive
enzymes that create an opening in the
wall, then enter the vessel.

@ The cells creep or tumble along
inside blood vessels, then leave the
bloodstream the same way they got
in. They often start growing in other
tissues, a process called metastasis.

can turn them into oncogenes. The gene that encodes
the EGF receptor is an example of a proto-oncogene.

Checkpoint gene products that inhibit mitosis are
called tumor suppressors because tumors form when
they are missing. The products of the BRCAI and BRCA2
genes (Chapter 10) are examples of tumor suppressors.
These proteins regulate, among other things, the expres-
sion of DNA repair enzymes. Mutations in BRCA genes
are often found in cells of neoplasms. As another exam-
ple, viruses such as HPV (human papillomavirus) cause
a cell to make proteins that interfere with its own tumor
suppressors. Infection with HPV causes noncancerous
skin growths called warts, and some kinds are associated
with neoplasms that form on the cervix.

Benign neoplasms such as ordinary skin moles are not
dangerous (Figure 11.10). They grow very slowly, and their
cells retain the plasma membrane adhesion proteins that
keep them properly anchored to the other cells in their
home tissue @.

A malignant neoplasm is one that gets progressively
worse, and is dangerous to health. The disease called
cancer occurs when the abnormally dividing cells of a
malignant neoplasm disrupt body tissues, both physically
and metabolically. Malignant cells typically display the
following three characteristics:

First, like cells of all neoplasms, malignant cells grow
and divide abnormally. Controls that usually keep cells
from getting overcrowded in tissues are lost, so their popu-
lations may reach extremely high densities with cell divi-
sion occurring very rapidly. The number of small blood
vessels, or capillaries, that transport blood to the growing
cell mass also increases abnormally.

Second, the cytoplasm and plasma membrane of malig-
nant cells are altered. The cytoskeleton may be shrunken,
disorganized, or both. Malignant cells typically have an
abnormal chromosome number, with some chromosomes
present in multiple copies, and others missing or damaged.
The balance of metabolism is often shifted, as in an ampli-
fied reliance on ATP formation by fermentation rather
than by aerobic respiration.

Altered or missing proteins impair the function of the
plasma membrane of malignant cells. For example, these
cells do not stay anchored properly in tissues because
their plasma membrane adhesion proteins are defective

cancer Disease that occurs when a neoplasm physically and meta-
bolically disrupts body tissues.

metastasis The process in which cancer cells spread from one
part of the body to another.

oncogene Gene that has the potential to transform a normal cell
into a tumor cell.

proto-oncogene Gene that can become an oncogene.

tumor A neoplasm that forms a lump.
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h Henrietta’s Immortal Cells (revisited)

Cancer is a multistep process. Researchers already know about many of the
mutations that contribute to the disease. They are working to identify drugs
that target and destroy malignant cells or stop them from dividing. Such
research may yield drugs that put the brakes on cancer.

A Basal cell carcinoma

is the most common type HelLa cells have proven to be indispensable in cancer research. For exam-

of skin cancer. This slow- ple, they were used in early tests of taxol, a drug that keeps microtubules
from disassembling and so interferes with mitosis. Frequent divisions of
cancer cells make them more vulnerable to this poison than normal cells.
The photo on the right shows a more
recent example of cancer research that
relies on HeLa cells. In these telophase
cells, the protein identified by the blue
stain, INCENP, helps sister chromatids
stay attached to one another at the
centromere. In normal cells, INCENP

growing, raised lump may
be uncolored, reddish-
brown, or black.

B The second most com-
mon form of skin cancer
is a squamous cell carci-
noma. This pink growth,
firm to the touch, grows
under the surface of skin.

associates with the enzyme identified
by the green stain, Aurora B, only at

specific times during mitosis. Aurora B
helps attach spindle microtubules to centromeres, so defects in this enzyme
or its expression result in unequal segregation of chromosomes into descen-
dant cells. Researchers recently correlated overexpression of Aurora B in
cancer cells with shortened patient survival rates. Thus, drugs that inhibit
Aurora B function are now being tested as potential cancer therapies.
Despite the invaluable cellular legacy of Henrietta Lacks, her body rests

C Melanoma spreads
fastest. Cells form dark,
encrusted lumps that
may itch or bleed easily.
in an unmarked grave in an unmarked cemetery. These days, physicians and
researchers are required to obtain a signed consent form before they take
Figure 11.17 Skin cancer
is one type of cancer that
can be detected early with
periodic screening. their knowledge or consent. Thus, the young resident who was treating

tissue samples from a patient. No such requirement existed in the 1950s.
It was common at that time for doctors to experiment on patients without

= Henrietta Lacks’s cancerous cervix probably never even
thought about asking permission before he took a sample
of it. That sample was the one that the Geys used to estab-
lish the HeLa cell line. No one in Henrietta’s family knew
about the cells until 25 years after she died. HeLa cells are
still being sold worldwide, but her family has not received
any compensation to date.

or missing @. Malignant cells can slip easily into and
out of vessels of the circulatory and lymphatic systems

¢

How Would You Vote? You can legally donate—but not sell—your own organs
and tissues. However, companies can profit from research on donated organs or tis-

©. By migrating through these vessels, the cells estab-
lish neoplasms elsewhere in the body @. The process in
which malignant cells break loose from their home tissue
and invade other parts of the body is called metastasis.
Metastasis is the third hallmark of malignant cells.

sues, and also from cell lines derived from these materials. Companies that do so are
Unless chemotherapy, surgery, or another procedure

not obligated to share their profits with the donors. Should profits derived from donated
eliminates malignant cells from the body, they can put an

tissues or cells be shared with the donors or their families? See CengageNow for
individual on a painful road to death. Each year, cancer details, then vote online (cengagenow.com).

causes 15 to 20 percent of all human deaths in developed

countries alone. The good news is that mutations in mul-
tiple checkpoint genes are required to transform a normal
cell into a malignant one, and these mutations may take

a lifetime to accumulate. Life-style choices such as not

smoking and avoiding exposure of unprotected skin to Take-Home M essage Whatis cancer?

sunlight can reduce one’s risk of acquiring mutations in ) Cancer is a disease that occurs when the abnormally dividing cells of a neo-
the first place. Some neoplasms can be detected with peri- plasm physically and metabolically disrupt body tissues.

odic screening procedures such as Pap tests or dermatol- > A malignant neoplasm results from mutations in multiple checkpoint genes.
ogy exams (Figure 11.11). Neoplasms that are detected early Y Although some mutations are inherited, life-style choices and early interven-
enough can often be removed before metastasis occurs. tion can reduce one’s risk of cancer.
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Summary

Section 11.1 An immortal line of cancer
cells is a legacy of cancer victim Henrietta
Lacks. HeLa cells have been an invaluable
research tool all over the world and even in
- space. Researchers trying to unravel the
mechanisms of cancer continue to work with these cells.

Section 11.2 A cell cycle includes all the
stages through which a eukaryotic cell
passes during its lifetime: interphase,
mitosis, and cytoplasmic division. Most of
a cell’s activities, including replication of

the cell’s homologous chromosomes, occur in interphase.
A cell reproduces by dividing: nucleus first, then the cyto-
plasm. Each of the two descendant cells receives a com-
plete set of chromosomes and a blob of cytoplasm.

Nuclear division mechanisms partition the duplicated
chromosomes into new nuclei. Mitosis maintains the
chromosome number. It is the basis of growth, cell replace-
ments, and tissue repair in multicelled species, and asexual
reproduction in many species.

{ e

& Section 11.3 During mitosis, duplicated
homologous chromosomes line up in the
€ 3 middle of the cell, then are pulled apart.
: Nuclear envelopes form around the two
clusters of chromosomes, forming two new
nuclei with the parental chromosome number. Mitosis pro-
ceeds in these four stages:

Prophase. Duplicated chromosomes start to condense.
Microtubules assemble and form a spindle, and the nuclear
envelope breaks up. Some microtubules that extend from
one spindle pole attach to one chromatid of each chromo-
some; some that extend from the opposite spindle pole
attach to its sister chromatid. Spindle microtubules drag
each chromosome toward the center of the cell.

Metaphase. All chromosomes are aligned at the spin-
dle’s midpoint.

Anaphase. The sister chromatids of each chromosome
detach from each other, and the spindle microtubules start
moving them toward opposite spindle poles. Motor pro-
teins drive the movements.

Telophase. A cluster of chromosomes that consists of a
complete set of chromosomes reaches each spindle pole. A
nuclear envelope forms around each cluster, forming two

new nuclei. Both nuclei have the parental chromosome
number. Mitosis is over when these nuclei form.

Section 11.4 In most cases, cells divide in
two after their nucleus divides. Mecha-
nisms of cgtokinesis differ. In animal cells,
a contractile ring of microfilaments that is
part of the cell cortex pulls the plasma
membrane inward, forming a cleavage furrow. Contrac-
tion continues until the cytoplasm is pinched in two. In
plant cells, a band of microtubules and microfilaments
forms around the nucleus before mitosis. This band marks

e el

the site where the cell plate forms. The cell plate expands
until it fuses with the parent cell wall, thus becoming a
cross-wall that partitions the cytoplasm.

Section 11.5 The products of checkpoint
genes, including growth factor receptors,
are part of a host of gene controls that gov-
ern the cell cycle. Such controls advance,
pause, or stop the cycle in response to con-
ditions inside or outside of the cell. Molecules that work
together to monitor the integrity of the cell's DNA can
pause the cycle until breaks or other problems are fixed.
When checkpoint mechanisms fail, a cell loses control over
its cell cycle, and the cell’s descendants form a neoplasm.

Section 11.6 Mutations can turn proto-
oncogenes into oncogenes. Such muta-
tions typically disrupt checkpoint gene
products or their expression, and can result
in neoplasms. Neoplasms may form lumps
called tumors. Mutations in multiple checkpoint genes can
transform benign neoplasms into malignant ones. Cells of
malignant neoplasms can break loose from their home tis-
sues and colonize other parts of the body, a process called
metastasis. Cancer occurs when malignant neoplasms
physically and metabolically disrupt normal body tissues.

Self- Q_UIZ Answers in Appendix ||

1. Mitosis and cytoplasmic division function in
a. asexual reproduction of single-celled eukaryotes
b. growth and tissue repair in multicelled species
c. gamete formation in bacteria and archaeans
d.both a and b

2. A duplicated chromosome has
a. one b.two c. three

chromatid(s).
d. four

3. Except for a pairing of sex chromosomes, homologous
chromosomes .
a. carry the same genes  c. are the same length

b. are the same shape d. all of the above

4. Most cells spend the majority of their lives in
a. prophase d. telophase
b. metaphase e. interphase

c. anaphase f.aandc

5. The chromosomes align at the midpoint of the spindle
during .
a. prophase
b. metaphase
c. anaphase

d. telophase
e. interphase
f. cytokinesis

6. The spindle attaches to chromosomes at the
a. centriole
b. contractile ring

7. Only is not a stage of mitosis.
a. prophase b.interphase c. metaphase d.anaphase

c. centromere
d. centrosome

8. In intervals of interphase, G stands for

a. gap b. growth c. Gey d. gene
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Data Analysis Activities

Hela Cells Are a Genetic Mess HelLa cells continue to be an ‘ i g
extremely useful tool in cancer research. One early finding was . } 5 3 ( I i E i H i ' l ! ! " ar:y
that HeLa cells can vary in chromosome number. The panel of 1 2 3 4 s
chromosomes in Figure 11.12, originally published in 1989 by =28 idd Liget 3p 2 ’ by g
- "

Nicholas Popescu and Joseph DiPaolo, shows all of the chromo- ' E ' g,‘ ; ‘ ? * ! ; ' “' a 1;
somes in a single metaphase HeLa cell. £

‘ELE B - gaa
1. What is the chromosome number of this HeLa cell? ' 3 ' ‘: . ! !,,. & 1 1 18
2. How many extra chromosomes does this cell have, com- . Saa . i a ‘

pared to a normal human body cell? 1 v .;‘ - 'ez' X

3. Can you tell that this cell came from a female? How?

Figure 11.12 Chromosomes in a Hela cell.

9. In the diagram of the nucleus below, fill in the blanks
with the name of each interval.

Z

;—77

‘[I%
"*

_.l‘

10. Interphase is the part of the cell cycle when
a. a cell ceases to function
b. the spindle forms
c. a cell grows and duplicates its DNA
d. mitosis proceeds

11. After mitosis, the chromosome number of a descen-
dant cell is the parent cell’s.
a. the same as c. rearranged compared to
b. one-half of d. doubled compared to

12. Name any checkpoint gene.

13. Which of the following encompasses the other two?

a.cancer  b.neoplasm  c. tumor

14. Match each term with its best description.

Critical Thinking

1. When a cell reproduces by mitosis and cytoplasmic
division, does its life end?

2. The eukaryotic cell in the photo on the
left is in the process of cytoplasmic divi-
sion. Is this cell from a plant or an animal?
How do you know?

3. Exposure to radioisotopes or other sources of radiation
can damage DNA. Humans exposed to high levels of radia-

_ cell plate a. lump of cells tion face a condition called radiation poisoning. Why do
___spindle b. made of microfilaments you think that hair loss and damage to the lining of the
~ tumor c. divides plant cells gut are early symptoms of radiation poisoning? Speculate

cleavage furrow
contractile ring
cancer

d. organizes the spindle
e. metastatic cells
f. made of microtubules

centrosomes g. indentation

15. Match each stage with the events listed.

about why exposure to radiation is used as a therapy to
treat some kinds of cancers.

4. Suppose you have a way to measure the amount of
DNA in one cell during the cell cycle. You first measure the
amount at the G1 phase. At what points in the rest of the

___metaphase a. sister chromatids move apart cycle will you see a change in the amount of DNA per cell?
___prophase b. chromosomes start to condense

___telophase c. new nuclei form

—anaphase d.all duplicated chromosomes are Animations and Interactions on CENGAGENOW:

aligned at the spindle equator
Additional questions are available on CENGAGENOW.

> The cell cycle; Mitosis; Cytoplasmic division; Neoplasms;
The cell cycle and cancer.
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< Links to Earlier Concepts

Be sure you have a clear picture of the structural
organization of chromosomes (Section 8.2) and
how genes work (9.2) before you begin this chapter
on the cellular basis of sexual reproduction. You will
draw on your understanding of DNA replication
(8.6), cytoplasmic division (11.4), and cell cycle
controls (11.5) as we compare meiosis with mitosis
(11.2). You also will be revisiting microtubules
(4.10), genetically identical organisms (8.7), and
the effects of mutation (9.6).

Copyright 2011 Cengage Learning,

Key Concepts

Sexual Versus Asexual

Reproduction

In asexual reproduction, one

parent transmits its genes to

offspring. In sexual reproduc-

tion, offspring inherit genes
from two parents who usually differ in some
number of alleles. Differences in alleles are the
basis of differences in traits.

nc. All Rights Reserved. May

Stages of Meiosis

Meiosis is a nuclear division

process that occurs only

in cells set aside for sexual

reproduction. Meiosis reduces

the chromosome number by
sorting a reproductive cell’s chromosomes into
four new nuclei.
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12 Meiosis and Sexual

Reproduction

Why Sex?

If the function of reproduction is the perpetuation of one’s
genes, then an asexual reproducer would seem to win the evolu-
tionary race. In asexual reproduction, all of an individual’s genes
are passed to all of its offspring. Sexual reproduction mixes up
the genes of two parents (Figure 12.1), so only about half of each
parent’s genetic information is passed to offspring.

So why sex? Variation in the forms and combinations of
heritable traits is typical of sexually reproducing populations.
Some traits allow their bearers to thrive in particular environ-
ments. All offspring of asexual reproducers are clones of their
parent, so all are adapted the same way to an environment—and
all are equally vulnerable to changes in it. By contrast, the off-
spring of sexual reproducers have unique combinations of many
traits. As a group, their diversity offers them flexibility: a better
chance of surviving environmental change than clones. Some
of them may have a particular combination of traits that suits
them perfectly to the changed environment.

Other organisms are part of the environment, and they, too,
can change. Think of predator and prey, say, foxes and rabbits. If
one rabbit is better than others at outrunning the foxes, it has a
better chance of escaping, surviving, and passing to its offspring
the genes that help it evade foxes. Thus, over many generations,
rabbits may get faster. If one fox is better than others at outrun-
ning faster rabbits, it has a better chance of eating, surviving,
and passing to its offspring genes that help it catch faster rab-
bits. Thus, over many generations, the foxes may tend to get
faster. As one species changes, so does the other—an idea called
the Red Queen hypothesis, after Lewis Carroll’s book Through
the Looking Glass. In the book, the Queen of Hearts tells Alice,
“It takes all the running you can do, to keep in the same place.”

An adaptive trait tends to spread more quickly through a sex-
ually reproducing population than through an asexually repro-

sexual reproduction Reproductive mode by which offspring arise from
two parents and inherit genes from both.

ducing one. Why? In asexual reproduction, new combinations
of traits can arise only by mutation. An adaptive trait is passed
from one generation to the next along with the same set of other
traits, adaptive or not. By contrast, sexual reproduction mixes up
the genes of individuals that often have different forms of traits.
It generates new combinations of traits in far fewer generations

than does mutation alone.

Figure 12.1

Moments in the stages
of sexual reproduction
of humans (opposite)
and plants (left). Sexual
reproduction mixes up
the genetic material of
two organisms.

In flowering plants, pol-
len grains (orange) ger-
minate on flower carpels
(yellow). Pollen tubes

grow from the grains
down into tissues of the
ovary, which house the
flower’s female gametes.

However, just because sexual reproducers are more geneti-
cally diverse does not mean that they win the evolutionary race.
In terms of numbers of individuals and how long their lineages
have endured, the most successful organisms on Earth—by a
long shot—are bacteria, which reproduce by an entirely differ-
ent mechanism.

Sexual Reproduction in the

Mitosis and Meiosis

with male gametes inside

[ Recombinations
and Shufflings
. During meiosis, homologous
chromosomes come together
and swap segments. Then

they are randomly sorted into
separate nuclei. Both processes lead to novel
combinations of alleles among offspring.

Context of Life Cycles
Gametes form by different
mechanisms in males and

females, but meiosis is part

of both processes. In most

plants, spore formation and other events inter-
vene between meiosis and gamete formation.

Compared

Similarities between mitosis
and meiosis suggest that
meiosis may have originated
by evolutionary remodeling
of mechanisms that already existed for mitosis
and, before that, for repairing damaged DNA.

N
-
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Meiosis Halves the Chromosome Number

) Asexual reproduction produces clones.

) Sexual reproduction mixes up alleles from two parents.

> Meiosis, the basis of sexual reproduction, is a nuclear
division mechanism that occurs in immature reproductive
cells of eukaryotes.

< Links to Clones 8.1, Chromosomes in eukaryotes 8.2, DNA
replication 8.6, Genetically identical organisms 8.7, Genes
9.2, Effects of mutations 9.6, Homologous chromosomes
and asexual reproduction and mitosis 11.2

Introducing Alleles

An individual’s genes collectively contain the information
necessary to make a new individual (Section 8.7). All off-
spring of an asexual reproducer inherit the same number
and kinds of genes; thus, mutations aside, all are clones of
the parent (Section 8.1).

Inheritance gets more complicated with sexual repro-
duction because two parents contribute genes to offspring.
The somatic (body) cells of multicelled organisms that
reproduce sexually contain pairs of chromosomes. Typi-
cally, one chromosome of each pair is maternal and the
other is paternal (Figure 12.2). Except for a pairing of
nonidentical sex chromosomes, the two chromosomes
of every pair carry the same set of genes.

If the DNA sequence of every gene pair were identi-
cal, then sexual reproduction would produce clones, just
like asexual reproduction does. Just imagine: The entire
human population might consist of clones, in which case
everybody would look exactly alike.

But the two genes of a pair are often not identical.
Why not? Mutations that inevitably accumulate in DNA
change its sequence. Thus, the two genes of any pair
might differ a bit. If the sequences differ enough, those
genes will encode slightly different forms of the gene’s
product (Section 9.6). Different forms of the same gene
are called alleles.

Reproductive organs
of a human male

Reproductive organs
of a human female

Ffis

testis (where sperm originate)

ovary (where eggs develop)

Figure 12.2 Homologous chromosomes. Typically, one chromo-
some of each pair is inherited from the mother; the other, from
the father. Colored patches in this fluorescence micrograph indi-
cate corresponding DNA sequences on the chromosomes.

These chromosomes carry the same series of genes, but the DNA
sequence of any one of those genes might differ just a bit from
that of its partner on the other chromosome. Different forms of
a gene are called alleles.

Alleles influence thousands of traits. For example, the
beta globin gene you encountered in Section 9.6 has more
than 700 alleles: one that causes sickle-cell anemia, one
that causes beta thalassemia, and so on. The beta globin
gene is only one of about 30,000 human genes, and most
genes have multiple alleles. Alleles are one reason that the
individuals of a sexually reproducing species do not all
look exactly the same. The offspring of sexual reproducers
inherit new combinations of alleles, which is the basis of
new combinations of traits.

What Meiosis Does

Sexual reproduction involves the fusion of reproductive
cells from two parents. It requires meiosis, a nuclear divi-

Reproductive organs
of a flowering plant

anther (where sexual
spores that give rise to
sperm cells form)

ovary (where sexual
spores that give rise
to egg cells form)

Figure 12.3 Animated Examples of reproductive organs. Meiosis of germ cells in reproductive organs

gives rise to gametes: eggs and sperm in humans, egg cells and sperm cells in flowering plants.
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B Homologous partners separate.
The still-duplicated chromosomes are

packaged into two new nuclei.

A In meiosis |, each duplicated
chromosome in the nucleus pairs
with its homologous partner.

Figure 12.4 How meiosis halves the chromosome number.

sion mechanism that halves the chromosome number.
The process of sexual reproduction begins with meiosis
in germ cells, which are immature reproductive cells.
Meiosis in germ cells produces mature reproductive cells
called gametes. A sperm is an example of a male gamete.
An egg is a female gamete. Gametes usually form inside
special reproductive structures or organs (Figure 12.3).
Gametes have a single set of chromosomes, so they
are haploid (n): Their chromosome number is half of the
diploid (2n) number (Section 8.2). Human body cells are
diploid, with 23 pairs of homologous chromosomes. Meio-
sis of a human germ cell (2n) normally produces gametes
with 23 chromosomes: one of each pair (n). The diploid
chromosome number is restored at fertilization, when two
haploid gametes (one egg and one sperm, for example)
fuse to form a zygote, the first cell of a new individual.
The first part of meiosis is similar to mitosis. A cell
duplicates its DNA before either nuclear division process
starts. As in mitosis, the microtubules of a spindle move
the duplicated chromosomes to opposite spindle poles.
However, meiosis sorts the chromosomes into new nuclei
not once, but twice, so it results in the formation of four
haploid nuclei. The two consecutive nuclear divisions are
called meiosis I and meiosis II:

DNA is Prophase |

Prophase Il

replicated > Metaphasel ——> Metaphase Il
prior to Anaphase | Anaphase ||
meiosis | Telophase | Telophase Il

In some cells, no resting period occurs between these
two stages. In others, interphase with no DNA replication
separates meiosis I and II.

T Sme—

L e e =
/

T D

C Sister chromatids separate in meiosis II. The now undupli-
cated chromosomes are packaged into four new nuclei.

the homologous chromosomes are pulled away from one
another (Figure 12.4B). After homologous chromosomes
separate, each ends up in one of two new nuclei. At this
stage, the chromosomes are still duplicated (the sister
chromatids are still attached to one another).

During meiosis II, the sister chromatids of each chro-
mosome are pulled apart, so each becomes an individual,
unduplicated chromosome (Figure 12.4C). The chromo-
somes are sorted into four new nuclei. With one undupli-
cated version of each chromosome, the new nuclei are all
haploid (n).

Thus, meiosis partitions the chromosomes of one dip-
loid nucleus (2n) into four haploid (n) nuclei. The next
section zooms in on the details of this process.

alleles Forms of a gene that encode slightly different versions of
the gene’s product.

fertilization Fusion of two gametes to form a zygote.

gamete Mature, haploid reproductive cell; e.g., an egg or a sperm.
germ cell Diploid reproductive cell that gives rise to haploid gam-
etes by meiosis.

haploid Having one of each type of chromosome characteristic of
the species.

meiosis Nuclear division process that halves the chromosome
number. Basis of sexual reproduction.

somatic Relating to the body.

zygote Cell formed by fusion of two gametes; the first cell of a
new individual.

Take-Home M essage Why do populations that reproduce
sexually tend to have the most variation in heritable traits?

2 Paired genes on homologous chromosomes may vary in sequence as alleles.

> Alleles are the basis of traits. Sexual reproduction mixes up alleles from two

parents.

> The nuclear division process of meiosis is the basis of sexual reproduction in

eukaryotes. It precedes the formation of gametes or spores.

> Meiosis halves the diploid (2n) chromosome number, to the haploid number (n).
When two gametes fuse at fertilization, the chromosome number is restored.
The resulting zygote has two sets of chromosomes, one from each parent.

During meoisis I, every duplicated chromosome
aligns with its homologous partner (Figure 12.4A). Then
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The Process of Meiosis

> Meiosis halves the chromosome number.

> During meiosis, chromosomes of a diploid nucleus become
distributed into four haploid nuclei.

< Links to Diploid chromosome number 8.2, DNA replica-
tion 8.6, Mitosis 11.2

DNA replication occurs prior to meiosis, so a cell’s chro-
mosomes are duplicated by the time meiosis I begins:
Each chromosome consists of two sister chromatids. The
nucleus is diploid (2n): It contains two sets of chromo-
somes, one from each parent. Let’s now turn to the cellu-
lar events that occur during meiosis itself.

Meiosis | The first stage of meiosis I is prophase I (Fig-
ure 12.5). During this phase, the chromosomes condense,
and homologous chromosomes align tightly and swap
segments (more about segment-swapping in the next sec-
tion). The centrosome gets duplicated along with its two
centrioles. One centriole pair moves to the opposite side
of the cell as the nuclear envelope breaks up. Spindle
microtubules begin to extend from the centrosomes @.
By the end of prophase I, microtubules of the spindle
connect the chromosomes to the spindle poles. Each
chromosome is now attached to one spindle pole, and its

homologous partner is attached to the other. The micro-
tubules lengthen and shorten, pushing and pulling the
chromosomes as they do. At metaphase I, all of the micro-
tubules are the same length, and the chromosomes are
aligned midway between the poles of the spindle @.

In anaphase I, the spindle microtubules separate the
homologous chromosomes and pull them toward opposite

Figure 12.5 Animated Meiosis. Two pairs of chromosomes are illustrated
in a diploid (2n) animal cell. Homologous chromosomes are indicated in
blue and pink. Micrographs show meiosis in a lily plant cell (Lilium regale).

» Figure It Out During which phase of meiosis does the chromosome
number become reduced?

Meiosis | One diploid nucleus to two haploid nuclei

2 24"\ .
AR
SN N7

| aseydeuy uamsuy

=

@ Telophase I. Two clusters of
chromosomes reach the spindle

@ Anaphase I. The homologous
chromosomes separate and begin

@ Metaphase |. The homologous
chromosome pairs are aligned
midway between spindle poles.

@ Prophase I. Homologous
chromosomes condense, pair
up, and swap segments. Spindle
microtubules attach to them as
the nuclear envelope breaks up.

poles. A new nuclear envelope
forms around each cluster, so
two haploid (n) nuclei form.

heading toward the spindle poles.

plasma

membrane spindle

nuclear envelope centrosome

breaking up

one pair of
homologous chromosomes
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spindle poles @. During telophase I, the chromosomes
reach the spindle poles @. New nuclear envelopes form
around the two clusters of chromosomes as the DNA loos-
ens up. Each of the two haploid (n) nuclei that form con-
tains one set of (duplicated) chromosomes. The cytoplasm
may divide at this point to form two haploid cells. Inter-
phase occurs in some cells at the end of meiosis I, but the
DNA is not replicated before meiosis II begins.

Meiosis || During prophase II, the chromosomes con-
dense as a new spindle forms. One centriole moves to the
opposite side of each new nucleus, and the nuclear enve-
lopes break up. By the end of prophase II, microtubules
connect the chromosomes to the spindle poles. Each chro-
matid is now attached to one spindle pole, and its sister is
attached to the other @. The microtubules lengthen and
shorten, pushing and pulling the chromosomes as they
do. At metaphase II, all of the microtubules are the same

length, and the chromosomes are aligned midway between
the spindle poles @.

In anaphase II, the spindle microtubules pull the
sister chromatids apart @. Each chromosome now con-
sists of one molecule of DNA. During telophase II, the
chromosomes (now unduplicated) reach the spindle poles
©. New nuclear envelopes form around the four clusters
of chromosomes as the DNA loosens up. Each of the four
haploid (n) nuclei that form contains one set of undupli-
cated chromosomes. The cytoplasm may divide, so four
haploid cells form.

Take-Home M essage What happens to a cell during meiosis?

> During meiosis, the nucleus of a diploid (2n) cell divides twice. Four haploid (n)
nuclei form, each with a full set of chromosomes—one of each type.

Meiosis Il Two haploid nuclei to four haploid nuclei

N\

|

.
o 3

N -
=

VA

© Prophase II. The chromosomes
condense. Spindle microtubules
attach to each sister chromatid as

the nuclear envelope breaks up. of the spindle.

@ Metaphase II. The (still
duplicated) chromosomes are
aligned midway between poles

@ Anaphase I1. All sister chro-
matids separate. The now undu-

© Telophase I1. A cluster of
chromosomes reaches each

plicated chromosomes head to
the spindle poles.

spindle pole. A new nuclear
envelope encloses each cluster,
so four haploid (n) nuclei form.

=

!
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How Meiosis Introduces Variations in Traits

) Crossovers and the random sorting of chromosomes into
gametes result in new combinations of traits among off-
spring of sexual reproducers.

€ Link to Chromosome structure 8.2

The previous section mentioned briefly that duplicated
chromosomes swap segments with their homologous
partners during prophase I. It also showed how each chro-
mosome aligns with and then separates from its homolo-
gous partner during anaphase I. Both events introduce
novel combinations of alleles into gametes. Along with
fertilization, these events contribute to the variation in

A Here, we focus

on only two of the

many genes on a

chromosome. In

this example, one

gene has alleles A A A a -a
and a; the other

has alleles B and b.

B Close contact
between homologous
chromosomes pro-
motes crossing over
between nonsister
chromatids. Paternal
and maternal chro-
matids exchange cor-
responding pieces.

C Crossing

over mixes up

paternal and

maternal alleles

on homologous A A a —a
chromosomes.

B b b -B

Figure 12.6 Animated Crossing over. Blue signifies a paternal chromo-
some, and pink, its maternal homologue. For clarity, we show only one
pair of homologous chromosomes and one crossover, but more than
one crossover may occur in each chromosome pair.

combinations of traits among the offspring of sexually
reproducing species.

Crossing Over in Prophase |

Early in prophase I of meiosis, all chromosomes in a germ
cell condense. When they do, each is drawn close to its
homologue. The chromatids of one homologous chromo-
some become tightly aligned with the chromatids of the
other along their length:

This tight, parallel orientation favors crossing over, a
process in which a chromosome and its homologous part-
ner exchange corresponding pieces of DNA (Figure 12.6).
Homologous chromosomes may swap any segment or
segments of DNA along their length, although crossovers
tend to occur more frequently in certain regions.
Swapping segments of DNA shuffles alleles between
homologous chromosomes. It breaks up the particular
combinations of alleles that occurred on the parental chro-
mosomes, and makes new ones on the chromosomes that
end up in gametes. Thus, crossing over introduces novel
combinations of traits among offspring. It is a normal
and frequent process in meiosis, but the rate of crossing
over varies among species and among chromosomes. In
humans, between 46 and 95 crossovers occur per meiosis,
so on average each chromosome crosses over at least once.

Segregation of Chromosomes
Into Gametes

Normally, all of the new nuclei that form in meiosis I
receive the same number of chromosomes. However,
whether a new nucleus ends up with the maternal or
paternal version of a chromosome is entirely random. The
chance that the maternal or the paternal version of any
chromosome will end up in a particular nucleus is 50 per-
cent. Why? The answer has to do with the way the spindle
segregates the homologous chromosomes during meiosis I.
The process of chromosome segregation begins in pro-
phase I. Imagine one of your own germ cells undergoing
meiosis. Crossovers have already made genetic mosaics of
its chromosomes, but for simplicity let’s put crossing over
aside for a moment. Just call the twenty-three chromo-
somes you inherited from your mother the maternal ones,
and the twenty-three from your father the paternal ones.
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@ The four possible
alignments of three pairs
of chromosomes in a
nucleus at metaphase I.

@ Resulting combina-
tions of maternal and
paternal chromosomes
in the two nuclei that
form at telophase I.
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phase II. Eight different
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Figure 12.7 Animated Hypothetical segregation of three pairs of chromosomes in meiosis .
Maternal chromosomes are pink; paternal, blue. Which chromosome of each pair gets pack-
aged into which of the two new nuclei that form at telophase I is random. For simplicity, no

crossing over occurs in this example, so all sister chromatids are identical.

During prophase I, microtubules fasten your cell’s
chromosomes to the spindle poles. Chances are fairly slim
that all of the maternal chromosomes get attached to one
pole and all of the paternal chromosomes get attached
to the other. Microtubules extending from a spindle pole
bind to the centromere of the first chromosome they con-
tact, regardless of whether it is maternal or paternal. Each
homologous partner gets attached to the opposite spindle
pole. Thus, there is no pattern to the attachment of the
maternal or paternal chromosomes to a particular pole.

Now imagine that your germ cell has just three pairs
of chromosomes (Figure 12.7). By metaphase I, those three
pairs of maternal and paternal chromosomes are divvied
up between the two spindle poles in one of four ways @.
In anaphase I, homologous chromosomes separate and are
pulled toward opposite spindle poles. In telophase I, a new
nucleus forms around the chromosomes that cluster at each
spindle pole. Each nucleus contains one of eight possible
combinations of maternal and paternal chromosomes @.

In telophase 11, each of the two nuclei divides and
gives rise to two new haploid nuclei. The two new nuclei
are identical because no crossing over occurred in our
hypothetical example, so all of the sister chromatids were

crossing over Process in which homologous chromosomes
exchange corresponding segments during prophase I of meiosis.

identical. Thus, at the end of meiosis in this cell, two (2)
spindle poles have divvied up three (3) chromosome pairs.
The resulting four nuclei have one of eight (23) possible
combinations of maternal and paternal chromosomes €.

Cells that give rise to human gametes have twenty-
three pairs of homologous chromosomes, not three. Each
time a human germ cell undergoes meiosis, the four
gametes that form end up with one of 8,388,608 (or 223)
possible combinations of homologous chromosomes. That
number does not even take into account crossing over,
which mixes up the alleles on maternal and paternal chro-
mosomes, or fusion with another gamete at fertilization.
Are you getting an idea of why such fascinating combina-
tions of traits show up among the generations of your
own family tree?

Take-Home M €5sage How does meiosis introduce variation in
combinations of traits?

> Crossing over is recombination between nonsister chromatids of homologous
chromosomes during prophase I. It makes new combinations of parental alleles.

> Homologous chromosomes can be attached to either spindle pole in prophase
1, so each homologue can be packaged into either one of the two new nuclei.
Thus, the random assortment of homologous chromosomes increases the num-
ber of potential combinations of maternal and paternal alleles in gametes.
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From Gametes to Offspring

) Details of gamete formation differ among plants and ani-
mals, but meiosis is always part of the process.
€ Links to Flagella 4.10, Cytoplasmic division 11.4
Gametes are the specialized cells that are the basis of sex-
ual reproduction. All are haploid, but they differ in other
details. For example, human male gametes—sperm—have
one flagellum (Section 4.10). Opossum sperm have two,
and roundworm sperm have none. A flowering plant’s
male gamete consists simply of a nucleus. We leave
details of reproduction for later chapters, but you will
need to know a few concepts before you get there.

Camete Formation in Plants Two kinds of multicelled
bodies form during the life cycle of a plant: sporophytes

A Plant life cycle

Figure 12.8 Comparing the life cycles
of animals and plants.

A Generalized life cycle for most plants.
A sequoia tree is a sporophyte.

B Generalized life cycle for animals. The
zygote is the first cell to form when the

nuclei of two gametes, such as a sperm

and an egg, fuse at fertilization.

B Animal life cycle

multicelled
body (2n)

zygote (2n) |

gametes (n)

and gametophytes. A sporophuyte is typically diploid, and
spores form by meiosis in its specialized parts. Spores
consist of one or a few haploid cells. These cells undergo
mitosis and give rise to gametophytes, multicelled hap-
loid bodies inside which one or more gametes form. A
sequoia tree is an example of a sporophyte (Figure 12.8A).
Male and female gametophytes develop inside different
types of cones that form on each tree. In flowering plants,
gametophytes form in flowers, which are specialized
reproductive shoots of the sporophyte body.

Camete Formation in Animals In the life cycle of a typ-
ical animal, a zygote matures as a multicelled body that
produces gametes (Figure 12.8B). Animal gametes arise

by meiosis of diploid germ cells. In male animals (Figure
12.9), the germ cell develops into a primary spermatocyte
©. Meiosis I in a primary spermatocyte results in two
haploid secondary spermatocytes @, which undergo mei-
osis I and become four spermatids €. Each spermatid
then matures as a sperm @.

In female animals (Figure 12.10), a germ cell becomes
a primary oocyte, which is an immature egg @. This cell
undergoes meiosis and division, as occurs with a primary
spermatocyte. Two haploid cells form when the primary
oocyte divides after meiosis I. However, the cytoplasm of
a primary oocyte divides unequally, so the cells differ in
size and function. One of the cells is called a first polar
body. The other cell, the secondary oocyte, is much larger
because it gets nearly all of the parent cell’s cytoplasm @.
This larger cell undergoes meiosis II and cytoplasmic divi-
sion, which again is unequal @. One of the two cells that
forms is a second polar body. The other cell gets most of
the cytoplasm and matures into a female gamete, which is
called an ovum (plural, ova), or egg.

Polar bodies are not nutrient-rich or plump with cyto-
plasm, and generally do not function as gametes. In time
they degenerate. Their formation simply ensures that the
egg will have a haploid chromosome number, and also
will get enough metabolic machinery to support early
divisions of the new individual.

Fertilization Meiosis of a diploid germ cell produces
haploid gametes. When two gametes fuse at fertilization,
the resulting zygote is diploid. Thus, meiosis halves the
chromosome number, and fertilization restores it. If meio-
sis did not precede fertilization, the chromosome number
would double with every generation. An individual’s set

egg Mature female gamete, or ovum.

gametophyte A haploid, multicelled body in which gametes form
during the life cycle of plants.

sperm Mature male gamete.

sporophyte Diploid, spore-producing stage of a plant life cycle.
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Figure 12.9 Animated General mechanism of sperm
formation in animals.
@ A male germ cell develops into a primary spermatocyte sperm
as it replicates its DNA. Both types of cell are diploid.
@ Meiosis | in the primary spermatocyte results in two sec-
ondary spermatocytes, which are haploid.
© Four haploid spermatids form when the secondary sper-
matocytes undergo meiosis II.
@ Spermatids mature as sperm (haploid male gametes).
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female germ cell

Figure 12.10 Animated General mechanism of egg formation in animals.
Left, an illustration of human sperm surrounding an egg during fertilization.

© A female germ cell (an oogonium) develops into a primary oocyte as it repli-
cates its DNA. Both types of cell are diploid.

@ Meiosis | in the primary oocyte results in a secondary oocyte and a first polar
body. Unequal cytoplasmic division makes the polar body much smaller than the
oocyte. Both cells are haploid. Polar bodies typically degenerate.

@ Meiosis 1l followed by unequal cytoplasmic division in the secondary oocyte
results in a polar body and an ovum, or egg. Both cells are haploid.

of chromosomes is like a fine-tuned blueprint that must Take-Home M essage How does meiosis fit into the life cycle of
be followed exactly, page by page, in order to build a body plants and animals?

that functions normally. As you will see in the next chap- > Meiosis and cytoplasmic division precede the development of haploid gam-
ter, chromosome number changes can have drastic conse- etes in animals and spores in plants.

quences, particularly in animals. > The union of two haploid gametes at fertilization results in a diploid zygote.
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IlXy Mitosis and Meiosis—An Ancestral Connection?

> Though they have different results, mitosis and meiosis
are fundamentally similar processes.
< Links to Mitosis 11.3, Cell cycle controls 11.5

This chapter opened with hypotheses about the evolu-
tionary advantages of asexual and sexual reproduction.
It seems like a giant evolutionary step from producing
clones to producing genetically varied offspring, but was
it really?

By mitosis and cytoplasmic division, one cell becomes
two new cells. This process is the basis of growth and tis-
sue repair in all multicelled species. Single-celled eukary-
otes (and some multicelled ones) also reproduce asexually
by way of mitosis and cytoplasmic division. Mitotic (asex-
ual) reproduction results in clones, which are genetically
identical copies of a parent.

Meiosis also begins with a diploid cell, one that is spe-
cialized for reproduction. Meiosis in this cell produces
haploid gametes. Gametes of two parents fuse to form a
zygote, which is a diploid cell of mixed parentage. Meiotic
(sexual) reproduction results in offspring that are geneti-
cally different from the parent, and from one another.

Though their end results differ, there are striking
parallels between the four stages of mitosis and meiosis
II (Figure 12.11). As one example, a spindle forms and
separates chromosomes during both processes. There are
many more similarities at the molecular level.

Long ago, the molecular machinery of mitosis may
have been remodeled into meiosis. Evidence for this

Meiosis | One diploid nucleus to two haploid nuclei

u&  — > = —
.

Prophase |
Chromosomes condense.

Metaphase |

+ Chromosomes align
midway between
spindle poles.

Homologous chromosomes pair.
Crossovers occur (not shown).
Spindle forms and attaches
chromosomes to spindle poles.
Nuclear envelope breaks up.

.

.

hypothesis includes a host of molecules, including the
products of the BRCA genes (Chapters 10 and 11), that are
made by all modern eukaryotes. These molecules moni-
tor and repair breaks in DNA, for example during DNA
replication prior to mitosis. They actively maintain the
integrity of a cell’s chromosomes. It turns out that the
very same set of molecules monitor and fix the breaks in
homologous chromosomes during crossing over in pro-
phase I of meiosis. Some of them function as checkpoint
proteins in both mitosis and meiosis, so mutations that
affect them or the rate at which they are made can affect
the outcomes of both nuclear division processes.

In anaphase of mitosis, sister chromatids are pulled
apart. What would happen if the connections between
the sisters did not break? Each duplicated chromosome
would be pulled to one or the other spindle pole—which
is exactly what happens in anaphase I of meiosis.

Sexual reproduction probably originated by mutations
that affected processes of mitosis. As you will see in later
chapters, the remodeling of existing processes into new
ones is a common evolutionary theme.

Take-Home M essage Are the processes of
mitosis and meiosis related?

> Meiosis may have evolved by the remodeling of existing
mechanisms of mitosis.

Anaphase |

* Homologous chromosomes
separate and move toward
opposite spindle poles.

Telophase |
+ Chromosome clusters arrive
at spindle poles.
* New nuclear envelopes form.
+ Chromosomes decondense.
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h Whg Sex? (revisited)

There are a few all-female species of fishes, reptiles, and birds in nature,

but not mammals. In 2004, researchers fused two mouse eggs in a test tube
and made an embryo using no DNA from a male. The embryo developed

) ) into Kaguya, the world’s first fatherless mam-
Figure 12.11 Comparative summary of key features of
mitosis and meiosis, starting with a diploid cell.

mal (right). The mouse grew up healthy, engaged

in sex with a male mouse, and gave birth to
Only two paternal and two maternal chromosomes

are shown. Both were duplicated in interphase, prior offspring. The researchers wanted to find out if

to nuclear division. A spindle of microtubules moves sperm was required for normal development.
the chromosomes in mitosis as well as meiosis.

Mitosis maintains the parental chromosome number.
Meiosis halves it, to the haploid number. How Would You Vote? Researchers made a “fatherless” mouse from two

Mitotic cell division is the basis of asexual reproduc- mouse eggs. Should they be prevented from trying the process with human eggs?

tion among eukaryotes. It also is the basis of growth See CengageNow for details, then vote online (cengagenow.com).

and tissue repair of multicelled eukaryotic species.

Mitosis One diploid nucleus to two diploid nuclei

- - /-
1 :
=
| ?&"I! | - | S — - —— ==
=3
[ cn—
= = - r—
Prophase Metaphase Anaphase Telophase
* Chromosomes condense. + Chromosomes align * Sister chromatids sepa- + Chromosome clusters arrive
* Spindle forms and attaches midway between rate and move toward at spindle poles.
chromosomes to spindle poles. spindle poles. opposite spindle poles. + New nuclear envelopes form.
* Nuclear envelope breaks up. * Chromosomes decondense.

Meiosis Il Two haploid nuclei to four haploid nuclei

; -
L) L e—— =
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-
' [ ——]
=
=
=N
3 pimrm < -
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=
—
Prophase Il Metaphase Il Anaphase || Telophase Il
+ Chromosomes condense. + Chromosomes align * Sister chromatids sepa- + Chromosome clusters arrive
* Spindle forms and attaches midway between rate and move toward at spindle poles.
chromosomes to spindle poles. spindle poles. opposite spindle poles. * New nuclear envelopes form.
* Nuclear envelope breaks up. + Chromosomes decondense.
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Summary

Section 12.1 Sexual reproduction mixes up
the genetic information of two parents.
Under some conditions, the variation in
traits among offspring of sexual reproduc-
ers provides them with an evolutionary

advantage over genetically identical offspring.

Section 12.2 Offspring of asexual reproduc-
tion are genetically identical to their one
parent: They are clones. The offspring of
sexual reproduction differ from parents,
and often from one another, in the details
of shared traits. Offspring of most sexual reproducers
inherit pairs of chromosomes, one of each pair from the
mother and the other from the father. Paired genes on
homologous chromosomes may vary in DNA sequence, in
which case they are called alleles.

Meiosis, a nuclear division mechanism that occurs in

eukaryotic germ cells, precedes the formation of gam-
etes. Meiosis halves the parental chromosome number.
It also shuffles parental alleles, so offspring inherit new
combinations of alleles. The fusion of two haploid gam-
etes during fertilization restores the parental chromosome
number in the zygote, the first cell of the new individual.

Section 12.3 All chromosomes are dupli-
cated during interphase, before meiosis.
Two divisions, meiosis I and II, halve the
parental chromosome number. In the first
nuclear division, meiosis I, each duplicated
chromosome lines up with its homologous partner; then
the two are moved toward opposite spindle poles.
Prophase I. Chromosomes condense and align tightly
with their homologues. Each pair of homologues typically
undergoes crossing over. Microtubules form the spindle.

One of two pairs of centrioles is moved to the other side of
the nucleus. The nuclear envelope breaks up, so microtu-
bules extending from each spindle pole can penetrate the
nuclear region. The microtubules then attach to one or the
other chromosome of each homologous pair.

Metaphase I. A tug-of-war between the microtubules
from both poles has positioned all pairs of homologous
chromosomes at the spindle equator.

Anaphase I. Microtubules separate each chromosome
from its homologue and move one to each spindle pole.
Anaphase I ends as a cluster of duplicated chromosomes
nears each spindle pole.

Telophase I. Two nuclei form; typically the cytoplasm
divides. All of the chromosomes are still duplicated; each
still consists of two sister chromatids.

The second nuclear division, meiosis II, occurs in both
nuclei that formed in meiosis I. The chromosomes con-
dense in prophase II, and align in metaphase II. Sister
chromatids of each chromosome are pulled apart from
each other in anaphase 11, so each becomes an individual
chromosome. By the end of telophase II, four haploid
nuclei have formed, each with one set of chromosomes.

Section 12.4 Events in prophase I and meta-
phase I produce nonparental combinations
— of alleles. The nonsister chromatids of
homologous chromosomes undergo cross-
ing over during prophase I: They exchange
segments at the same place along their length, so each ends
up with new combinations of alleles that were not present
in either parental chromosome.

Crossing over during prophase I, and random segre-
gation of maternal and paternal chromosomes into new
nuclei, contribute to variation in traits among offspring.
Microtubules can attach the maternal or the paternal
chromosome of each pair to one or the other spindle pole.
Either chromosome may end up in any new nucleus, and
in any gamete. Such chromosome shufflings, along with
crossovers during prophase I of meiosis, are the basis of
variation in traits we see in sexually reproducing species.

Section 12.5 Multicelled diploid bodies are
typical in life cycles of plants and animals.
A diploid sporophyte is a multicelled plant
body that makes haploid spores. Spores
give rise to gametophytes, or multicelled
plant bodies in which haploid gametes form. Germ cells
in the reproductive organs of most animals give rise to
sperm or eggs. Fusion of haploid gametes at fertilization
results in a diploid zygote.

Section 12.6 Like mitosis, meiosis requires
- a spindle to move and sort duplicated chro-
b mosomes, but meiosis occurs only in cells
3 that are set aside for sexual reproduction.
Some mechanisms of meiosis resemble
those of mitosis, and may have evolved from them.

Self— Quiz Answers in Appendix ||

1. The main evolutionary advantage of sexual over asex-
ual reproduction is that it produces

a. more offspring per individual

b. more variation among offspring

c. healthier offspring

2. Meiosis functions in .
a. asexual reproduction of single-celled eukaryotes
b. growth and tissue repair in multicelled species
c. sexual reproduction
d.both a and b

3. Sexual reproduction in animals requires

a. meiosis c. spore formation
b. fertilization d.aand b
4. Meiosis the parental chromosome number.
a. doubles c. maintains
b. halves d. mixes up
5. Crossing over mixes up
a. chromosomes c. zygotes
b. alleles d. gametes
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Data Analysis Activities

BPA and Abnormal Meiosis In 1998, researchers at Case West-
ern University were studying meiosis in mouse oocytes when
they saw an unexpected and dramatic increase of abnormal
meiosis events (Figure 12.12). Improper segregation of chro-
mosomes during meiosis is one of the main causes of human
genetic disorders, which we will discuss in Chapter 14.

The researchers discovered that the spike in meiotic abnor-
malities began immediately after the mouse facility started
washing the animals’ plastic cages and water bottles in a new,
alkaline detergent. The detergent had damaged the plastic,
which began to leach bisphenol A (BPA). BPA is a synthetic
chemical that mimics estrogen, the main female sex hormone
in animals. BPA is used to manufacture polycarbonate plastic
items (including baby bottles and water bottles) and epoxies
(including the coating on the inside of metal cans of food).

1. What percentage of mouse oocytes displayed abnormalities
of meiosis with no exposure to damaged caging?

2. Which group of mice showed the most meiotic abnormali-
ties in their oocytes?

3. What is abnormal about metaphase I as it is occurring in
the oocytes shown in Figure 12.12B, C, and D?

Abnormalities

Caging materials Total number of oocytes

Control: New cages with glass bottles 271 5 (1.8%)
Damaged cages with glass bottles
Mild damage 401 35 (8.7%)
Severe damage 149 30 (20.1%)
Damaged bottles 197 53 (26.9%)
Damaged cages with damaged bottles 58 24 (41.4%)

Figure 12.12 Meiotic abnormalities associated with exposure to dam-
aged plastic caging. Fluorescent micrographs show nuclei of single mouse
oocytes in metaphase |I. A Normal metaphase; B-D examples of abnormal
metaphase. Chromosomes are red; spindle fibers are green.

6. Crossing over happens during which phase of meiosis?

7. The stage of meiosis that makes descendant cells hap-

loid is .
a. prophase 1
b. prophase I1
c. anaphase I

d. anaphase II
e. metaphase I
f. metaphase 11

8. Dogs have a diploid chromosome number of 78. How
many chromosomes do their gametes have?

a. 39 c. 156
b. 78 d.234
9. contributes to variation in traits among the

offspring of sexual reproducers.
a. Crossing over c. Fertilization
b. Random attachment d.both a and b
of chromosomes e. all are factors
to spindle poles
=
-

©
L

10. The cell in the diagram to the right
is in anaphase I, not anaphase II. I
know this because

11. Which of the following is one of
the very important differences between
mitosis and meiosis?

a. Chromosomes align midway between spindle poles

only in meiosis.

b. Homologous chromosomes pair up only in meiosis.

c. DNA is replicated only in mitosis.

d. Sister chromatids separate only in meiosis.

e. Interphase occurs only in mitosis.

12. Match each term with its description.
a. different molecular form
of a gene

interphase
metaphase I

~ allele b. may be none between meiosis I
____sporophyte and meiosis II
___gamete c. all chromosomes are aligned

at spindle equator
d. haploid

e. does not occur in animals

Additional questions are available on CENGAGENOW.

Critical Thinking

1. Explain why you can predict that meiosis tends to give
rise to greater genetic diversity among offspring in fewer
generations than asexual reproduction does.

2. Make a simple sketch of meiosis in a cell with a diploid
chromosome number of 4. Now try it when the chromo-
some number is 3.

3. The diploid chromosome number for the body cells
of a frog is 26. What would that number be after three gen-
erations if meiosis did not occur before gamete formation?

Animations and Interactions on CENGAGENOW:

> Reproductive organs; Meiosis step-by-step; Crossing
over; Random segregation of chromosomes in meiosis;
Egg and sperm formation.
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< Links to Earlier Concepts

Before starting this chapter, you may want to review
what you know about traits (Section 1.5), chro-
mosomes (8.2), DNA (8.3), mutation (8.6), genes
(9.2), and alleles (12.2). You will revisit probability
and sampling error (1.8), laws of nature (1.9),
protein structure (3.5), pigments (6.2), and clones
(8.7). As you read, refer back to the the stages of
meiosis (12.3). You will consider the roles that
crossing over and the segregation of chromosomes
(12.4) into gametes (12.5) play in inheritance.

Copyright 2011 Cengage Learning,
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Where Modern Genetics
Started

Gregor Mendel gathered evi-
dence of the genetic basis of
inheritance. His meticulous
work gave him clues that
heritable traits are specified in units. The units,
which are distributed into gametes in predict-
able patterns, were later identified as genes.

@ @ Insights From Monohybrid

¥ Crosses

@—-»PP Pp | During meiosis, pairs of genes
on homologous chromo-

@ Pp | pp | somes separate and end up in

different gametes. Inheritance
patterns of alleles associated with different
forms of a trait can be used as evidence of
such gene segregation.
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13 Observing Patterns in

Inherited Traits

Menacing Mucus

In 1988, researchers discovered a gene that, when mutated,
causes cystic fibrosis (CF). Cystic fibrosis is the most common
fatal genetic disorder in the United States. The gene in question,
CFTR, encodes a protein that moves chloride ions out of epithe-
lial cells. Sheets of these cells line the passageways and ducts of
the lungs, liver, pancreas, intestines, reproductive system, and
skin. When the CFTR protein pumps chloride ions out of these
cells, water follows the ions by osmosis. This two-step process
maintains a thin film of water on the surface of the epithelial
sheets. Mucus slides easily over the wet sheets of cells.

The most common mutation in CF is a deletion of three
base pairs—one codon that specifies the 508th amino acid
of the CFTR protein, a phenylalanine. This deletion, which is
called AF508, disrupts membrane trafficking of CFTR so that
newly assembled polypeptides are stranded in the endoplasmic
reticulum. The protein itself can function properly, but it never
reaches the cell surface to do its job.

One outcome is that the transport of chloride ions out of
epithelial cells is disrupted. If not enough chloride ions leave
the cells, not enough water leaves them either, so the surfaces
of epithelial cell sheets are not as wet as they should be. Mucus
that normally slips and slides through the body’s tubes sticks to
them instead. Thick globs of mucus accumulate and clog pas-
sageways and ducts throughout the body. Breathing becomes dif-
ficult as the mucus obstructs the smaller airways of the lungs.

The CFTR protein also functions as a receptor that alerts the
body to the presence of bacteria. Bacteria bind to CFTR. The
binding triggers endocytosis, which speeds the immune system’s
defensive responses. Without the CFTR protein on the surface
of epithelial cell linings, disease-causing bacteria that enter the
ducts and passageways of the body can persist there. Thus,
chronic bacterial infections of the intestine and lungs are hall-
marks of cystic fibrosis.

Daily routines of posture changes and thumps on the chest
and back help clear the lungs of some of the thick mucus, and

Figure 13.1 Cystic fibrosis. Opposite, a few of the many young victims of
cystic fibrosis, which occurs most often in people of northern European
ancestry. At least one young person dies every day in the United States
from complications of this disease.

Above, model of the CFTR protein. The parts shown here are ATP-driven
motors that widen or narrow a channel (gray arrow) across the plasma
membrane. The tiny part of the protein that is deleted in most people
with cystic fibrosis is shown on the ribbon in green.

antibiotics help control infections, but there is no cure. Even
with a lung transplant, most cystic fibrosis patients live no lon-
ger than thirty years, at which time their tormented lungs usu-
ally fail (Figure 13.1).

More than 10 million people carry the AF508 mutation in one
of their two copies of the CFTR gene, but most of them do not
realize it because they have no symptoms. Cystic fibrosis only
occurs when a person inherits two mutated genes, one from
each parent. This unlucky event occurs in about 1 of 3,300 births
worldwide. Why is it that people with one copy of a mutated
CFTR gene are healthy, but people with two copies are ill with
cystic fibrosis? Why is the mutation that causes cystic fibrosis
so common if its effects are so devastating? You will begin to
find the answers to such questions in this chapter, in which we
introduce principles of inheritance—how new individuals are
put together in the image of their parents.

T; Insights From Dihybrid Crosses Variations on Mendel’s Theme
il Pairs of genes on different chromo- Not all traits appear in Mendelian
p“ L'wl’P somes are typically distributed into inheritance patterns. An allele may be
" 8T gametes independently of how other partly dominant over a nonidentical
ii ()] gene pairs are distributed. Breeding partner, or codominant with it. Mul-
experiments with alternative forms of tiple genes may influence a trait; some
two unrelated traits can be used as evidence of such genes influence many traits. The environment also
independent assortment. influences gene expression.
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Mendel, Pea Plants, and Inheritance Patterns

> Some traits are inherited in predictable patterns. Such
patterns offer information about the alleles that influence
those traits.

< Links to Traits 1.5, Chromosomes 8.2, Discovery of DNA’s
function 8.3, Mutations 8.6, Genes and gene expression
9.2, Mutations 9.6, Alleles 12.2, Gamete formation and
fertilization 12.5

By the nineteenth century, most people had an idea that
two parents contribute hereditary material to their off-
spring, but no one knew what that material was. Some
thought that hereditary material must be some type of
fluid, with fluids from both parents blending at fertiliza-
tion like milk into coffee. However, the idea of “blend-
ing inheritance” failed to explain what people could see
with their own eyes. Children sometimes had traits such
as freckles that did not appear in either parent. A cross
between a black horse and a white one did not produce
only gray offspring.

The naturalist Charles Darwin did not accept the idea
of blending inheritance, but he could not come up with
an alternative even though inheritance was central to his
theory of natural selection. Darwin saw that forms of traits

carpel anther

A Garden pea flower, cut in half. Male gametes
form in pollen grains produced by the anthers,
and female gametes form in carpels. Experiment-
ers can control the transfer of hereditary mate-
rial from one flower to another by snipping off
a flower’s anthers (to prevent the flower from
self-fertilizing), and then brushing pollen from
another flower onto its carpel.

B In this example, pollen from a plant with
purple flowers is brushed onto the carpel of
a white-flowered plant.

C Later, seeds develop inside pods of the cross-
fertilized plant. An embryo in each seed develops
into a mature pea plant.

D Every plant that arises from this cross has
purple flowers. Predictable patterns such as this
offer evidence of how inheritance works.

Figure 13.2 Animated Breeding garden pea plants (Pisum sativum),
which can self-fertilize or cross-fertilize.

often vary among individuals in a population. He realized
that if some forms of traits help individuals survive and
reproduce, then those forms would tend to appear more
frequently in a population over generations (we return
to Darwin and his theory of natural selection in Chapter
16). Despite these insights, however, neither Darwin nor
anyone else at the time knew that hereditary information
(DNA) is divided into discrete units (genes), an insight that
is critical to understanding how heredity really works.
Even before Darwin pre-
sented his theory of natural
selection, someone had been
gathering evidence that would
support it. Gregor Mendel, an
Austrian monk (left), had been
carefully breeding thousands of
pea plants. By meticulously doc-
umenting how certain traits are
passed from plant to plant, gen-
eration after generation, Mendel
had been collecting evidence of
how inheritance works.

Mendel’s Experimental Approach

Mendel studied variation in the traits of the garden pea,
Pisum sativum. This plant is naturally self-fertilizing,
which means that its flowers produce male gametes (in
pollen) and female gametes (in carpels) that form viable
embryos when they meet up.

In order to study inheritance, Mendel had to breed par-
ticular individuals together, then observe and document
the traits of their offspring. Control over the reproduction
of an individual pea plant begins with preventing it from
self-fertilizing. Mendel did this by removing a flower’s
pollen-bearing anthers, then brushing its carpel with pol-
len from another plant. When the plant set seed, Mendel
collected the seeds, planted them, and recorded the traits
of the new plants that grew. Figure 13.2 shows an example
of this process.

Many of Mendel’s experiments involved plants that
“bred true” for a particular trait. Breeding true for a trait
means that, mutations aside, all offspring have the same
form of the trait as the parent(s), generation after genera-
tion. For example, all offspring of pea plants that breed
true for white flowers also have white flowers.

Breeders cross-fertilize plants when they transfer pol-
len among individuals that have different traits. As you
will see in the next section, Mendel discovered that the
traits of the offspring of such cross-fertilized pea plants
often appear in predictable patterns. Mendel’s meticulous
work tracking pea plant traits led him to conclude (cor-
rectly) that hereditary information is passed from one
generation to the next in discrete units.
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Figure 13.3 Loci of a few human genes. Genetic diseases that result from mutations in the genes are
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shown in parenthesis. The number or letter below each chromosome is its name; the characteristic
banding patterns appear after staining. A map of all 23 human chromosomes is in Appendix VII.

Inheritance in Modern Terms

DNA was not proven to be hereditary material until

the 1950s (Section 8.3), but Mendel discovered its units,
which we now call genes, almost a century before then.
Today, we know that individuals of a species share certain
traits because their chromosomes carry the same genes.
Offspring tend to look like their parents because they
inherited their parents’ genes.

The DNA sequence of each gene occurs at a specific
location, or locus (plural, loci), on a particular chromo-
some (Figure 13.3). The somatic cells of humans and other
animals are diploid, so they have pairs of genes, on pairs
of homologous chromosomes (Figure 13.4). In most cases,
both genes of a pair are expressed (Section 9.2).

Genes occur in pairs on
“}homologous chromosomes.

The members of each pair of
genes may be identical, or they
may differ slightly, as alleles.

Figure 13.4 Animated Genes on chromosomes. Any pair
of genes on homologous chromosomes may vary as alleles.
Different alleles may result in different versions of a trait.

dominant Refers to an allele that masks the effect of a recessive
allele paired with it.

genotype The particular set of alleles carried by an individual.
heterozygous Having two different alleles of a gene.
homozygous Having identical alleles of a gene.

hybrid The offspring of a cross between two individuals that
breed true for different forms of a trait; a heterozygous individual.
locus Location of a gene on a chromosome.

phenotype An individual’s observable traits.

recessive Refers to an allele with an effect that is masked by a
dominant allele on the homologous chromosome.

The two genes of a pair may be identical, or they may
be slightly different. Alternative forms of a gene are called
alleles (Section 12.2). Organisms that breed true for a spe-
cific trait probably have identical alleles governing that
trait. An individual with identical alleles of a gene is said
to be homozygous for the allele. The particular set of
alleles that an individual carries is called genotype.

Alleles are the major source of variation in a trait. New
alleles arise by mutation (Section 8.6). A mutation may
cause a trait to change, as when a gene that causes flowers
to be purple mutates so the resulting flowers are white.
Flower color is an example of phenotype, which refers to
an individual’s observable traits. Any mutated gene is an
allele, whether or not it affects phenotype.

The offspring of a cross, or mating, between indi-
viduals that breed true for different forms of a trait are
hybrids. Hybrids carry different alleles of a gene, so
they are said to be heterozygous for the alleles (hetero-,
mixed). In many cases, the effect of one allele influences
the effect of the other, and the outcome of this interaction
is visible in the hybrid phenotype. An allele is dominant
when its effect masks that of a recessive allele paired
with it. Usually, italic capital letters such as A signify dom-
inant alleles, and lowercase italic letters such as a signify
recessive ones. Thus, a homozygous dominant individual
carries a pair of dominant alleles (AA). A homozygous
recessive individual carries a pair of recessive alleles (aa).
A heterozygous, or hybrid, individual carries a pair of
nonidentical alleles (Aa).

Take-Home Message How do alleles contribute to traits?

> Mendel discovered the role of genes in inheritance by carefully breeding pea

plants and tracking observable traits of their offspring.

> Genotype refers to the particular set of alleles carried by an individual’s
somatic cells. Phenotype refers to the individual’s set of observable traits.

> Genotype is the basis of phenotype.

> Homozygous individuals have identical alleles. Heterozygous individuals have

nonidentical alleles.

> Dominant alleles mask the effects of recessive ones in heterozygous individuals.
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Mendel’s Law of Segregation

) Pairs of genes on homologous chromosomes separate
during meiosis, so they end up in different gametes.

< Links to Probability and sampling error 1.8, Laws of nature
1.9, Meiosis 12.3, Chromosome segregation 12.4

Mendel crossed plants that bred true for purple flowers
with plants that bred true for white flowers. All of the
offspring of these crosses had purple flowers, but Mendel
did not know why this pattern occurred. We now under-
stand that one gene governs purple flower color in pea
plants. The allele that specifies purple (let’s call it P) is
dominant over the allele that specifies white (p). Thus, a
pea plant with two P alleles (PP) has purple flowers, and
one with two p alleles (pp) has white flowers.

P4 f-p I
1 |

l DNA replication i

¥ 1

P @

P-€| ‘ P

1]

b

P

H'/\*H

w0 n

A meiosis || A A l

I N\ CH £
j2 P (3) ! i
IWOWW Y
gametes (P) gametes (p)
Al
|

meiosis |

zygote (Pp)

female gametes

® @ ® @

® ®
@ #p

® @
® »P;J P
Pp @a»Pp Pp ® Pp | Pp

P

®n
®

G G

Pp | Pp

male gametes

Figure 13.5 Gene segregation. Homologous chromosomes separate during meiosis,
so the pairs of genes they carry separate too. Each of the resulting gametes carries
only one of the two members of each gene pair. For clarity, we show only one set of
homologous chromosomes.

@ All gametes made by a parent homozygous for a dominant allele carry that allele.
@ All gametes made by a parent homozygous for a recessive allele carry that allele.

o If these two parents are crossed, the union of any of their gametes at fertilization
produces a zygote with both alleles. All offspring of this cross will be heterozygous.

@ This outcome is easy to see with a Punnett square. Parental gametes are listed in
circles on the top and left sides of a grid. Each square is filled in with the combination
of alleles that would result if the gametes in the corresponding row and column met up.

When homologous chromosomes separate during
meiosis, the gene pairs on those chromosomes separate
too. Each gamete that forms carries only one of the two
genes of a pair (Figure 13.5). Thus, plants homozygous
for the dominant allele (PP) can only make gametes that
carry the dominant allele P @. Plants homozygous for
the recessive allele (pp) can only make gametes that carry
the recessive allele p @. If these homozygous plants are
crossed (PP X pp), only one outcome is possible: A gam-
ete carrying a P allele meets up with a gamete carrying a
p allele @. All of the offspring of this cross have one of
each allele, so their genotype is Pp. A grid called a Pun-
nett square makes it easier to predict the genetic out-
comes of crosses @. Because all of the offspring of this
cross carry the dominant allele P, all have purple flowers.

This pattern is so predictable that it can be used as evi-
dence of a dominance relationship between alleles. Breed-
ing experiments use such patterns to reveal genotype. In a
testcross, an individual that has a dominant trait (but an
unknown genotype) is crossed with an individual known
to be homozygous recessive. The pattern of traits among
the offspring of the cross can reveal whether the tested
individual is heterozygous or homozygous.

For example, we may do a testcross between a purple-
flowered pea plant (which could have a genotype of either
PP or Pp) and a white-flowered pea plant (pp). If all of the
offspring of this cross had purple flowers, we would know
that the genotype of the purple-flowered parent was PP.

A monohybrid cross is a breeding experiment that
checks for a dominance relationship between the alleles
of a single gene. Individuals that are identically heterozy-
gous for one gene—(Pp) for example—are bred together
or self-fertilized. The frequency at which the two traits
appear among the offspring of this cross may show that
one of the alleles is dominant over the other.

To produce identically heterozygous individuals for a
monohybrid cross, we would start with two individuals
that breed true for two different forms of a trait (Figure
13.6A). In pea plants, purple or white flowers is one exam-
ple of a trait with two distinct forms, but there are many
others. Mendel investigated seven of them: stem length
(tall and short), seed color (yellow and green), pod texture

law of segregation The two members of each pair of genes on
homologous chromosomes end up in different gametes during
meiosis.

monohybrid cross Breeding experiment in which individuals
identically heterozygous for one gene are crossed. The frequency
of traits among the offspring offers information about the domi-
nance relationship between the alleles.

Punnett square Diagram used to predict the genetic and pheno-
typic outcome of a cross.

testcross Method of determining genotype in which an individ-
ual of unknown genotype is crossed with one that is known to be
homozygous recessive.
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Table 13.1 Mendel’s Seven Pea Plant Traits

4!;"‘@‘ £y Trait Dominant Form Recessive Form
'i\' 24 Seed Shape Round Wrinkled
g T ® @ 8 O

Seed Color Yellow Green
parent plant parent plant l - r
homozygous  homozygous - rp %1 - P S %‘a ) O O
for purple for white @Q N \ PSS Pod Texture Smooth Wrinkled
flowers flowers L\ P
¢ ¢ ol KT ~— ~m
Pod Color Green Yellow
— IR ’33 & [~ — ——
P w‘\;" = pp 1 h‘.\-x Flower Color Purple White
P, '3 @ LY, \,55 * o DY
hyb’?id 1“ il ¥ & )
| A
B A cross between the F; offspring is a mono- Flower Position Along Stem At Tip
@ @ hybrid cross. The phenotype ratio in F, offspring oo
two types of gametes in this example is 3:1 (3 purple to 1 white). . l'.P_;IJ'Q.- & .
iy :l_, . B.
A All of the Fy offspring of a cross between two plants that breed true
for different forms of a trait are identically heterozygous. These offspring Stem Length Tall Short
make two types of gametes: P and p. ' -’¢7:i~
-0
Figure 13.6 Animated Example of a monohybrid cross. »» Figure It Out In this example, N ;f o2
how many possible genotypes are there in the F, generation?  dd pue ‘dg ‘g :001y 1 :1emsuy e’

(smooth and wrinkled), and so on (Table 13.1). A cross
between the two true-breeding individuals yields hybrid
offspring: ones that are identically heterozygous for the
alleles that govern the trait. When these F; (first genera-
tion) hybrids are crossed, the frequency at which the

two traits appear in the F, (second generation) offspring
offers information about dominance relationships. F is an
abbreviation for filial, which means offspring.

A cross between two purple-flowered heterozygous
individuals (Pp) offers an example. Each of these plants
can make two types of gametes: ones that carry a P allele,
and ones that carry a p allele. So, in a monohybrid cross
between two Pp plants (Pp X Pp), the two types of gam-
etes can meet up in four possible ways at fertilization:

Possible Event Probable Outcome

Sperm P meets egg P ——> zygote genotype is PP
Sperm P meets egg p —> zygote genotype is Pp
Sperm p meets egg P —> zygote genotype is Pp
Sperm p meets egg p — zygote genotype is pp

Three out of four possible outcomes of this cross
include at least one copy of the dominant allele P. Each
time fertilization occurs, there are 3 chances in 4 that the
resulting offspring will inherit a P allele, and have purple
flowers. There is 1 chance in 4 that it will inherit two
recessive p alleles, and have white flowers. Thus, the prob-

ability that a particular offspring of this cross will have
purple or white flowers is 3 purple to 1 white, which we
represent as a ratio of 3:1 (Figure 13.6B).

If the probability of one individual inheriting a par-
ticular genotype is difficult to imagine, think about prob-
ability in terms of the phenotypes of many offspring. In
this example, there will be roughly three purple-flowered
plants for every white-flowered one. The 3:1 pattern is an
indication that purple and white flower color are specified
by alleles with a clear dominant-recessive relationship:
purple is dominant, and white is recessive.

The phenotype ratios in the F, offspring of Mendel’s
monohybrid crosses were all close to 3:1. These results
became the basis of his law of segregation, which we
state here in modern terms: Diploid cells carry pairs of
genes, on pairs of homologous chromosomes. The two
genes of each pair are separated from each other during
meiosis, so they end up in different gametes.

Take-Home M essage Whatis Mendel’s law of segregation?

> Diploid cells carry pairs of genes, on pairs of homologous chromosomes. The
two genes of each pair are separated from each other during meiosis, so they
end up in different gametes.

> Mendel discovered patterns of inheritance in pea plants by tracking the results
of many monohybrid crosses.
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Mendel’s Law of Independent Assortment

> Many gene pairs tend to sort into gametes independently
of one another.

< Links to Meiosis 12.3, Crossing over and chromosome
segregation 12.4

A monohybrid cross allows us to track alleles of one gene
pair. What about alleles of two gene pairs? How two gene
pairs get sorted into gametes depends partly on whether
the two genes are on the same chromosome. When homol-
ogous chromosomes separate during meiosis, either one

of the pair can end up in a particular nucleus. Thus, gene
pairs on one chromosome get sorted into gametes indepen-
dently of gene pairs on other chromosomes (Figure 13.7).

Punnett squares are particularly useful when predict-
ing inheritance patterns of two or more genes simultane-
ously, such as with a dihybrid cross. A dihybrid cross
tests for dominance relationships between alleles of two
genes. In a typical dihybrid cross, individuals identically
heterozygous for alleles of two genes (dihybrids) are
crossed, and the traits of the offspring are observed.

To make a dihybrid cross, we would start with indi-
viduals that breed true for two different traits. Let’s use
genes for flower color (P, purple; p, white) and height
(T, tall; ¢, short), and assume that these genes occur on
separate chromosomes. Figure 13.8 shows a dihybrid cross
starting with one parent plant that breeds true for purple
flowers and tall stems (PPTT), and another that breeds
true for white flowers and short stems (pptt). Each homo-

zygous plant makes only one type of gamete @. So, all
of the offspring from a cross between these parent plants
(PPTT X pptt), will be dihybrids (PpTt) and have purple
flowers and tall stems @.

Four combinations of alleles are possible in the gam-
etes of PpTt dihybrids @. If two PpTt plants are crossed
(a dihybrid cross, PpTt X PpTt), the four types of gametes
can combine in sixteen possible ways at fertilization @.
Those sixteen genotypes would result in four different
phenotypes. Nine would be tall with purple flowers, three
would be short with purple flowers, three would be tall
with white flowers, and one would be short with white
flowers. Thus, the ratio of these phenotypes is 9:3:3:1.

Mendel discovered the 9:3:3:1 ratio of phenotypes
among the offspring of his dihybrid crosses, although he
had no idea what it meant. He could only say that “units”
specifying one trait (such as flower color) are inherited
independently of “units” specifying other traits (such
as plant height). In time, Mendel’s hypothesis became
known as the law of independent assortment, which we
state here in modern terms: Gene pairs are sorted into
gametes independently of other gene pairs.

Mendel published his results in 1866, but apparently
his work was read by few and understood by no one. In
1871 he became abbot of his monastery, and his pioneer-
ing experiments ended. He died in 1884, never to know
that they would be the starting point for modern genetics.

A This example shows just two pairs of homologous chromosomes in
the nucleus of a diploid (2n) reproductive cell. Maternal and paternal
chromosomes, shown in pink and blue, have already been duplicated.
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Figure 13.7 Independent assortment.
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would assort independently into gametes, but what about
gene pairs on the same chromosome? Mendel studied
seven genes in pea plants, which have seven chromo-
somes. Was he lucky enough to choose one gene on each
of those chromosomes? As it turns out, some of the genes
Mendel studied are on the same chromosome. The genes

are far enough apart that crossing over occurs between

them very frequently—so frequently that they tend to

assort into gametes independently, just as if they were on

different chromosomes.

By contrast, genes that are very close together on a

chromosome do not assort independently, because cross-

ing over does not happen very often between them. Such

genes are said to be linked. Alleles of some linked genes
stay together during meiosis more frequently than oth-
ers, an effect due to the relative distance between the
genes. Genes that are closer together get separated less
frequently by crossovers. Thus, the closer together any
two genes are on a chromosome, the more likely gametes

linkage

Figure 13.8 Animated A dihybrid cross between plants that differ in flower
color and plant height. P and p stand for dominant and recessive alleles for
flower color. T'and t stand for dominant and recessive alleles for height.

@ Meiosis in a homozygous individual results in one type of gamete.

@ A cross between two homozygous individuals yields offspring with one pos-
sible genotype. All offspring that form in this example are dihybrids (heterozy-
gous for two genes) with purple flowers and tall stems.

@ Meiosis in dihybrid individuals results in four kinds of gametes.

@ I two dihybrid individuals are crossed (a dihybrid cross), the four types of
gametes can meet up in 16 possible ways. Out of 16 possible genotypes of the
offspring, 9 will result in plants that are purple-flowered and tall; 3, purple-
flowered and short; 3, white-flowered and tall; and 1, white-flowered and
short. Thus, the ratio of phenotypes in a dihybrid cross is 9:3:3:1.

» Figure It Out What do the flowers inside the boxes represent?
Buudsyjo T4 aya jo sadhiouayy samsuy

will be to receive parental combinations of alleles of those
genes. Genes are said to be tightly linked if the distance
between them is relatively small.

All of the genes on a chromosome are called a linkage
group. Peas have 7 different chromosomes, so they have 7

groups. Humans have 23 different chromosomes,

so they have 23 linkage groups.

dihybrid cross Breeding experiment in which individuals identi-
cally heterozygous for two genes are crossed. The frequency of
traits among the offspring offers information about the domi-
nance relationships between the paired alleles.

law of independent assortment During meiosis, members of a
pair of genes on homologous chromosomes get distributed into
gametes independently of other gene pairs.

linkage group All genes on a chromosome.

Take-
assortment?

Home M essage Whatis Mendel’s law of independent

> Each member of a pair of genes on homologous chromosomes tends to be
distributed into gametes independently of how other genes are distributed
during meiosis.
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Beyond Simple Dominance

> Mendel focused on traits that are based on clearly domi-
nant and recessive alleles. However, the expression patterns
of genes for some traits are not as straightforward.

< Links to Fibrous proteins 3.5, Pigments 6.2

The inheritance patterns in the last two sections offer
examples of simple dominance, in which a dominant
allele fully masks the expression of a recessive one. In
many other cases, both genes of a pair are expressed at
the same time. The “one gene equals one trait” equation
does not always apply, either. Several gene products may
influence the same trait, or the expression of a single gene
may influence multiple traits.

Codominance With codominance, two nonidentical
alleles of a gene are both fully expressed in heterozygotes,
so neither is dominant or recessive. Codominance may
occur in multiple allele systems, in which three or more
alleles of a gene persist among individuals of a popula-
tion. The three alleles of the ABO gene are an example.
An enzyme encoded by the ABO gene modifies a carbohy-

or or
Genotypes: AO AB BO 00
Phenotypes '

(blood type): A AB B (0]

Figure 13.9 Animated Combinations of alleles that are the basis
of human blood type.

the enzyme, which in turn modify the carbohydrate dif-
ferently. The O allele has a mutation that prevents its
enzyme product from becoming active at all.

The two alleles you carry for the ABO gene determine
the form of the carbohydrate on your blood cells, and that
carbohydrate is the basis of your blood type (Figure 13.9).
The A and the B allele are codominant when paired. If

drate on the surface of human red blood cell membranes.
The A and B alleles encode slightly different versions of

your genotype is AB, then you have both versions of the
enzyme, and your blood is type AB. The O allele is reces-
sive when paired with either the A or B allele. If your gen-
otype is AA or AO, your blood is type A. If your genotype
is BB or BO, it is type B. If you are OO, it is type O.
Receiving incompatible blood cells in a transfusion
is very dangerous, because the immune system usually
attacks red blood cells bearing molecules that do not occur
in one’s own body. The attack can cause the blood cells to
clump or burst, a transfusion reaction with potentially fatal
consequences. People with type O blood can donate blood
to anyone else, so they are called universal donors. How-
ever, they can receive transfusions of type O blood only.
People with type AB blood can receive a transfusion of any

blood type, so they are called universal recipients.

homozygous (RR) X homozygous (rr) —> heterozygous (Rr)
Incomplete Dominance With incomplete dominance,
A Cross a red-flowered with a white-flowered plant,

and all of the offspring will be pink heterozygotes.

B If two of the pink heterozy- &
gotes are crossed, the pheno- LR

types of the resulting offspring RR Rr

will occurin a 1:2:1 ratio.

one allele of a gene pair is not fully dominant over the
other, so the heterozygous phenotype is between the two
homozygous phenotypes. A gene that influences flower
color in snapdragon plants is an example. A cell has one

copy of this gene on each homologous chromosome,

and both copies are expressed. One allele (R) encodes an
enzyme that makes a red pigment. The enzyme encoded
by a mutated allele (r) cannot make any pigment. Plants

<y homozygous for the R allele (RR) make a lot of red pig-
@ ‘% . ment, so they have red flowers. Plants homozygous for
1;' Y the r allele (rr) do not make any pigment at all, so their

r r

flowers are white. Heterozygous plants (Rr) make only
enough red pigment to color their flowers pink (Figure
13.10A). A cross between two pink-flowered heterozygous
plants yields red-, pink-, and white-flowered offspring in a
1:2:1 ratio (Figure 13.10B).

Figure 13.10 Animated Incomplete dominance in heterozygous (pink) snap-
dragons. An allele that affects red pigment is paired with a “white” allele.

» Figure It Out |s the experiment in B a monohybrid or dihybrid cross?
SSOJD P!Jq/(L|OLIOLL| Y damsuy/
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Figure 13.11 Animated Epistasis in dogs. Epistatic interactions among products of two gene pairs
affect coat color in Laborador retrievers. Left, all dogs with an E and B allele have black fur. Those
with an E and two recessive b alleles have brown fur. All dogs homozygous for the recessive e allele

have yellow fur. Right: black, chocolate, and yellow Laborador retrievers.

Epistasis Some traits are affected by multiple gene prod-
ucts, an effect called polygenic inheritance or epistasis.
Human skin color, which is a result of interactions among
several gene products, is an example. Similar genes affect
Labrador retriever coat color, which can be black, yellow,
or brown (Figure 13.11). One gene is involved in the syn-
thesis of the pigment melanin. A dominant allele of the
gene (B) specifies black fur, and its recessive partner (b)
specifies brown fur. A dominant allele of a different gene
(E) causes melanin to be deposited in fur, and its recessive
partner (e) reduces melanin deposition. Thus, a dog that
carries an £ and a B allele has black fur. One that carries
an £ allele and is homozygous for the b allele has brown
tur. A dog homozygous for the e allele has yellow fur
regardless of its B or b alleles.

Figure 13.12 Animated Marfan syn-

drome. Rising basketball star Haris

Charalambous died suddenly in 2006

when his aorta burst during warm-up
4 exercises. He was 21.

\/

TOLEDq

Charalambous was very tall and lanky,
with long arms and legs—traits that are
valued in professional athletes such as
basketball players. These traits are also
associated with Marfan syndrome.

About 1in 5,000 people are affected by
Marfan syndrome worldwide. Like many
of them, Charalambous did not realize
he had the syndrome.

codominant Refers to two alleles that are both fully expressed in
heterozygous individuals.

epistasis Effect in which a trait is influenced by the products of
multiple genes.

incomplete dominance Condition in which one allele is not fully
dominant over another, so the heterozygous phenotype is between
the two homozygous phenotypes.

multiple allele system Gene for which three or more alleles per-
sist in a population.

pleiotropic Refers to a gene whose product influences multiple
traits.

Pleiotropy A pleiotropic gene is one that influences
multiple traits. Mutations in such genes are associated
with complex genetic disorders such as sickle-cell anemia
(Section 9.6) and cystic fibrosis. For example, thickened
mucus in cystic fibrosis patients affects the entire body,
not just the respiratory tract. The mucus clogs ducts that
lead to the gut, which results in digestive problems. Male
CF patients are typically infertile because their sperm
flow is hampered by the thickened secretions.

Marfan syndrome is another example of a genetic
disorder caused by mutation in a pleiotropic gene. In this
case, the gene encodes fibrillin. Long fibers of this protein
impart elasticity to tissues of the heart, skin, blood vessels,
tendons, and other body parts. Mutations in the fibrillin
gene result in tissues that form with defective fibrillin
or none at all. The largest blood vessel leading from the
heart, the aorta, is particularly affected. Muscle cells in
the aorta’s thick wall do not work very well, and the wall
itself is not as elastic as it should be. The aorta expands
under pressure, so the lack of elasticity eventually makes
it thin and leaky. Calcium deposits accumulate inside.
Inflamed, thinned, and weakened, the aorta can rupture
abruptly during exercise.

Marfan syndrome is particularly difficult to diagnose.
Affected people are often tall, thin, and loose-jointed, but
there are plenty of tall, thin, loose-jointed people that do
not have the syndrome. Symptoms may not be appar-
ent, so many people die suddenly and early without ever
knowing they had the disorder (Figure 13.12).

Take-Home M essage Are all alleles clearly dominant or

recessive?

> An allele may be fully dominant, incompletely dominant, or codominant with

its partner on a homologous chromosome.
) In epistasis, two or more gene products influence a trait.

> The product of a pleiotropic gene influences two or more traits.

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.

Chapter 13 Observing Patterns in Inherited Traits 197



Number of individuals

15

10

Complex Variation in Traits

) Individuals of most species vary in some of their shared
traits. Many traits show a continuous range of variation.
€ Link to Genetically identical organisms 8.7
Most organic molecules are made in metabolic path-
ways that involve many enzymes. Genes encoding those
enzymes can mutate in any number of ways, so their
products may function within a spectrum of activity that
ranges from excessive to not at all. Thus, the end product
of a metabolic pathway can be produced within a range
of concentration and activity. Environmental factors often
add further variations on top of that. In the end, pheno-
type often results from complex interactions among gene
products and the environment.

Continuous Variation The individuals of a species typi-
cally vary in many of their shared traits. Some of those
traits appear in two or three distinct forms. Others occur
in a range of small differences that is called continuous
variation. The more genes and environmental factors that
influence a trait, the more continuous is its variation.
How do we determine whether a trait varies continu-
ously? First, we divide the total range of phenotypes into
measurable categories, such as inches of height (Figure
13.13). The number of individuals that fall into each cat-
egory gives the relative frequencies of phenotypes across

63 64 65 66 67 68 69 70 71 72
Measured values

73 74 75 76 77

63 64 65 66 67 68 69 70 71 72 73 74 75 76 77
Height (inches)

Figure 13.14 Example of environmental effects on animal pheno-
type. The color of the snowshoe hare’s fur varies by season. In sum-
mer, the fur is brown (left); in winter, white (right). Both forms offer
seasonally appropriate camouflage from predators.

our range of measurable values. Finally, we plot the data as
a bar chart. A graph line around the top of the bars shows
the distribution of values for the trait. If the line is a bell-
shaped curve, or bell curve, the trait varies continuously.

Human eye color is another
example of a trait that varies con-
tinuously. The colored part of the
eye is the iris, a doughnut-shaped,
pigmented structure. Iris color, like
skin color, is the result of epistasis
among gene products that make
and distribute melanins. The more
melanin deposited in the iris, the
less light is reflected from it. Dark
irises have dense melanin deposits
that absorb almost all light, and
reflect almost none. Melanin depos-
its are not as extensive in brown
eyes, which reflect some light.
Green and blue eyes have the least
amount of melanin, so they reflect
the greatest amount of light.

Environmental Effects on Phenotype Variations in
traits are not always the result of differences in alleles.
Environmental factors often affect gene expression, which
in turn affects phenotype. For example, seasonal changes

Figure 13.13 Animated Continuous variation in height among
male biology students at the University of Florida. The students were
divided into categories of one-inch increments in height and counted
(bottom). A graph of the resulting data produces a bell-shaped curve
(top), an indication that height varies continuously.
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Figure 13.15 Environmental effects on the body form of Daphnia. In
this animal, the form of the individual on the /left develops in envi-
ronments with few predators. The Daphnia on the right has a longer
tail spine and a pointy head—traits that develop in response to
chemicals emitted by predatory insects.

in temperature and the length of day affect the produc-
tion of melanin and other pigments that color the skin
and fur of many animals. These animals have different
color phases in different seasons (Figure 13.14).

Factors such as the presence of predators can also
influence phenotype. Consider Daphnia pulex, a micro-
scopic freshwater relative of shrimp. Aquatic insects prey
on these invertebrates. Daphnia living in ponds with few
predators have rounded heads, but those in ponds with
many predators have pointy heads (Figure 13.15). The
predators emit chemicals that trigger the development
of the pointier phenotype.

Yarrow plants offer another example of how environ-
ment influences phenotype. Yarrow is useful for genetics
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A Plant grown
at high elevation
(3,060 meters
above sea level)

B Plant grown
at mid-elevation
(1,400 meters
above sea level)

C Plant grown

at low elevation
(30 meters
above sea level)

Figure 13.16 Environmental effects on plant phenotype. Cuttings
from the same yarrow plant (Achillea millefolium) grow to different
heights at three different elevations.

h Menacing Mucus (revisited)

The allele most commonly associated with cystic fibrosis, AF508, is eventu-
ally lethal in homozygous individuals, but not in those who are heterozy-
gous. This allele is codominant with the normal one, so both copies of the
gene are expressed in heterozygous individuals. Such individuals make
enough of the normal CFTR protein to have normal chloride ion transport.
The AF508 allele is at least 50,000 years old and very common: up to 1
in 25 people carry it in some populations. Why has this allele persisted for
so long and at such high frequency if it is dangerous? The AF508 allele may
be the lesser of two evils because it offers heterozygous individuals a sur-
vival advantage against certain deadly infectious diseases. The unmutated
CFTR protein triggers endocytosis when it binds to bacteria. This process
is an essential part of the body’s immune response to bacteria in the respi-
ratory tract. However, the same function of CFTR allows bacteria to enter
cells of the gastrointestinal tract, where they can be deadly. For example,
endocytosis of Salmonella typhi (shown at left) into epithe-
lial cells lining the gut results in a dangerous infection
called typhoid fever. The AF508 mutation alters the
CFTR protein so that bacteria can no longer be taken
up by intestinal cells. People that carry it may have a
decreased susceptibility to typhoid fever and other bac-
terial diseases that begin in the intestinal tract.

How Would You Vote? Tests for predisposition to genetic disorders are now
available. Do you support legislation preventing discrimination based on the results of
such tests? See CengageNow for details, then vote online (cengagenow.com).

bell curve Bell-shaped curve; typically results from graphing fre-
quency versus distribution for a trait that varies continuously.

continuous variation In a population, a range of small differences

in a shared trait.

experiments because it grows easily from cuttings. All cut-
tings of a plant have the same genotype, so experimenters
know that genes are not the basis for any phenotypic dif-
ferences among them. In one study, genetically identical
yarrow plants had different phenotypes when grown at
different altitudes (Figure 13.16).

The environment also affects human genes. One of our
genes encodes a protein that transports serotonin across
the membrane of brain cells. Serotonin lowers anxiety
and depression during traumatic times. Some mutations
in the serotonin transporter gene can reduce the ability
to cope with stress. It is as if some of us are bicycling
through life without an emotional helmet. Only when we
crash does the mutation’s phenotypic effect—depression
—appear. Other human genes affect emotional state, but
mutations in this one reduce our capacity to recover from
emotional setbacks.

Take-Home M essage How does phenotype vary?

> Some traits have a range of small differences, or continuous variation. The
more genes and other factors that influence a trait, the more continuous the
distribution of phenotype.

> Enzymes and other gene products control steps of most metabolic pathways.
Environmental conditions can affect one or more steps, and thus contribute to
variation in phenotypes.
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Summary

Section 13.1 Cystic fibrosis, the most com-
mon fatal genetic disorder in the United
States, is usually caused by a particular
deletion in the CFTR gene. The allele that
carries the mutation persists at high fre-
quency despite its devastating effects. Only those homozy-
gous for the allele have the disorder.

Section 13.2 Genetic information is passed
to offspring in discrete units (genes). Each
gene occurs at a particular locus, or loca-
tion, on a chromosome. The somatic cells of
diploid individuals have paired genes on
their homologous chromosomes. Mutations give rise to
alleles. Individuals with identical alleles are homozygous
for the allele. Individuals that breed true for a trait are
homozygous for alleles that affect the trait. Heterozygous,
or hybrid, individuals carry two nonidentical alleles. A
dominant allele masks the effect of a recessive allele on
the homologous chromosome. Genotype (an individual’s
particular set of alleles) gives rise to phenotype, which
refers to an individual’s particular set of traits.

@ ® Section 13.3 Crossing individuals that
¥ breed true for two forms of a trait yields
@rp | Pp identically heterozygous Fy offspring. A
@ |pp|pp| cross between such offspring is a monohy-
brid cross. The frequency at which the
traits appear in the F, offspring can reveal dominance rela-
tionships among the alleles associated with those traits.
Predictable patterns of inheritance can be used as evidence
of genotype, as in testcrosses. Punnett squares are useful
in determining the probability of the genotype and phe-
notype of the offspring of crosses. Mendel’s monohybrid
cross results led to his law of segregation (stated here in

modern terms): During meiosis, the genes of each pair
separate, so each gamete gets one or the other gene.

i, breed true for two forms of two traits yields
I Fy offspring identically heterozygous for
Y E.?’T alleles governing those traits. A cross
| ]

] Section 13.4 Crossing individuals that
p“

between such offspring is a dihybrid cross.
The frequency at which the traits appear in the F, off-
spring can reveal dominance relationships among the
alleles associated with those traits. Mendel’s dihybrid cross
results led to his law of independent assortment (stated
here in modern terms): During meiosis, gene pairs on
homologous chromosomes tend to sort into gametes inde-
pendently of other gene pairs. Crossovers can break up
linkage groups.

Section 13.5 Not all alleles are clearly domi-
nant or recessive. With incomplete domi-
nance, an allele is not fully dominant over
its partner on a homologous chromosome,
so both are expressed. The combination of
alleles gives rise to an intermediate phenotype.

Codominant alleles are both expressed at the same
time in heterozygotes, as in multiple allele systems such
as the one underlying ABO blood typing. In epistasis,
interacting products of one or more genes often affect the
same trait. A pleiotropic gene affects two or more traits.

Section 13.6 A trait that is influenced by
the products of multiple genes often occurs
in a range of small increments of pheno-
type called continuous variation. Continu-
ous variation typically occurs as a bell
curve in the range of values. An individual’s phenotype
may be influenced by environmental factors.

Self- Q_UIZ Answers in Appendix ||

1. A heterozygous individual has a for a trait
being studied.

a. pair of identical alleles

b. pair of nonidentical alleles

c. haploid condition, in genetic terms

2. An organism’s observable traits constitute its
a. phenotype c. genotype
b. variation d. pedigree

3. Filial means

4. The second-generation offspring of a cross between

individuals who are homozygous for different alleles of a

gene are called the
a. F; generation c. hybrid generation

b. F, generation d. none of the above

5. Fj offspring of the cross AA X aa are
a.all AA c. all Aa
b.all aa d.1/2 AA and 1/2 aa

6. Refer to question 4. Assuming complete dominance,
the F, generation will show a phenotypic ratio of
a. 3:1 b.9:1 c 1:2:1 d.9:3:3:1

7. A testcross is a way to determine

a. phenotype  b. genotype  c. bothaandb

8. Assuming complete dominance, crosses between two
dihybrid F; pea plants, which are offspring from a cross
AABB X aabb, result in F, phenotype ratios of

a. 1:2:1 b.3:1 c. 1:1:1:1 d.9:3:3:1

9. The probability of a crossover occurring between
two genes on the same chromosome .

a. is unrelated to the distance between them

b. decreases with the distance between them

c. increases with the distance between them

10. A gene that affects three traits is
a. epistatic c. pleiotropic
b. a multiple allele system d. dominant

11. alleles are both expressed.
a. Dominant c. Pleiotropic
b. Codominant d. Hybrid

12. A bell curve indicates in a trait.
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Data Analysis Activities

The Cuystic Fibrosis Mutation and Typhoid Fever The AF508
mutation disables the receptor function of the CFTR pro-
tein, so it inhibits endocytosis of bacteria into epithelial
cells. Endocytosis is an important part of the respiratory
tract’s immune defenses against common Pseudomonas
bacteria, which is why Pseudomonas infections are a
chronic problem in cystic fibrosis patients.

The AF508 mutation also inhibits endocytosis of
Salmonella typhi into cells of the gastrointestinal tract,
where internalization of this bacteria can cause typhoid
fever. Typhoid fever is a common worldwide disease.

Its symptoms include extreme fever and diarrhea, and
the resulting dehydration causes delirium that may last
several weeks. If untreated, it kills up to 30 percent of
those infected. Around 600,000 people die annually from
typhoid fever. Most of them are children.

In 1998, Gerald Pier and his colleagues compared the
uptake of S. typhi by different types of epithelial cells:
those homozygous for the normal allele, and those hetero-
zygous for the AF508 mutation. (Cells homozygous for the
mutation do not take up any S. typhi bacteria.) Some of
their results are shown in Figure 13.17.

1,000,000

CFTR with AF508 deletion
unmutated CFTR

100,000

Number of bacteria internalized

10,000 =
Ty2 167 7251

Strain of Salmonella typhi

Figure 13.17 In epithelial cells, effect of the CF mutation on the uptake
of three different strains of Salmonella typhi bacteria.

1. Regarding the Ty2 strain of S. typhi, about how many more bacteria
were able to enter normal cells (those expressing unmutated CFTR)
than cells expressing the gene with the AF508 deletion?

2. Which strain of bacteria entered normal epithelial cells most easily?

3. The AF508 deletion inhibited the entry of all three S. typhi strains into
epithelial cells. Can you tell which strain was most inhibited?

13. Match the terms with the best description.
___dihybrid cross a. bb
___monohybrid cross b. AABB X aabb
___homozygous condition c. Aa
___heterozygous condition d.Aa X Aa

Additional questions are available on CENGAGENOW.

GenetICS Problems Answers in Appendix ||

1. Mendel crossed a true-breeding pea plant with green
pods and a true-breeding pea plant with yellow pods. All
offspring had green pods. Which color is recessive?

2. Assuming that independent assortment occurs during
meiosis, what type(s) of gametes will form in individuals
with the following genotypes?

a. AABB b. AaBB c. Aabb d. AaBb

3. Refer to problem 2. Determine the frequencies of each
genotype among offspring from the following matings:
a. AABB X aaBB c. AaBb X aabb
b. AaBB X AABb d. AaBb X AaBb

4. Suppose you identify a new gene in mice. One of its
alleles specifies white fur, another specifies brown. You
want to see if the two alleles interact in simple or incom-
plete dominance. What test would give you the answer?

5. Many genes are so vital for development that mutations
in them are lethal. Even so, heterozygous individuals can
perpetuate alleles that are lethal, such as the Manx (M)

allele in cats. Homozygous cats (MM) die
before birth. In heterozygous cats (Mm),
the spine develops abnormally, and these
animals end up with no tail (left). What is
the dominance relationship between the
Manx allele and the normal allele? If two Mm cats mate,
what is the probability that any one of their surviving kit-
tens will be heterozygous (Mm)?

6. One gene encodes the second enzyme in a melanin-
synthesizing pathway. An individual who is homozygous
for a recessive allele of this gene cannot make or deposit
melanin in body tissues. Albinism, the absence of melanin, is
the result. Humans and many other organisms can have this
phenotype. In the following situations, what are the prob-
able genotypes of the father, the mother, and their children?

a. Both parents have normal phenotypes; some but
not all of their children have the albino phenotype.

b. Both parents and all of their children have the
albino phenotype.

c. The mother is unaffected, the father has the albino
phenotype, three children are unaffected and one child
has the albino phenotype.

Additional genetics problems are available on CENGAGENOW.

Animations and Interactions on CENGAGENOW:

> Crossing garden pea plants; Genes on chromosomes;
Monohybrid cross; Dihybrid cross; Codominance and ABO
blood group; Incomplete dominance; Pleiotropy in Marfan
syndrome; Epistasis in dogs; Continuous variation.
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< Links to Earlier Concepts Keg Concepts

Be sure you understand dominance relationships
(Sections 13.2, 13.5, and 13.6), gene expression
(9.2, 9.3), and mutations (9.6) before you start this

Autosomal Inheritance
Many human traits can be
traced to dominant or reces-

Tracking Traits in Humans
Inheritance patterns in
humans are determined

chaprer. You will use your knowledge of chromo- by following traits through - sive alleles on autosomes.
somes (8.2), meiosis (12.3, 12.4), gametes (12.5), generations of family trees. J These alleles are inherited in
DNA (8.6) and sex determination (10.4). Sampling The types of traits followed in " L characteristic patterns: domi-
error (1.8), amino acids (3.5), lysosomes (4.8), the such studies include genetic abnormalities or nant alleles tend to appear in every generation;
cell cortex (4.10), metabolic pathways (5.5), tyrosi- syndromes associated with a genetic disorder. recessive ones can skip generations.

nase (5.4), pigments (6.2), and oncogenes (11.6)
will turn up in context of genetic disorders.
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14 Human Inheritance

Shades of Skin

The color of human skin begins with melanosomes. These

skin cell organelles make two types of melanin pigments: one
brownish-black; the other, reddish. Most people have about the
same number of melanosomes in their skin cells. Variations in
skin color occur because the kinds and amounts of melanins
vary among people, as does the formation, transport, and distri-
bution of the melanosomes.

Variations in skin color may have evolved as a balance
between vitamin production and protection against harmful
UV radiation. Dark skin would have been beneficial under the
intense sunlight of the African savannas where humans first
evolved. Melanin acts as a natural sunscreen because it prevents
UV radiation in sunlight from breaking down folate, a vitamin
essential for normal sperm formation and embryonic develop-
ment. Children born to light-skinned women exposed to high
levels of sunlight have a heightened risk of birth defects.

Early human groups that migrated to regions with colder cli-
mates were exposed to less sunlight. In these regions, lighter skin
color would have been beneficial. Why? UV radiation stimulates
skin cells to make a molecule the body converts to essential vita-
min D. Where sunlight exposure is minimal, UV radiation dam-
age is less of a risk than vitamin D deficiency, which has serious
health consequences for developing fetuses and children. People
with dark, UV-shielding skin have a high risk of this deficiency
in regions where sunlight exposure is minimal.

Skin color, like most other human traits, has a genetic basis.
More than 100 gene products are involved in the synthesis of
melanin, and the formation and deposition of melanosomes.
Mutations in at least some of these genes may have contributed
to regional variations of human skin color. Consider a gene on
chromosome 15, SLC24A5, that encodes a transport protein in
melanosome membranes. Nearly all people of African, Native
American, or east Asian descent carry the same allele of this
gene. Between 6,000 and 10,000 years ago, a mutation gave rise
to a different allele. The mutation, a single base—pair substitu-

tion, changed the 111th amino acid of
the transport protein from alanine to
threonine. The change results in less
melanin—and lighter skin color—
than the original African allele does.
Today, nearly all people of European
descent carry this mutated allele.

A person of mixed ethnicity may
make gametes that contain differ-
ent combinations of alleles for dark
and light skin. It is fairly rare that
one of those gametes contains all of
the alleles for dark skin, or all of the
alleles for light skin, but it happens
(Figure 14.1).

Skin color is only one of many
human traits that vary as a result
of single nucleotide mutations. The
small scale of such changes offers
a reminder that all of us share the
genetic legacy of common ancestry.

Figure 14.1 Variation in human skin
color (right) begins with differences in
alleles inherited from parents. Opposite,
fraternal twin girls Kian and Remee, born
in 2006. Both of the children’s grand-
mothers are of European descent, and
have pale skin. Both of their grandfathers
are of African descent, and have dark
skin. The twins inherited different alleles
of some of the genes that affect skin color
from their mixed-race parents, who, given
the appearance of their children, must be
heterozygous for those alleles.

Sex-Linked Inheritance
The X chromosome holds
about 10 percent of all ad
human genes, so many traits o

are affected by alleles on this
chromosome. Inheritance
patterns of such X-linked alleles tend to differ
between males and females.

Changes in Chromosome
Structure and Number

A chromosome may undergo
a large-scale, permanent
change in its structure, or the
number of autosomes or sex &
chromosomes may change. In humans, such
changes usually result in a genetic disorder.

Genetic Testing

Genetic testing provides infor-
mation about the risk of pass-
ing a harmful allele to one’s
offspring. After conception,
various methods of prenatal

testing can reveal a genetic abnormality or dis-
order in a fetus or embryo.
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Human Genetic Analysis

) Geneticists study inheritance patterns in humans by track-
ing genetic disorders and abnormalities through families.
> Charting genetic connections with pedigrees reveals inheri-

tance patterns of certain traits.
€ Links to Sampling error 1.8, Chromosomes 8.2, Domi-
nance 13.2, Complex inheritance patterns 13.6

Some organisms, including pea plants and fruit flies, are
ideal for genetic analysis. They have relatively few chro-
mosomes, they reproduce quickly under controlled condi-
tions, and breeding them poses few ethical problems. It
does not take long to track a trait through many genera-
tions. Humans, however, are a different story. Unlike flies
grown in laboratories, we humans live under variable

conditions, in different places, and we live as long as the
geneticists who study us. Most of us select our own mates
and reproduce if and when we want to. Our families tend
to be on the small side, so sampling error (Section 1.8) is a
major factor in human genetics studies.

Thus, inheritance patterns in humans are typically
studied by tracking observable traits that crop up in
families over many generations. Researchers graph such
data as standardized charts of genetic connections called
pedigrees (Figure 14.2). Pedigree analyses can reveal
whether a trait is associated with a dominant or recessive
allele, and whether the allele is on an autosome or a sex
chromosome. Pedigree analysis also allows geneticists to

determine the probability that a trait will recur in future

O male generations of a family or a population.
© female Types of Genetic Variation
+—O marriage/mating

Some easily observed human traits follow Mende-
lian inheritance patterns. Like the flower color of pea
plants, these traits are controlled by a single gene with

m) offspring

individual showing

H e trait being studied two alleles, one dominant and the other recessive. For
example, some people have earlobes that attach at their
<> :S:gigted base, and others have earlobes that dangle free. The allele
LILIIL IV, generation for unattached earlobes is dominant and the allele for

attached earlobes is recessive. Similarly, the allele that
specifies a cleft chin is dominant over the allele for a
smooth chin, and the allele for dimples is dominant over
that for no dimples. Someone who is homozygous for two
recessive alleles of the MCIR gene makes the reddish kind
of melanin but not the brownish-black kind, so this per-
son has red hair.

A Standard symbols used in pedigrees.

Single genes on autosomes or sex chromosomes also

govern more than 6,000 genetic abnormalities and disor-

1] [ ders. Table 14.1 lists a few examples. A genetic abnormality

5,
6
‘ &] &] ‘ g) &] ‘ g) &] * pedigree Chart showing the pattern of inheritance of a trait
% through generations in a family.
5,5
6,6

eney
oo

oo

* Gene not expressed in this carrier.

B A pedigree for polydactyly, which is characterized by extra fingers, toes, or
both. The black numbers signify the number of fingers on each hand; the red
numbers signify the number of toes on each foot. Though it occurs on its own,
polydactyly is also one of several symptoms of Ellis-van Creveld syndrome.

C Right, pedigree for Huntington’s disease, a progressive degeneration of’

the nervous system. Researcher Nancy Wexler and her team constructed this
extended family tree for nearly 10,000 Venezuelans. Their analysis of unaffected
and affected individuals revealed that a dominant allele on human chromosome
4 is the culprit. Wexler has a special interest in the disorder: It runs in her family.

Figure 14.2 Animated Pedigrees.
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is a rare or uncommon version of a trait, such as having
six fingers on a hand or having a web between two toes.
Genetic abnormalities are not inherently life-threatening,
and how you view them is a matter of opinion. By con-
trast, a genetic disorder sooner or later causes medical
problems that may be severe. A genetic disorder is often
characterized by a specific set of symptoms (a syndrome).
In general, much more research focuses on genetic disor-
ders than on other human traits, because what we learn
helps us develop treatments for affected people.

The next two sections of this chapter focus on inheri-
tance patterns of human single-gene disorders, which
affect about 1 in 200 people. Keep in mind that these
inheritance patterns are the least common kind. Most
human traits, including skin color, are polygenic (influ-
enced by multiple genes) and often have environmental
factors too. Many genetic disorders are like this, including
diabetes, asthma, obesity, cancers, heart disease, and mul-
tiple sclerosis. The inheritance patterns of these disorders
are extremely complex, and despite intense research our
understanding of the alleles associated with them remains
incomplete. For example, abnormalities on almost every
chromosome have been found in people with autism, a
developmental disorder, but a person who carries one or
more of these abnormalities does not necessarily have
autism. Mutations in specific regions of chromosomes 1,
2,6,7,13,15, and 22 increase an individual’s chance of
developing schizophrenia, a neurobiological disorder, but
not everyone with those mutations develops schizophre-
nia. Appendix VII shows a map of human chromosomes
with the locations of some alleles that are known to play
a role in genetic disorders and other human traits.

Alleles that give rise to severe genetic disorders are
generally rare in populations, because they compromise
the health and reproductive ability of their bearers. Why
do they persist? Mutations periodically reintroduce them.
In some cases, a normal allele in heterozygotes masks the
effects of a harmful one. In others, a codominant allele
offers a survival advantage in a particularly hazardous
environment. You will see examples of how this works
in later chapters.

Take-Home Message How do we study
inheritance patterns in humans?

) Inheritance patterns in humans are often studied by track-
ing traits through generations of families.

> A genetic abnormality is a rare version of an inherited trait.
A genetic disorder is an inherited condition that causes
medical problems.

> Some human genetic traits are governed by a single gene
and inherited in a Mendelian fashion. Many others are
influenced by multiple genes, as well as the environment.

Table 14.1 Patterns of Inheritance for Some Genetic

Abnormalities and Disorders

Disorder or Abnormality Main Symptoms

Autosomal dominant inheritance pattern
Achondroplasia One form of dwarfism
Aniridia Defects of the eyes
Camptodactyly Rigid, bent fingers
Familial hypercholesterolemia High cholesterol level; clogged arteries
Huntington’s disease Degeneration of the nervous system
Marfan syndrome Abnormal or missing connective tissue
Polydactyly Extra fingers, toes, or both
Progeria Drastic premature aging
Neurofibromatosis Tumors of nervous system, skin
Autosomal recessive inheritance pattern
Albinism Absence of pigmentation
Hereditary methemoglobinemia Blue skin coloration

Cystic fibrosis Abnormal glandular secretions leading to

tissue and organ damage
Ellis-van Creveld syndrome Dwarfism, heart defects, polydactyly
Fanconi anemia Physical abnormalities, bone marrow failure
Galactosemia Brain, liver, eye damage
Hereditary hemochromatosis Iron overload damages joints and organs
Phenylketonuria (PKU) Mental impairment
Sickle-cell anemia Adverse pleiotropic effects on entire body

Tay-Sachs disease Deterioration of mental and physical

abilities; early death
X-linked recessive inheritance pattern

Androgen insensitivity XY individual but having some

syndrome female traits; sterility
Red-green color blindness Inability to distinguish red from green
Hemophilia Impaired blood clotting ability
Muscular dystrophies Progressive loss of muscle function

X-linked anhidrotic Mosaic skin (patches with or without sweat

dysplasia glands); other effects

X-linked dominant inheritance pattern

Fragile X syndrome Intellectual, emotional disability
Changes in chromosome number
Down syndrome Mental impairment; heart defects
Turner syndrome (XO) Sterility; abnormal ovaries and sexual traits
Klinefelter syndrome Sterility; mild mental impairment
XXX syndrome Minimal abnormalities
XYY condition Mild mental impairment or no effect
Changes in chromosome structure

Chronic myelogenous
leukemia (CML)

Overproduction of white blood cells;
organ malfunctions

Cri-du-chat syndrome Mental impairment; abnormal larynx
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Autosomal Inheritance Patterns

Y An allele is inherited in an autosomal dominant pattern if normal affected
. ; . mother father
the trait it specifies appears in homozygous and heterozy-

gous people. /\

> An allele is inherited in an autosomal recessive pattern if | aa X Aa |
the trait it specifies appears only in homozygous people. \ \ /

< Links to Lysosomes 4.8, Cytoskeletal elements 4.10, Tyrosi- meiosis
nase 5.4, Autosomes 8.2, DNA replication and repair 8.6, and gamete
Gene expression 9.2, RNA processing 9.3, Inheritance formation
13.2, Codominance and pleiotropy 13.5

® @

Aa aa

@

@ Aa aa
O

0

A

affected child
normal child

disorder-causing
allele (dominant)

Figure 14.3 Animated Autosomal dominant inheritance, in which
a dominant allele (red) is fully expressed in heterozygous people.

The Autosomal Dominant Pattern

An allele on an autosome is inherited in a dominant
pattern if it is expressed in both homozygotes and het-
erozygotes. A trait it specifies tends to appear in every gen-
eration. When one parent is heterozygous, and the other is
homozygous for the recessive allele, each of their children
has a 50 percent chance of inheriting the dominant allele
and displaying the trait associated with it (Figure 14.3).

Achondroplasia is an example of an autosomal domi-
nant disorder (a disorder caused by a dominant allele on
an autosome). The allele responsible for achondroplasia
interferes with formation of the embryonic skeleton.
About 1 out of 10,000 people are heterozygous for this
allele. As adults, they average about four feet, four inches
tall, and have abnormally short arms and legs relative to
other body parts (Figure 14.4A). Most homozygotes die
before or shortly after birth.

Huntingon’s disease is also caused by an autosomal
dominant allele. With this genetic disorder, involun-
tary muscle movements increase as the nervous system
slowly deteriorates. Typically, symptoms do not start
until after the age of thirty, and people affected by the
syndrome die during their forties or fifties. The mutation
that causes Huntington’s alters a protein necessary for
brain cell development. It is an expansion mutation, in
which the same three nucleotides have been inserted into
DNA many, many times. Hundreds of thousands of other

Figure 14.4 Examples of autosomal dominant disorders. A
Achondroplasia affects Ivy Broadhead (/eft), as well as her
brother, father, and grandfather. B Five-year-old Megan is
already showing symptoms of Hutchinson-Gilford progeria. tion of a critical gene product.

expansion repeats occur harmlessly in and between other
genes on human chromosomes. This one alters the func-
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carrier mother carrier father

Aa | X { Aa
meiosis

and gamete
formation

@ @

AA Aa

affected child

carrier child Figure 14.5 Animated Autosomal recessive inheritance. Only homozygous people show the trait associated with

normal child

@)
@ Aa aa
O
[]
[]

a recessive allele on an autosome. A In this example, both parents are carriers of a recessive autosomal allele (red).
Each of their children has a 25 percent chance of being homozygous for it. B The albino phenotype is associated

disorder-causing with recessive alleles that cause a deficiency in a melanin-producing enzyme. C Conner Hopf was diagnosed with
A allele (recessive) Tay-Sachs disease, an autosomal recessive disorder, at age 7-1/2 months. He died before his second birthday.

Hutchinson-Gilford progeria is an autosomal domi-
nant disorder characterized by drastically accelerated
aging. It usually results from a base-pair substitution in
the gene for lamin A, a protein subunit of intermediate
filaments that help organize chromosomes. The mutation
adds a signal for an intron/exon splice. The resulting mis-
spliced mRNA encodes a protein with a large deletion that
cannot assemble into intermediate filaments, and instead
accumulates on the nuclear membrane. The pleiotropic
effects of the mutation include defects in transcription,
mitosis, and division. Symptoms begin to appear before
age two. Skin that should be plump and resilient starts to
thin, muscles weaken, and bones that should lengthen and
grow stronger soften. Premature baldness is inevitable.
Most people with the disorder die in their early teens as a
result of a stroke or heart attack brought on by hardened
arteries, a condition typical of advanced age (Figure 14.4B).

Progeria does not run in families because affected peo-
ple do not usually live long enough to reproduce. Other
dominant alleles that cause severe problems can persist
if their expression does not interfere with reproduction.
The allele that causes achondroplasia is an example.

With Huntington’s disease and other late-onset disorders,
people tend to reproduce before symptoms appear, so the
allele may be passed unknowingly to children.

The Autosomal Recessive Pattern

An allele on an autosome is inherited in a recessive pat-
tern if it is expressed only in homozygous people, so traits
associated with the allele may skip generations. People
heterozygous for the allele are carriers, which means that
they have the allele but not the trait. Any child of two car-
riers has a 25 percent chance of inheriting the allele from

both parents (Figure 14.5A). Being homozygous for the
allele, such children would have the trait. All children of
homozygous parents are also homozygous.

Albinism, a lack of melanin, is inherited in an auto-
somal recessive pattern. The albino phenotype occurs in
people homozygous for an allele that encodes a defective
form of the enzyme tyrosinase. Melanocytes produce no
melanin in the absence of this enzyme, so the hair, skin,
and irises lack typical coloration (Figure 14.58B).

Tay-Sachs disease is an example of an autosomal
recessive disorder. In the general population, about 1 in
300 people is a carrier for a Tay—Sachs allele, but the inci-
dence is ten times higher in some groups, such as Jews of
eastern European descent. Mutations associated with this
disorder cause a deficiency or malfunction of a lysosomal
enzyme that breaks down gangliosides, a lipid component
of plasma membranes. These lipids can accumulate to
toxic levels in nerve cells if they are not recycled properly
by lysosomes. Affected infants typically seem normal for
the first few months. Symptoms begin to appear as the
gangliosides accumulate to higher and higher levels inside
their nerve cells. Within three to six months the child
becomes irritable, listless, and may have seizures. Blind-
ness, deafness, and paralysis follow. Affected children usu-
ally die by the age of five (Figure 14.5C).

Take-Home M essage How do we know when a trait is associated
with an allele on an autosomal chromosome?

> With an autosomal dominant inheritance pattern, persons heterozygous for an
allele have the associated trait. Thus, the trait appears in every generation.

> With an autosomal recessive inheritance pattern, only persons who are homo-
zygous for an allele have the associated trait, which can skip generations.
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X-Linked Inheritance Patterns

) Traits associated with recessive alleles on the X chromo-
some appear more frequently in men than in women.

> A'man cannot pass an X chromosome allele to a son.

€ Links to Cell cortex 4.10, Pigments 6.2

The X chromosome (shown
on the left) carries about 2,000

muscular dystroph
yetrophy) human genes, which is almost

anhidrotic ectodermal
10 percent of the total number.
A recessive allele on this chro-
mosome (an X-linked recessive
allele) leaves certain clues when
hemophilia B)

hemophilia A)
red-deficient color blind)
green-deficient color blind)

it causes a genetic disorder. First,
more males than females are
affected by the disorder. This is
because heterozygous males are
affected, but heterozygous females are not. Heterozygous
females have a dominant, normal allele on one of their X
chromosomes that masks the effects of the recessive allele
on the other. Heterozygous males have only one X chro-
mosome, so they are not similarly protected if they inherit
an X-linked recessive allele (Figure 14.6).

Second, an affected father cannot pass his X-linked
recessive allele to a son because all children who inherit
their father’s X chromosome are female. Thus, a heterozy-
gous female must be the bridge between an affected male
and his affected grandson.

X-linked dominant alleles that cause disorders are rarer
than X-linked recessive ones, probably because they tend
to be lethal in male embryos.

Red-Green Color Blindness

The pattern of X-linked recessive inheritance shows up
among individuals who have some degree of color blind-

carrier mother normal father

normal daughter or son
carrier daughter

affected son

g XX @ X g XY
meiosis
and gamete
formation
| xx | xy
| xx | xy
L]
L]
Ol
X

recessive allele
on X chromosome

Figure 14.6 Animated X-linked recessive inheritance. In this
case, the mother carries a recessive allele on one of her two
X chromosomes (red).

ness (Figure 14.7). The term refers to a range of conditions
in which an individual cannot distinguish among some
or all colors in the spectrum of visible light. Color vision
depends on the proper function of pigment-containing
receptors in the eyes. Most of the genes involved in

color vision are on the X chromosome, and mutations in
those genes often result in altered or missing receptors.
Normally, humans can sense the differences among 150
colors. A person who has red—green color blindness sees

Figure 14.7 Color blindness. A View with red-green color blindness.
The perception of blues and yellows is normal, but red and green
appear similar. B Compare what a person with normal vision sees.

Above, two Ishihara plates, which are standardized tests for color
blindness. C You may have one form of red-green color blindness
if you see the number 7 instead of 29 in this circle. D You may have
another form if you see a 3 instead of an 8.
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Figure 14.8 A classic case of X-linked recessive inheritance: a partial pedigree of the descendants of
Queen Victoria of England. At one time, the recessive X-linked allele that resulted in hemophilia was
present in eighteen of Victoria’s sixty-nine descendants, who sometimes intermarried. Of the Russian
royal family members shown, the mother (Alexandra Czarina Nicolas Il) was a carrier.

» Figure It Out How many of Alexis’s siblings were affected by hemophilia A?

fewer than 25 colors because receptors that respond to
red and green wavelengths are weakened or absent. Some
people who have color blindness confuse red and green
colors. Others see green as shades of gray, but perceive
blues and yellows quite well.

Hemophilia A

Hemophilia A is an X-linked recessive disorder that inter-
feres with blood clotting. Most of us have a blood clot-
ting mechanism that quickly stops bleeding from minor
injuries. That mechanism involves factor VIII, a protein
product of a gene on the X chromosome. Bleeding can be
prolonged in males who carry a mutation in this gene, or
in females who are homozygous for one. Affected people
tend to bruise very easily, but internal bleeding is their
most serious problem. Repeated bleeding inside the joints
disfigures them and causes chronic arthritis. Heterozy-
gous females make enough factor VIII to have a clotting
time that is close to normal.

In the nineteenth century, the incidence of hemophilia
A was relatively high in royal families of Europe and Rus-
sia, probably because the common practice of inbreeding
kept the allele in their family trees (Figure 14.8). Today,
about 1 in 7,500 people is affected, but that number may
be rising because the disorder is now a treatable one.
More affected people are living long enough to transmit
the mutated allele to children.

QUON :JMmsuy

Duchenne Muscular Dystrophy

Duchenne muscular dystrophy (DMD) is one of several
X-linked recessive disorders characterized by muscle
degeneration. A gene on the X chromosome encodes dys-
trophin, a protein in muscle and nerve cells. Dystrophin
is part of a complex of proteins that structurally and
functionally links the cytoskeleton to extracellular matrix
across the plasma membrane of these cells. By a process
that is still unknown, abnormal or absent dystrophin
causes muscle cells to die. The dead cells are eventually
replaced by fat cells and connective tissue.

DMD affects about 1 in 3,500 people, almost all of
them boys. Symptoms begin between age three and
seven. Anti-inflammatory medication can sometimes
slow the progression of this disorder, but there is no cure.
When an affected boy is about twelve, he will begin to use
a wheelchair and his heart muscle will start to fail. Even
with the best care, he will probably die before he is thirty,
from a heart disorder or respiratory failure (suffocation).

Take-Home M essage How do we know when a trait is associated
with an allele on an X chromosome?

> Men heterozygous for an X-linked recessive allele have the trait associated with
the allele. Heterozygous women do not, because they have a normal allele on
their second X chromosome. Thus, the trait appears more often in men.

> Men transmit an X-linked allele to their daughters, but not to their sons.
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Heritable Changes in Chromosome Structure

> Major changes in chromosome structure have been evolu-
tionarily important. More frequently, such changes tend to
result in genetic disorders.

< Links to Karyotyping 8.2, DNA sequence 8.6, Mutations
and hemoglobin 9.6, SRY gene 10.4, Oncogenes 11.6,
Meiosis 12.3, Crossing over 12.4

Large-scale changes in chromosome structure usually have
drastic effects on health; about half of all miscarriages

are due to chromosome abnormalities of the developing
embryo. These changes are rare, but they do occur sponta-
neously in nature. They can also be induced by exposure
to certain chemicals or radiation. Either way, the scale of
such changes often allows them to be detected by karyo-
typing (Section 8.2).

Duplication Even normal chromosomes have DNA
sequences that are repeated two or more times. These
repetitions are called duplications (Figure 14.9A). Duplica-
tions happen during prophase I of meiosis, when crossing
over occurs unequally between homologous chromo-
somes. When homologous chromosomes align side by
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Figure 14.9 Large-scale changes in chromosome structure.

side, their DNA sequences may misalign at some point
along their length. In this case, the crossover deletes a
stretch of DNA from one chromosome and splices it into
the homologous partner. The probability of misalignment
is greater in regions where the same sequence of nucleo-
tides is repeated many times. Some duplications, such as
the expansion mutations that cause Huntington’s, cause
genetic abnormalities or disorders. Others have been evo-
lutionarily important.

Deletion A deletion is the loss of some portion of a
chromosome (Figure 14.9B). In mammals, deletions usually
cause serious disorders and are often lethal. The loss of
genes results in the disruption of growth, development,
and metabolism. For instance, a small deletion in chromo-
some 5 causes mental impairment and an abnormally
shaped larynx. Affected infants tend to make a sound like
the meow of a cat, hence the name of the disorder, cri-du-
chat, which is French for “cat’s cry.”

Inversion With an inversion, part of the sequence of
DNA within the chromosome becomes oriented in the
reverse direction, with no molecular loss (Figure 14.9C).
An inversion may not affect a carrier’s health if it does
not disrupt a gene region, because the individual’s cells
have a full complement of genes. However, it may affect
fertility, because inverted chromosomes tend to mispair
during meiosis. Crossovers between mispaired chromo-
somes can produce large deletions or duplications that
reduce the viability of forthcoming embryos. Some carri-
ers do not know that they have an inversion until they are
diagnosed with infertility and their karyotype is tested.

Translocation If a chromosome breaks, the broken part
may get attached to a different chromosome, or to a dif-
ferent part of the same one. This structural change is
called a translocation. Most translocations are recipro-
cal, or balanced, which means that two chromosomes
exchange broken parts (Figure 14.9D). A reciprocal trans-
location between chromosomes 8 and 14 is the usual
cause of Burkitt’s lymphoma, an aggressive cancer of

the immune system. This translocation moves a proto-
oncogene to a region that is vigorously transcribed in
immune cells, with disastrous results. Many other recipro-
cal translocations have no adverse effects on health, but,
like inversions, they can affect fertility. Translocated chro-
mosomes pair abnormally during meiosis. They segregate
improperly about half of the time, so about half of the
resulting gametes carry major duplications or deletions.
If one of these gametes unites with a normal gamete at
fertilization, the resulting embryo almost always dies. As
with inversions, many people do not realize they carry a
translocation until they have difficulty with fertility.
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Figure 1410 Evolution of the Y chromosome. Today, the SRY gene determines male sex.
Homologous regions of the chromosomes are shown in pink; mya, million years ago.

Chromosome Changes in Evolution

As you can see, large-scale alterations in chromosome
structure may reduce an individual’s fertility. Individuals
who are heterozygous for such changes may not be able
to produce offspring at all. However, individuals homo-
zygous for an inversion sometimes become the founders
of new species. It may seem as if this outcome would be
exceedingly rare, but it is not. Speciation can and does
occur by large-scale changes in chromosomes.

Karyotyping and DNA sequence comparisons show
that the chromosomes of all species contain evidence of
major structural alterations. For example, duplications
have often allowed a copy of a gene to mutate while the
original carried out its unaltered function. The multiple
and strikingly similar globin chain genes of humans and
other primates apparently evolved by this process. Four
globin chains associate in each hemoglobin molecule (Sec-
tion 9.6). Different alleles specify different versions of the
chains. Which versions of the chains get assembled into a
hemoglobin molecule determine the oxygen-binding char-
acteristics of the resulting protein.

As another example, X and Y chromosomes were once
homologous autosomes in reptilelike ancestors of mam-
mals (Figure 14.10). Ambient temperature probably deter-
mined the gender of those organisms, as it still does in
turtles and some other modern reptiles. Then, about 350
million years ago (mya), a gene on one of the two homolo-
gous chromosomes mutated. The change, which was
the beginning of the male sex determination gene SRY,

deletion Loss of part of a chromosome.

duplication Repeated section of a chromosome.

inversion Structural rearrangement of a chromosome in which
part of it becomes oriented in the reverse direction.

translocation Structural change of a chromosome in which a bro-
ken piece gets reattached in the wrong location.

interfered with crossing over during meiosis.
A reduced frequency of crossing over allowed
the chromosomes to diverge around the
changed region. Mutations began to accumu-
late separately in the two chromosomes. Over
evolutionary time, the chromosomes became
so different that they no longer crossed over
at all in the changed region, so they diverged
even more. Today, the Y chromosome is much
smaller than the X, and only retains about 5
percent homology with it. The Y crosses over
mainly with itself—by translocating dupli-
cated regions of its own DNA.

Some chromosome structure changes con-
tributed to differences among closely related
organisms, such as apes and humans. Human
somatic cells have twenty-three pairs of chro-
mosomes, but those of chimpanzees, gorillas,
and orangutans have twenty-four. Thirteen
human chromosomes are almost identical with
chimpanzee chromosomes. Nine more are sim-
ilar, except for some inversions. One human
chromosome matches up with two in chim-
panzees and the other great apes (Figure 14.11).
During human evolution, two chromosomes

over in yet another region. Each time, the DNA
sequences of the chromosomes diverge, and the
Y chromosome shortens. Today, the pair crosses
over only at a small region near the ends.

| telomere

E
|
\ Ssequence

T

hid

human chimpanzee

Figure 14.11
Human chromosome 2

compared with chimpanzee
chromosomes 2A and 2B.

evidently fused end to end and formed our chromo-

some 2. How do we know? The region where the fusion

occurred contains the remnants of a telomere, which is a

special DNA sequence that caps the ends of chromosomes.

Take-Home M essage Does chromosome structure change?

> A segment of a chromosome may be duplicated, deleted, inverted, or translo-
cated. Such a change is usually harmful or lethal, but may be conserved in the
rare circumstance that it has a neutral or beneficial effect.
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Heritable Changes in the Chromosome Number

> Occasionally, abnormal events occur before or during
meiosis, and new individuals end up with the wrong chro-
mosome number. Consequences range from minor to
lethal changes in form and function.

€ Links to Sampling error and bias 1.8, Meiosis 12.3, Gam-
ete formation 12.5

Less than 1 percent of children are born with a chromo-
some number that differs from their parents. In humans,
such major changes to the genetic blueprint can have seri-
ous effects on an individual’s health.

Chromosome number changes often arise through
nondisjunction, in which a cell’s chromosomes do not
separate properly during nuclear division. Nondisjunc-
tion during meiosis (Figure 14.12) can affect the chromo-
some number at fertilization. For example, suppose that
a normal gamete fuses with an n+1 gamete (one with an
extra chromosome). The new individual will be trisomic
(2n+1), having three of one type of chromosome and two
of every other type. As another example, if an n—1 gam-
ete fuses with a normal n gamete, the new individual will
be 2n—1, or monosomic.

Trisomy and monosomy are types of aneuploidy, a
condition in which cells have too many or too few cop-
ies of a chromosome. Autosomal aneuploidy is usually
fatal in humans. However, about 70 percent of flowering
plant species, and some insects, fishes, and other animals,
are polyploid, which means that their cells have three or
more of each type of chromosome.

Autosomal Change and Down Syndrome A few tri-
somic humans are born alive, but only those that have
trisomy 21 will survive infancy. A newborn with three
chromosomes 21 will develop Down syndrome. This auto-

somal disorder occurs once in 800 to 1,000 births, and

it affects more than 350,000 people in the United States
alone (Figure 14.13). Individuals with Down syndrome
have upward-slanting eyes, a fold of skin that starts at
the inner corner of each eye, a deep crease across the sole
of each palm and foot, one (instead of two) horizontal
furrows on their fifth fingers, slightly flattened facial fea-
tures, and other symptoms.

Not all of the outward symptoms develop in every
individual. That said, trisomic 21 individuals tend to have
moderate to severe mental impairment and heart prob-
lems. Their skeleton grows and develops abnormally, so
older children have short body parts, loose joints, and mis-
aligned bones of the fingers, toes, and hips. The muscles
and reflexes are weak, and motor skills such as speech
develop slowly. With medical care, trisomy 21 individuals
live about fifty-five years. Early training can help affected
individuals learn to care for themselves and to take part
in normal activities.

Change in the Sex Chromosome Number
Nondisjunction also causes alterations in the number of X
and Y chromosomes, with a frequency of about 1 in 400
live births. Most often, such alterations lead to difficulties
in learning and impaired motor skills such as a speech
delay, but problems may be so subtle that the underlying
cause is never diagnosed.

Fermale Sex Chromosome Abnormalities Individuals
with Turner syndrome have an X chromosome and no
corresponding X or Y chromosome (XO). The syndrome
probably arises most frequently as an outcome of inher-
iting an unstable Y chromosome from the father: The
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Figure 14.12 An example of nondisjunction during meiosis. Of the two pairs of
homologous chromosomes shown here, one fails to separate during anaphase I.
The chromosome number is altered in the resulting gametes.
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zygote was genetically male, but the Y chromosome broke
up and got lost early in development.

The incidence of Turner syndrome does not rise with
maternal age, and there are fewer people affected by it
than other chromosome abnormalities: Only about 1 in
2,500 newborn girls has it. XO individuals grow up well
proportioned but short (with an average height of four
feet, eight inches). Their ovaries do not develop properly,
so they do not make enough sex hormones to become
sexually mature. The development of secondary sexual
traits such as breasts is also inhibited.

A female may inherit multiple X chromosomes. XXX
syndrome occurs in about 1 of 1,000 births. Only one X
chromosome is typically active in female cells (Section
10.4), so having extra X chromosomes usually does not
result in physical or medical problems.

Male Sex Chromosome Abnormalities About 1 out of
every 500 males has an extra X chromosome (XXY). Most
cases are an outcome of nondisjunction during meiosis.
The resulting disorder, Klinefelter syndrome, develops

at puberty. XXY males tend to be overweight, tall, and
within a normal range of intelligence. They make more
estrogen and less testosterone than normal males, and
this hormone imbalance has feminizing effects. Affected

Figure 14.13 Down syndrome, genotype and phenotype.

» Figure It Out |s the karyotype of an individual who is
¥ male or female?

(AX) 3[BIN :damsuy

men tend to have small testes and prostate glands, low
sperm counts, sparse facial and body hair, high-pitched
voices, and enlarged breasts. Testosterone injections dur-
ing puberty can reverse these traits.

About 1 in 1,000 males is born with an extra Y chro-
mosome (XYY). Adults tend to be taller than average and
have mild mental impairment, but most are otherwise
normal. XYY men were once thought to be predisposed
to a life of crime. This misguided view was based on
sampling error (too few cases in narrowly chosen groups
such as prison inmates) and bias (the researchers who
gathered the karyotypes also took the personal histories
of the participants). That view was disproven in 1976,
when a geneticist reported results from his study of 4,139
tall males, all twenty-six years old, who had registered for
military service. Besides their data from physical examina-
tions and intelligence tests, the records offered clues to
social and economic status, education, and any criminal
convictions. Only twelve of the males studied were XYY,
which meant that the “control group” had more than
4,000 males. The only findings? Mentally impaired, tall
males who engage in criminal deeds are more likely to get
caught, irrespective of karyotype.

aneuploidy A chromosome abnormality in which an individual’s
cells carry too many or too few copies of a particular chromosome.
nondisjunction Failure of sister chromatids or homologous chro-
mosomes to separate during nuclear division.

polyploid Having three or more of each type of chromosome char-
acteristic of the species.

Take-Home M essage What are the effects of chromosome
number changes?

> Nondisjunction can change the number of autosomes or sex chromosomes in
gametes. Such changes usually cause genetic disorders in offspring.

> Sex chromosome abnormalities are usually associated with some degree of
learning difficulty and motor skill impairment.
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Genetic Screening

> Our understanding of human inheritance can be used to
provide prospective parents with information about the
health of their future children.

< Links to Probability 1.8, Amino acids 3.5, Metabolic
pathways 5.5

Studying human inheritance patterns has given us many
insights into how genetic disorders arise and progress,
and how to treat them. Surgery, prescription drugs,
hormone replacement therapy, and dietary controls can
minimize and in some cases eliminate the symptoms
of a genetic disorder. Some disorders can be detected
early enough to start countermeasures before symptoms
develop. Most hospitals in the United States now screen
newborns for mutations in the gene for phenylalanine
hydroxylase, an enzyme that catalyzes the conversion of
the amino acid phenylalanine to tyrosine. Without a func-
tional form of this enzyme, the body becomes deficient
in tyrosine, and phenylalanine accumulates to high levels.
The imbalance inhibits protein synthesis in the brain,
which in turn results in the severe neurological symptoms
characteristic of phenylketonuria, or PKU. Restricting all
intake of phenylalanine can slow the progression of PKU,
so routine early screening has resulted in fewer individu-
als developing the disorder.

Prospective parents worried about the possibility that
a future child of theirs might have a genetic disorder also
benefit from human genetics studies. The probability that
a child will inherit a genetic disorder can be estimated
by checking parental karyotypes and pedigrees, and test-
ing the parents for alleles known to be associated with
genetic disorders. This type of genetic screening is typi-
cally done before pregnancy, to help the prospective par-
ents make decisions about family planning. Most couples
would choose to know if their future children face a high
risk of inheriting a severe genetic disorder, but the infor-
mation may come at a heavy price. Learning about a life-
threatening allele in your DNA can be devastating.

Prenatal Diagnosis

Genetic screening can also be done post-conception, in
which case it is called prenatal diagnosis. Prenatal means
before birth. Embryo is a term that applies until eight
weeks after fertilization, after which fetus is appropriate.
Prenatal diagnosis checks for physical and genetic abnor-
malities in an embryo or fetus. It can often reveal the
presence of a genetic disorder in an unborn child. More
than 30 conditions, including aneuploidy, hemophilia,
Tay-Sachs disease, sickle-cell anemia, muscular dystrophy,
and cystic fibrosis, are detectable prenatally. If the dis-
order is treatable, early detection allows the newborn to
receive prompt and appropriate treatment. A few defects
are even surgically correctable before birth. Prenatal diag-
nosis also gives parents time to prepare for the birth of an

Figure 14.14 Imaging a fetus
developing in the uterus.

A An ultrasound image.

B A fetoscopy image.

affected child, and an opportunity to decide whether to
continue with the pregnancy or terminate it.

As an example of how prenatal diagnosis works, con-
sider a thirty-five-year-old woman who becomes pregnant.
Her doctor will probably use a noninvasive procedure,
obstetric sonography, in which ultrasound waves directed
across the woman’s abdomen form images of the fetus’s
developing limbs and internal organs (Figure 14.14A). An
ultrasound image is not very detailed, but there is no
detectable risk to the pregnancy. The images may reveal
physical defects associated with a genetic disorder, in
which case a more invasive technique would be recom-
mended for further diagnosis. Fetoscopy yields images of
the fetus that are much higher in resolution than ultra-
sound images (Figure 14.14B). With this procedure, sound
waves are pulsed from inside the mother’s uterus. A sam-
ple of fetal blood is often drawn at the same time.

Human genetics studies show that our thirty-five-year-
old woman has about a 1 in 80 chance that her baby will
be born with a chromosomal abnormality—a risk more
than six times higher than when she was twenty years
old. Thus, even if no abnormalities were detected by
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placenta

Figure 1415 An 8-week-old fetus. With amniocentesis, fetal

cells shed into the fluid inside the amniotic sac are tested for
genetic disorders. Chorionic villus sampling tests cells of the

chorion, which is part of the placenta.

ultrasound, she probably will be offered a more thorough
diagnostic procedure, amniocentesis, in which a small
sample of fluid is drawn from the amniotic sac enclosing
the fetus (Figure 14.15). The fluid contains cells shed by
the fetus, and those cells can be tested for genetic disor-
ders. Chorionic villus sampling (CVS) can be done earlier
than amniocentesis. With this technique, a few cells from
the chorion are removed and tested for genetic disorders.
The chorion is a membrane that surrounds the amniotic
sac and helps form the placenta, an organ that allows sub-
stances to be exchanged between mother and embryo.
An invasive procedure often carries a risk to the fetus.
For example, if a punctured amniotic sac does not reseal
itself quickly, too much fluid may leak out of it, result-
ing in miscarriage. The risks vary by the procedure.
Amniocentesis has improved so much that, in the hands
of a skilled physician, the procedure no longer increases
the risk of miscarriage. CVS occasionally disrupts the
placenta’s development and thus causes underdeveloped
or missing fingers and toes in 0.3 percent of newborns.
Fetoscopy raises the miscarriage risk by 2 to 10 percent.

Preimplantation Diagnosis

Reproductive interventions such as preimplantation diag-
nosis offer an alternative to couples who discover they
are at high risk of having a child with a genetic disorder.

h Shades of Skin (revisited)

Chinese and Europeans do not share
any skin pigmentation allele that does
not also occur in other populations.
However, most people of Chinese
descent carry a particular allele of

the DCT gene, the product of which
helps convert tyrosine to melanin. Few
people of European or African descent
have this allele. Taken together, the distribution of the SLC24A5 and DCT
genes suggests that (1) an African population was ancestral to both the Chi-
nese and Europeans, and (2) Chinese and European populations separated
before their pigmentation genes mutated and their skin color changed.

How Would You Vote? Physical attributes such as skin color, which have a

Y
genetic basis, are often used to define race. Do twins such as Kian and Remee belong
to different races? See CengageNow for details, then vote online (cengagenow.com).

Preimplantation diagnosis is a procedure that relies on

in vitro fertilization, in which sperm and eggs taken

from prospective parents are mixed in a test tube. If an
egg becomes fertilized, the resulting zygote will begin

to divide. In about forty-eight hours, it will have become
an embryo that consists of a ball of eight cells (Figure
14.16). All of the cells in this ball have the same genes, but
none has yet committed to being specialized one way or
another. Doctors can remove one of these undifferentiated
cells and analyze its genes. The withdrawn cell will not be
missed. If the embryo has no detectable genetic defects, it
is inserted into the woman'’s uterus to develop. Many of
the resulting “test-tube babies” are born in good health.

Figure 14.16 Clump of cells

formed by three mitotic divisions
after in vitro fertilization. All eight
of the cells are identical and one
can be removed for genetic analysis
to determine whether the embryo
carries any genetic defects.

Take-Home M essage How do we use what we know about
human inheritance?

> Genetic testing can provide prospective parents with information about the
health of their future children.
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Summary

Section 14.1 Like most other human traits,
skin color has a genetic basis. Minor differ-
ences in the alleles that govern melanin
synthesis and the deposition of melano-

o somes affect skin color. The differences
probably evolved as a balance between vitamin production
and protection against harmful UV radiation.

Section 14.2 Geneticists use pedigrees to
track certain traits through generations of a
family. Such studies can reveal inheritance
patterns for alleles that can be predictably
associated with specific phenotypes, includ-
ing genetic abnormalities or disorders. A genetic abnor-
mality is an uncommon version of a heritable trait that
does not result in medical problems. A genetic disorder

is a heritable condition that sooner or later results in mild
or severe medical problems.

Section 14.3 An allele on an autosome is
inherited in an autosomal dominant pat-

: tern if the trait associated with the allele
appears in heterozygous individuals. Such
traits tend to appear in every generation

of families that carry the allele. An allele on an autosome
is inherited in an autosomal recessive pattern if the trait
associated with the allele only appears in homozygous
individuals. Such traits can skip generations.

Section 14.4 An allele is inherited in an
X-linked pattern when it occurs on the X
chromosome. Most X-linked inheritance
disorders are recessive, because X-linked
dominant alleles tend to be lethal in male
embryos. X-linked recessive disorders tend to appear in
men more often than in women. This is because women
have two X chromosomes, so they can be heterozygous for

the recessive allele. Men can transmit an X-linked allele to
their daughters, but not to their sons. Only a woman can
pass an X-linked allele to a son.

Section 14.5 Major changes in chromosome
structure include duplications, deletions,

i><: 1 inversions, and translocations. Most major
i | ll; alterations are harmful or lethal in humans.

Even so, many major structural changes
have accumulated in the chromosomes of all species over
evolutionary time.

Section 14.6 Changes in chromosome num-
ber are usually an outcome of nondisjunc-

tion, in which chromosomes fail to separate
properly during meiosis. Such changes tend

~ =

4

to cause genetic disorders among the result-
ing offspring. In aneuploidy, an individual’s cells have too
many or too few copies of a chromosome.
The most common aneuploidy, trisomy 21, causes Down
syndrome. Most other cases of autosomal aneuploidy are
lethal in embryos. Polyploid individuals have three or

more of each type of chromosome. Polyploidy is lethal in
humans, but many flowering plants, and some insects,
fishes, and other animals, are polyploid.

A change in the number of sex chromosomes usually
results in some degree of impairment in learning and
motor skills. These problems can be so subtle that the
underlying cause may not ever be diagnosed, as among
XXY, XXX, and XYY children.

Section 14.7 Prospective parents can esti-
mate their risk of transmitting a harmful
allele to offspring with genetic screening,
in which their pedigrees and genotype are
I analyzed by a genetic counselor. Prenatal
genetic testing of an embryo or fetus can reveal genetic
abnormalities or disorders before birth.

Self_ QU|Z Answers in Appendix ||

1. Constructing a pedigree is useful when studying
inheritance patterns in organisms that

a. produce many offspring per generation

b. produce few offspring per generation

c. have a very large chromosome number

d. reproduce sexually

e. have a fast life cycle

2. Pedigree analysis is necessary when studying human
inheritance patterns because
a. humans have more than 20,000 genes
b. of ethical problems with experimenting on humans
c. inheritance in humans is more complicated than in
other organisms
d. genetic disorders occur in humans
e. all of the above

3. A recognized set of symptoms that characterize a
genetic disorder is a(n)
a. syndrome

b. disease c. abnormality

4. If one parent is heterozygous for a dominant allele
on an autosome and the other parent does not carry the
allele, any child of theirs has a chance of being
heterozygous.
a. 25 percent
b. 50 percent

c. 75 percent
d. no chance; it will die

5. Is this statement true or false? A son can inherit an
X-linked recessive allele from his father.

6. A trait that is present in a male child but not in either
of his parents is characteristic of
a. autosomal dominant  d. It is not possible to
b. autosomal recessive answer this question
c. X-linked recessive without more information.

inheritance.

inheritance.
c. X-linked dominant
d. X-linked recessive

7. Color blindness is a case of
a. autosomal dominant
b. autosomal recessive

8. What do you think the pattern of inheritance of the
human SRY gene is called?
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Data Analysis Activities

Skin Color Survey of Native Peoples A 2000 study measured
average skin color of people native to more than fifty regions,
and correlated them to the amount of UV radiation received in
those regions. Some of their results are shown in Figure 14.17.

1. Which country receives the most UV radiation? The least?

2. The people native to which country have the darkest skin?
The lightest?

3. According to these data, how does the skin color of indig-
enous peoples correlate with the amount of UV radiation
incident in their native regions?

Country Skin Reflectance UVMED Figure 14.17
Australia 19.30 335.55 Skin color of indigenous
Kenya 32.40 354.21 peoples and regional
India 4460 219 65 m(?ldent UV radiation.
- Skin reflectance mea-
Cambodia 54.00 310.28 sures how much light
Japan 55.42 130.87 of 685 nanometers
Afghanistan 55.70 249.98 wavelength is reflected
China 59.17 204.57 from skin; UVMED is
Ireland 65.00 52.92 the annual average UV
Germany 66.90 69.29 radiation received at
Netherlands 67.37 62.58 Earth’s surface.

9. A female child inherits one X chromosome from her
mother and one from her father. What sex chromosome
does a male child inherit from each of his parents?

10. Nondisjunction may occur during
a. mitosis c. fertilization
b. meiosis d.both a and b

11. Nondisjunction can result in .
a. polyploidy c. crossing over
b. aneuploidy d. pleiotropy

12. Nondisjunction can occur during of meiosis.
c. anaphase 11

d.aorc

a. anaphase I
b. telophase I

13. Is this statement true or false? Body cells may inherit
three or more of each type of chromosome characteristic
of the species, a condition called polyploidy.

14. Klinefelter syndrome (XXY) can be easily diagnosed
by .
a. pedigree analysis
b. aneuploidy

c. karyotyping
d. phenotypic treatment

15. Match the chromosome terms appropriately.

___polyploidy a. symptoms of a genetic
__deletion disorder

___aneuploidy b. segment of a chromosome
___translocation moves to a nonhomologous
___syndrome chromosome

c. extra sets of chromosomes
d. results in gametes with the

wrong chromosome number
e. a chromosome segment lost
f. one extra chromosome

Additional questions are available on CENGAGENOW.

nondisjunction
during meiosis

Animations and Interactions on CENGAGENOW:

> A human pedigree; Autosomal dominant inheritance;
Autosomal recessive inheritance; Duplications, deletions,
inversions, and translocations; X-linked inheritance.

Genetics PrOblemS Answers in Appendix ||

1. Does the phenotype indicated by the red circles and
squares in this pedigree show an inheritance pattern that
is autosomal dominant, autosomal recessive, or X-linked?

2. Human females are XX and males are XY.

a. With respect to X-linked alleles, how many different
types of gametes can a male produce?

b. If a female is homozygous for an X-linked allele,
how many types of gametes can she produce with respect
to that allele?

c. If a female is heterozygous for an X-linked allele,
how many types of gametes can she produce with respect
to that allele?

3. People homozygous for the HbS allele develop sickle-
cell anemia (Section 9.6). Heterozygotes have fewer symp-
toms. A couple who are both heterozygous for the HbS
allele plan to have children. For each of the pregnancies,
state the probability that they will have a child who is:

a. homozygous for the HbS allele
b. homozygous for the normal allele
c. heterozygous (having the normal and the HbS allele)

4. A few individuals with Down syndrome have forty-

six chromosomes: two normal-appearing chromosomes 21,
and a longer-than-normal chromosome 14. Speculate on
how this chromosome abnormality arises.

5. An allele responsible for Marfan syndrome (Section
13.5) is inherited in an autosomal dominant pattern. What
is the chance that any child will inherit it if one parent
does not carry the allele and the other is heterozygous?
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< Links to Earlier Concepts Key Concepts

This chapter builds on your understanding of DNA CLoning T — Finding Needles in

DNA’s structure (Sections 8.3, 8.4, and 13.2) and Researchers routinely make r—— Haystacks

replication (8.6). Clones (8.1), gene expression recombinant DNA by cutting s~ DNA libraries, hybridization,
(9.2, 9.3), and knockouts (10.3) are important in and pasting together DNA AL and PCR are techniques that
genetic engineering, particularly as they apply to from different species. Plas- T allow researchers to isolate
research on human traits (13.6) and genetic disor- mids and other vectors can and make many copies ofa
ders (14.2). You will revisit tracers (2.2), triglycer- carry foreign DNA into host cells. fragment of DNA they want to study.

ides (3.4), denaturation (3.6), B-carotene (6.2), the
lac operon (10.5), and cancer (11.6).
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15 Biotechnology

Personal DNA Testing

About 99 percent of your DNA is exactly the same as everyone
else’s. If you compared your DNA with your neighbor’s, about
29.7 billion nucleotides of the two sequences would be identical.
The remaining 30 million or so are sprinkled throughout your
chromosomes, mainly as single nucleotide differences.

The sprinkling is not entirely random; some regions of DNA
vary less than others. Such conserved regions are of particular
interest to researchers because they are the ones most likely
to have an essential function. When a conserved sequence
does vary among people, the variation tends to be in particular
nucleotides. A nucleotide difference carried by a measurable
percentage of a population, usually above 1 percent, is called a
single-nucleotide polymorphism, or SNP (pronounced “snip”).

Alleles of most genes differ by single nucleotides, and dif-
ferences in alleles are the basis of the variation in human traits
that makes each individual unique (Section 12.2). Thus, SNPs
account for many of the differences in the way humans look,
and they also have a lot to do with differences in the way our
bodies work—how we age, respond to drugs, weather assaults
by pathogens and toxins, and so on.

Consider a gene, APOE, that specifies apolipoprotein E, a
protein component of lipoprotein particles (Section 3.5). One
allele of this gene, €4, is carried by about 25 percent of people.
Nucleotide 4,874 of this allele is a cytosine instead of the normal
thymine, a SNP that results in a single amino acid change in the
protein product of the gene. How this change affects the func-
tion of apolipoprotein E is unclear, but we do know that having
the €4 allele increases one’s risk of developing Alzheimer’s dis-
ease later in life, particularly in people homozygous for it.

About 4.5 million SNPs in human DNA have been identified,
and that number is growing every day. A few companies are
now offering to determine some of the SNPs you carry (Figure
15.1). The companies extract your DNA from the cells in a few
drops of spit, then analyze it for SNPs.

Personal genetic testing may soon revolutionize medicine by
allowing physicians to customize treatments on the basis of an
individual’s genetic makeup. For example, an allele associated
with a heightened risk of a particular medical condition could
be identified long before symptoms actually appear. People with
that allele could then be encouraged to make life-style changes

Figure 15.1 Personal
genetic testing. Right, a
SNP-chip. Personal DNA
testing companies use
chips like this one to ana-
lyze their customers’ chro-
mosomes for SNPs. This
chip, shown actual size,
reveals which versions of
906,600 SNPs occur in
the individual’s DNA.

known to delay the onset of the condition. For some conditions,
treatment that begins early enough may prevent symptoms from
developing at all. Physicians could design treatments to fit the
way a condition is likely to progress in the individual, and also to
prescribe only those drugs that will work in the person’s body.

You are now at a time when geneticists hold molecular keys
to the kingdom of inheritance. As you will see, what they are
unlocking is already having an impact on all of us.

DNA Sequencing
Sequencing reveals the linear
order of nucleotides in DNA.
Comparing genomes offers
insights into human genes

- and evolution. An individual
can be identified by unique parts of their DNA.

Genetic Engineering
Genetic engineering, the
directed modification of an
organism’s genes, is now a
routine part of research and
development. Genetically
modified organisms are now quite common.

Gene Therapy
Genetic engineering continues
to be tested in medical appli-

cations. It also continues to
P raise ethical questions.
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Cloning DNA

) Researchers cut up DNA from different sources, then paste
the resulting fragments together.

> Cloning vectors can carry foreign DNA into host cells.

€ Links to Clones 8.1, Discovery of DNA structure 8.3, Base
pairing and directionality of DNA strands 8.4, DNA ligase
8.6, mMRNA 9.2, Introns 9.3, The lac operon 10.5

In the 1950s, excitement over the discovery of DNA’s struc-
ture gave way to frustration: No one could determine the
order of nucleotides in a molecule of DNA. Identifying a
single base among thousands or millions of others turned
out to be a huge technical challenge. A seemingly unre-
lated discovery offered a solution. Viruses called bacterio-
phages infect bacteria by injecting DNA into them (Section
8.3). Some bacteria are resistant to infection, and Werner
Arber, Hamilton Smith, and their coworkers discovered
why: Special enzymes inside these bacteria chop up any
injected viral DNA before it has a chance to integrate into
the bacterial chromosome. The enzymes restrict viral
growth; hence their name, restriction enzymes. A restric-
tion enzyme cuts DNA wherever a specific nucleotide
sequence occurs (Figure 15.2). For example, the enzyme
EcoRI (named after E. coli, the bacteria from which it was
isolated) cuts DNA at the sequence GAATTC @. Other
restriction enzymes cut different sequences.

The discovery of restriction enzymes allowed research-
ers to cut gigantic molecules of chromosomal DNA into
manageable and predictable chunks. It also allowed them
to combine DNA fragments from different organisms.
How? Many restriction enzymes, including EcoRI, leave
single-stranded tails on DNA fragments @. Researchers
realized that complementary tails will base-pair €. Thus,
the tails are called “sticky ends,” because two fragments
of DNA stick together when their matching tails base-pair.
Regardless of the source of DNA, any two fragments will
stick together, as long as their tails are complementary.

PO g
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Figure 15.3 Plasmid cloning vectors. A Micrograph of a plasmid.

B A commercial plasmid cloning vector. Restriction enzyme recogni-
tion sequences are indicated on the right by the name of the enzyme
that cuts them. Researchers insert foreign DNA into the vector at
these sites. Bacterial genes (gold) help researchers identify host cells
that take up a vector with inserted DNA. This vector carries two
antibiotic resistance genes and the lac operon (Section 10.5).

Base-paired sticky ends can be covalently bonded
together with the enzyme DNA ligase @. Thus, using
appropriate restriction enzymes and DNA ligase, research-
ers can cut and paste DNA from different organisms. The
result, a hybrid molecule composed of DNA from two or
more organisms, is called recombinant DNA.

Why make recombinant DNA? It is the first step in
DNA cloning, a set of laboratory methods that uses
living cells to mass-produce specific DNA fragments.

For example, researchers often insert DNA fragments
into plasmids, small circles of DNA independent of the
chromosome. Before a bacterium divides, it copies any
plasmids it carries along with its chromosome, so both
descendant cells get one of each. If a plasmid carries a
fragment of foreign DNA, that fragment gets copied and
distributed to descendant cells along with the plasmid.

DNA ligase
(paste)

Wﬂ

POSEEED - By @

@ The enzyme cuts DNA from
two sources into fragments. This
enzyme leaves sticky ends.

© When the DNA fragments
from the two sources are mixed

@ DNA ligase joins the
base-paired DNA fragments.
Molecules of recombinant
DNA are the result.

@ A restriction enzyme recognizes
a specific base sequence (orange
boxes) in DNA from any source. together, matching sticky ends
base-pair with each other.
Figure 15.2 Animated Using restriction enzymes to make recombinant DNA.

» Figure It Out Why did the enzyme cut both strands of DNA?
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_— chromosomal
DNA fragments

AVt AV i i i i
D¢ "
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A A restriction enzyme cuts B A fragment of chromosomal > .
recombinant

a specific base sequence in DNA and the plasmid base-pair ] + >
chromosomal DNA and in at their sticky ends. DNA ligase plasmid h
a plasmid cloning vector. joins the two pieces of DNA.

" -
Oy g a
Nt d @ N
lasmid e £ ) o
Fé\oning 5 > C The recombinant plasmid is inserted

into a host cell. When the cell multiplies,
it makes multiple copies of the plasmids.

Figure 15.4 Animated An example of cloning. Here, a fragment of chromosomal
DNA is inserted into a plasmid.

Thus, plasmids can be used as cloning vectors, which An mRNA can be transcribed into a molecule of

are molecules that carry foreign DNA into host cells double-stranded DNA by a process that is essentially the
(Figure 15.3). A host cell into which a cloning vector has reverse of RNA transcription. In this process, researchers
been inserted can be grown in the laboratory (cultured) use reverse transcriptase, a replication enzyme made by
to yield a huge population of genetically identical cells, certain types of viruses, to assemble a strand of comple-
or clones (Section 8.1). Each clone contains a copy of the mentary DNA, or cDNA, on an mRNA template:

vector and the fragment of foreign DNA it carries (Figure

mRNA
15.4). Researchers can harvest the DNA fragment from the m

clones in large quantities. |

cDNA Cloning

Cloning eukaryotic genes can be tricky, because eukary- GlalalalalclTITlAlAlG CDNA

otic DNA contains introns (Section 9.3). Unless you are a

mRNA

eukaryotic cell, it is not very easy to find the parts of the DNA polymerase added to the mixture strips the RNA
DNA that encode gene products. Thus, researchers who from the hybrid molecule as it copies the cDNA into a
study eukaryotic genes and their expression work with second strand of DNA. The outcome is a double-stranded
mRNA, because the introns have already been snipped DNA copy of the original mRNA:
out of it. However, restriction enzymes and DNA ligase cDNA
only work on double-stranded DNA, not single-stranded c|t|c|c|T|G|AlA|T|T|C
RNA. In order to study mRNA, researchers first make a [ %Md

cDNA

DNA copy of it, then clone the DNA.
EcoRl recognition site

Like any other DNA, double-stranded cDNA may be cut

cDNA DNA synthesized from an RNA template by the enzyme with restriction enzymes and pasted into a cloning vector

reverse transcriptase. . )
cloning vector A DNA molecule that can accept foreign DNA, be using DNA ligase.
transferred to a host cell, and get replicated in it.

DNA cloning Set of procedures that uses living cells to make
many identical copies of a DNA fragment. ' g . .
plasmid Of many bacteria and archaeans, a small ring of nonchro- Take-Home M essage Whatis DNA cloning?

mosomal DNA replicated independently of the chromosome. > DNA cloning uses living cells to mass-produce particular DNA fragments.
recombinant DNA A DNA molecule that contains genetic mate- Restriction enzymes cut DNA into fragments, then DNA ligase seals the frag-

rial fror}n more than one organism. i . ments into cloning vectors. Recombinant DNA molecules result.
restriction enzyme Type of enzyme that cuts specific nucleotide

sequences in DNA. > A cloning vector that holds foreign DNA can be introduced into a living cell.
reverse transcriptase A viral enzyme that uses mRNA as a tem- When the host cell divides, it gives rise to huge populations of genetically iden-
plate to make a strand of cDNA. tical cells (clones), each of which contains a copy of the foreign DNA.
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From Haystacks to Needles

> DNA libraries and the polymerase chain reaction (PCR)
help researchers isolate particular DNA fragments.

€ Links to Tracers 2.2, Denaturation 3.6, Base pairing 8.4,
DNA replication 8.6

-

A Individual bacterial cells from a DNA library are
spread over the surface of a solid growth medium. The
cells divide repeatedly and form colonies—clusters of
millions of genetically identical descendant cells.

B A piece of special paper pressed onto the surface of the
growth medium will bind some cells from each colony.

C The paper is soaked in a solution that ruptures the
cells and releases their DNA. The DNA clings to the
paper in spots mirroring the distribution of colonies.

D A probe is added to the liquid bathing the paper.
The probe hybridizes (base-pairs) with the spots of
DNA that contain complementary base sequences.

Seea o -

-— *

E The bound probe makes a spot. Here, one radioactive spot dark-
ens x-ray film. The position of the spot is compared to the positions
of the original bacterial colonies. Cells from the colony that made
the spot are cultured, and the DNA they contain is harvested.

Figure 15.5 Animated Nucleic acid hybridization. In this
example, a radioactive probe helps identify a bacterial
colony that contains a targeted sequence of DNA.

Isolating Genes

The entire set of genetic material—the genome—of most
organisms consists of thousands of genes. To study or
manipulate a single gene, researchers must first separate
the gene from all of the others. To do that, researchers
often begin by cutting an organism’s DNA into pieces, and
then cloning all the pieces. The result is a genomic library,
a set of clones that collectively contain all of the DNA in a
genome. Researchers can also harvest mRNA, make cDNA
copies of it, and then clone the cDNA to make a cDNA
library. A cDNA library represents only those genes being
expressed at the time the mRNA was harvested.

Genomic and cDNA libraries are DNA libraries—sets
of cells that host various cloned DNA fragments. In such
libraries, a cell that contains a particular DNA fragment
of interest is mixed up with thousands or millions of oth-
ers that do not. All the cells look the same, so researchers
have to get tricky to find that one clone among all of the
others—the needle in the haystack.

Using a probe is one trick. A probe is a fragment of
DNA or RNA labeled with a tracer (Section 2.2). Research-
ers design probes to match a targeted DNA sequence. For
example, they may synthesize an oligomer (a short chain
of nucleotides) based on a known DNA sequence, then
attach a radioactive phosphate group to it. The nucleotide
sequence of a probe is complementary to that of the tar-
geted gene, so the probe can base-pair with the gene. Base
pairing between DNA (or DNA and RNA) from more than
one source is called nucleic acid hybridization.

A probe mixed with DNA from a library base-pairs
with (hybridizes to) the targeted gene (Figure 15.5).
Researchers pinpoint a clone that hosts the gene by
detecting the label on the probe. The clone is then cul-
tured, and the DNA fragment of interest is extracted in
bulk from the cultured cells.

PCR

The polymerase chain reaction (PCR)) is a technique
used to mass-produce copies of a particular section of
DNA without having to clone it in living cells. The reac-
tion can transform a needle in a haystack—that one-in-a-
million fragment of DNA—into a huge stack of needles
with a little hay in it (Figure 15.6).

DNA library Collection of cells that host different fragments of
foreign DNA, often representing an organism’s entire genome.
genome An organism’s complete set of genetic material.

nucleic acid hybridization Base-pairing between DNA or RNA
from different sources.

polymerase chain reaction (PCR.) Method that rapidly generates
many copies of a specific section of DNA.

primer Short, single strand of DNA designed to hybridize with a
DNA fragment.

probe Short fragment of DNA labeled with a tracer; designed to
hybridize with a nucleotide sequence of interest.
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Figure 15.6 Animated Two rounds of PCR. Each cycle of
this reaction can double the number of copies of a targeted
section of DNA. Thirty cycles can make a billion copies.
targeted section
The starting material for PCR is any sample of DNA @ DNA template (blue) is mixed with primers (pink),

with at least one molecule of a target sequence. It might nucleotides, and heat-tolerant Tag DNA polymerase.
be DNA from a mixture of 10 million different clones, a

sperm, a hair left at a crime scene, or a mummy. Essen- m
tially any sample that has DNA in it can be used for PCR. %

The PCR reaction is based on DNA replication (Sec- %
tion 8.6). First, the starting material is mixed with DNA bl UL L LLELLLLLLLLLLE LU

polymerase, nucleotides, and primers. Primers are short

single strands of DNA that base-pair with a certain DNA @ When the mixture is heated, the double-stranded DNA template
separates into single strands. When it is cooled, some of the primers

sequence. In PCR, two primers are made. Each base-pairs base-pair with the template DNA.

with one end of the section of DNA to be amplified, or
mass-produced @. Researchers expose the reaction mix-

ture to repeated cycles of high and low temperature. High m
temperature disrupts the hydrogen bonds that hold the | | | | | | | | | | | | | |

two strands of a DNA double helix together (Section 8.4).

Thus, during a high-temperature cycle, every molecule T
of double-stranded DNA unwinds and becomes single- W

stranded @. During a low-temperature cycle, the single

o i © 7aq polymerase begins DNA synthesis at the primers, so comple-
DNA strands hybridize with complementary partner

mentary strands of DNA form on the single-stranded templates.
strands, and double-stranded DNA forms again.

The DNA polymerases of most organisms denature at

the high temperatures required to separate DNA strands. AL

The kind that is used in PCR reactions, Taq polymerase, is % a

from Thermus aquaticus. This bacterial species lives in hot

springs and hydrothermal vents, so its DNA polymerase is W
necessarily heat-tolerant.

Taq polymerase recognizes hybridized primers as m
places to start DNA synthesis. During a low-temperature %
cycle, the enzyme starts replicating DNA where primers
have hybridized with template €. Synthesis proceeds LLLLLLULEL LU LU LLL L
along the template strand until the temperature rises and

the DNA separates into single strands O. The newly syn- @ The mixture is heated again, and the double-stranded DNA sepa-
rates into single strands. When it is cooled, some of the primers base-

thesized DNA is a copy of the targeted section. es C
pair with the template DNA. The copied DNA also serves as a template.

When the mixture cools, the primers rehybridize, and
DNA synthesis begins again. The number of copies of the

targeted section of DNA can double with each cycle of EEEEERRRRRRRRRRRRREREE
heating and cooling @. Thirty PCR cycles may amplify ettt L Ll L

that number a billionfold.

Take-Home M essage How do researchers

study one gene in the context of many others? T

> Researchers isolate one gene from the many other genes in

a genome by making DNA libraries or using PCR. m
) Probes are used to identify one clone that hosts a DNA frag- | | | | | | | | | | | |

ment of interest among many other clones in a DNA library.

> PCR, the polymerase chain reaction, quickly mass-produces @ Each round of PCR reactions can double the number of
copies of a particular section of DNA. copies of the targeted DNA section.
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DNA Sequencing

> DNA sequencing reveals the order of nucleotide bases in a
section of DNA.
€ Links to Tracers 2.2, Nucleotides 8.4, DNA replication 8.6
Researchers determine the order of the nucleotide bases
in DNA with DNA sequencing (Figure 15.7). The most
commonly used method is similar to DNA replication,
in that DNA polymerase synthesizes a strand of DNA
based on the nucleotide sequence of a template molecule.
Researchers mix the DNA to be sequenced (the template)
with nucleotides, DNA polymerase, and a primer that
hybridizes to the DNA. Starting at the primer, the poly-
merase joins free nucleotides into a new strand of DNA,
in the order dictated by the sequence of the template.
DNA polymerase joins a nucleotide to a DNA strand
only at the hydroxyl group on the strand’s 3" carbon (Sec-
tion 8.6). The DNA sequencing reaction mixture includes
four kinds of dideoxynucleotides, which have no hydroxyl
group on their 3’ carbon @. During the reaction, a poly-
merase randomly adds either a regular nucleotide or a
dideoxynucleotide to the end of a growing DNA strand.
If it adds a dideoxynucleotide, the 3" carbon of the strand
will not have a hydroxyl group, so synthesis of the strand
ends there @. After about 10 minutes, the reaction has

produced millions of DNA fragments of all different
lengths; most are incomplete copies of the starting DNA.
All of the copies end with one of the four dideoxynucleo-
tides @. For example, there will be many 10-base-pair-long
copies of the template in the mixture. If the tenth base

in the original DNA molecule was adenine, every one of
those fragments will end with a dideoxyadenine.

The fragments are then separated by electrophoresis.
With this technique, an electric field pulls the DNA frag-
ments through a semisolid gel. DNA fragments of dif-
ferent sizes move through the gel at different rates. The
shorter the fragment, the faster it moves, because shorter
fragments slip through the tangled molecules of the gel
faster than longer fragments do.

All fragments of the same length move through the gel
at the same speed, so they gather into bands. All of the
fragments in a given band have the same dideoxynucleo-
tide at their ends. Each of the four types of dideoxynucle-
otides (A, C, G, or T) was labeled with a different colored
pigment tracer, and those tracers now impart distinct col-
ors to the bands @. Each color designates one of the four
dideoxynucleotides, so the order of colored bands in the
gel represents the DNA sequence @.

DNA template

pigment:  green blue black red

-

adenine cytosine guanine thymine

dideoxynucleotides

Figure 15.7 Animated DNA sequencing, in which DNA poly-
merase is used to incompletely replicate a section of DNA.

@ Sequencing depends on dideoxynucleotides to terminate DNA
replication. Each is labeled with a colored pigment. Compare
Figure 8.7.

@ DNA polymerase uses a section of DNA as a template to syn-
thesize new strands of DNA. Synthesis of each new strand stops
when a dideoxynucleotide is added.

© At the end of the reaction, there are many incomplete copies
m of the original DNA in the mixture.
-

@ Electrophoresis separates the copied DNA fragments into
bands according to their length. All of the DNA strands in each
band end with the same dideoxynucleotide; thus, each band is
the color of that dideoxynucleotide’s tracer pigment.

© A computer detects and records the color of successive bands

(5] on the gel (see Figure 15.8 for an example). The order of colors of
TCCATGGACTCA the bands represents the sequence of the template DNA.
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Figure 15.8 Human genome sequencing. Left, some of the supercomputers used to sequence the
human genome at Venter’s Celera Genomics in Maryland. Information in Celera’s SNP database
is the basis of many new genetic tests. Right, a human DNA sequence, raw data.

The Human Genome Project

The technique we just described was invented in 1975.
Ten years later, DNA sequencing had become so routine
that people were thinking about sequencing the entire
human genome: a daunting proposition, given that it con-
sists of about 3 billion bases. At the time, the task would
have required at least 6 million sequencing reactions,

all done by hand. Proponents insisted that sequencing
the genome would have enormous payoffs for medicine
and research. Opponents said it would divert funds from
work that was more urgent—and had a better chance of
succeeding. But sequencing techniques kept getting bet-
ter, so every year more bases could be sequenced in less
time. Automated (robotic) DNA sequencing and PCR had
just been invented. Both of these techniques were still
cumbersome and expensive, but many researchers sensed

their potential. Waiting for faster technologies seemed the

most efficient way to sequence 3 billion bases, but how
fast did they need to be before the project could begin?
A few private companies decided not to wait, and
started to sequence the human genome. One of them
intended to patent the sequence after it was determined.
This development provoked widespread outrage, but
it also spurred commitments in the public sector. In
1988, the National Institutes of Health (NIH) effectively
annexed the project by hiring James Watson (of DNA
structure fame) to head the official Human Genome
Project, and providing $200 million per year to fund
it. A consortium formed between the NIH and interna-
tional institutions that were sequencing different parts

DNA sequencing Method of determining the order of nucleo-
tides in DNA.
electrophoresis Technique that separates DNA fragments by size.

of the genome. Watson set aside 3 percent of the funding
for studies of ethical and social issues arising from the
research. He later resigned over a patent disagreement,
and geneticist Francis Collins took his place.

Amid the ongoing squabbles over patent issues, Celera
Genomics formed in 1998. With biologist Craig Venter at
its helm, the company intended to commercialize genetic
information. Celera started to invent faster techniques for
sequencing genomic DNA (Figure 15.8), because the first to
have the complete sequence had a legal basis for patent-
ing it. The competition motivated the public consortium
to move its efforts into high gear.

Then, in 2000, U.S. President Bill Clinton and Brit-
ish Prime Minister Tony Blair jointly declared that the
sequence of the human genome could not be patented.
Celera kept on sequencing anyway. Celera and the public
consortium separately published about 90 percent of the
sequence in 2001. By 2003, fifty years after the discov-
ery of the structure of DNA, the sequence of the human
genome was officially completed. At this writing, about
99 percent of its coding regions have been identified.
Researchers have not discovered what all of the genes
encode, only where they are in the genome. What do we
do with this vast amount of data? The next step is to find
out what the sequence means.

Take-Home M €ssage How is the order of nucleotides in
DNA determined?
> With DNA sequencing, a strand of DNA is partially replicated. Electrophoresis
is used to separate the resulting fragments of DNA, which are tagged with trac-
ers, by length.
> Improved sequencing techniques and worldwide efforts allowed the human
genome sequence to be determined.
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] Cenomics

> Comparing the sequence of the human genome with that
of other species is helping us understand how the human
body works.

> Unique sequences of genomic DNA can be used to distin-
guish an individual from all others.

< Links to Lipoproteins 3.5, DNA replication 8.6, Knockouts
10.3, Locus 13.2, Complex variation in traits 13.6

It took 15 years to sequence the human genome for the
first time, but the techniques have improved so much
that sequencing an entire genome now takes less than a
month. Full genome sequencing is already available to
the general public. However, even though we are able to
determine the sequence of an individual’s genome, it will
be a long time before we understand all the information
coded within that sequence.

The human genome contains a massive amount of
seemingly cryptic data. Currently, the best way to deci-
pher it is by comparing it to genomes of other organisms,
the premise being that all organisms are descended from
shared ancestors, so all genomes are related to some extent.
We see evidence of such genetic relationships simply by
comparing the raw sequence data, which, in some regions,
is extremely similar across many species (Figure 15.9).

Comparing genomes is part of genomics, the study
of genomes. Genomics is a broad field that encompasses
whole-genome comparisons, structural analysis of gene
products, and the study of small-scale variation. It is also
providing powerful insights into evolution. For example,
comparing primate genomes revealed how speciation
can occur by structural changes in chromosomes (Section
14.5). Comparing genomes also revealed that changes in
chromosome structure do not occur randomly. Rather, if a
chromosome breaks, it tends to do it in a particular spot.
Human, mouse, rat, cow, pig, dog, cat, and horse chro-
mosomes have undergone several translocations at these
breakage hot spots during evolution. In humans, chromo-
some abnormalities that contribute to the progression of
cancer also occur at the very same hot spots.

Comparisons between coding regions of a genome
are offering medical benefits. We have learned about the
function of many human genes by studying their coun-

Figure 15.10 SNP-chip analysis. A Each spot is a region where
the individual’s genomic DNA has hybridized with one SNP.

B The entire chip tests for 550,000 SNPs. The small white box
indicates the magnified portion shown in A.

terpart genes in other species. For example, researchers
comparing the human and mouse genomes discovered a
human version of a mouse gene, APOA5, that encodes a
lipoprotein (Section 3.5). Mice with an APOA5 knockout
have four times the normal level of triglycerides in their
blood. The researchers then looked for—and found—a cor-
relation between APOA5 mutations and high triglyceride
levels in humans. High triglycerides are a risk factor for
coronary artery disease.

DNA Profiling

As you learned in Section 15.1, only about 1 percent of
your DNA is unique. The shared part is what makes you
human; the differences make you a unique member of
the species. In fact, those differences are so unique that
they can be used to identify you. Identifying an individual
by his or her DNA is called DNA profiling.

758 GATAATCCTGTTTTGAACAAAAGGTCAAATTGCTGAATAGAAA-GTCTTGATTAACTAAAAGATGTACAAAGTGGAATTA 836 Human

752 GATAATCCTGTTTTGAACAAAAGGTCAAATTGCTGAATAGAAA-GTCTTGATTAACTAAAAGATGTACAAAGTGGAATTA 830 Mouse

751 GATAATCCTGTTTTGAACAAAAGGTCAAATTGCTGAATAGAAA-GTCTTGATTAACTAAAAGATGTACAAAGTGGAATTA 829 Rat

754 GATAATCCTGTTTTGAACAAAAGGTCAAATTGCTGAATAGAAA-GTCTTGATTAACTAAAAGATGTACAAAGTGGAATTA 832 Dog

782 GATAATCCTGTTTTGAACAAAAGGTCAAATTGCTGAATAGAAA-GTCTTGATTAACTAAAAGATGTACAAAGTGGAATTA 860 Chicken
758 GATAATCCTGTTTTGAACAAAAGGTCAAATTGCTGAATAGAAA-GTCTTGATTAAGTAAAAGATGTACAAAGTGGAATTA 836 Frog

823 GATAATCCTGTTTTGAACAAAAGGTCAGATTGCTGAATAGAAAAGGCTTGATTAAAGCAGAGATGTACAAAGTGGACGCA 902 Zebrafish
763 GATAATCCTGTTTTGAACAAAAGGTCAAATTGTTGAATAGAGACGCTTTGATAAAGCGGAGGAGGTACAAAGTGGGACC- 841 Fugu

Figure 15.9 Genomic DNA alignment. This is a region of the gene for
a DNA polymerase. Differences are highlighted. The chance that any

two of these sequences would randomly match is about 1 in 104.
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SNP analysis is one example of DNA profiling. SNP-
chips are microscopic arrays (microarrays) of DNA sam-
ples that have been stamped in separate spots on small
glass plates. Each sample is an oligomer with one SNP. In
an SNP analysis, an individual’s genomic DNA is washed
over a SNP-chip. The DNA hybridizes only with oligomers
that have a matching SNP sequence. Probes reveal where
the genomic DNA has hybridized to an oligomer—and
which SNPs are carried by the individual (Figure 15.10).

Another example of DNA profiling involves short
tandem repeats, sections of DNA in which a series of 4
or 5 nucleotides is repeated several times in a row. Short
tandem repeats tend to occur in predictable spots, but the
number of repeats in each spot differs among individuals.
For example, one person’s DNA may have fifteen repeats of
the bases TTTTC at a certain locus. Another person’s DNA
may have this sequence repeated only twice in the same
locus. Such repeats slip spontaneously into DNA during
replication, and their numbers grow or shrink over genera-
tions. Unless two people are identical twins, the chance
that they have identical short tandem repeats in even three
regions of DNA is 1 in 1018, which is far more than the
number of people on Earth. Thus, an individual’s array of
short tandem repeats is, for all practical purposes, unique.

Analyzing a person’s short tandem repeats begins
with PCR, which is used to copy ten to thirteen particular
regions of chromosomal DNA known to have repeats.
The sizes of the copied DNA fragments differ among

DNA profiling Identifying an individual by analyzing the unique
parts of his or her DNA.

genomics The study of genomes.

short tandem repeats In chromosomal DNA, sequences of 4 or 5
bases repeated multiple times in a row.

most individuals, because the number of tandem repeats
in those regions also differs. Thus, electrophoresis can be
used to reveal an individual’s unique array of short tan-
dem repeats (Figure 15.17).

Analysis of short tandem repeats will soon be replaced
by full genome sequencing, but for now it continues to
be a common DNA profiling method. Geneticists compare
short tandem repeats on Y chromosomes to determine
relationships among male relatives, and to trace an indi-
vidual’s ethnic heritage. They also track mutations that
accumulate in populations over time by comparing DNA
profiles of living organisms with those of ancient ones.
Such studies are allowing us to reconstruct population
dispersals that happened long ago.

Short tandem repeat profiles are routinely used to
resolve kinship disputes, and as evidence in criminal
cases. Within the context of a criminal or forensic inves-
tigation, DNA profiling is called DNA fingerprinting. The
Federal Bureau of Investigation maintains a database of
DNA fingerprints. As of November 2009, the database
contained the short tandem repeat profiles of 7.6 million
offenders, and had been used in over 100,000 criminal
investigations. DNA fingerprints have also been used to
identify the remains of almost 300,000 people, including
the individuals who died in the World Trade Center on
September 11, 2001.

Take-Home M essage What do we do with information about
genomes?

> Analysis of the human genome sequence is yielding new information about
human genes and how they work.

> DNA profiling identifies individuals by the unique parts of their DNA.

Chapter 15 Biotechnology 227

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Genetic Engineering

) Bacteria and yeast are the organisms most commonly
subjected to genetic engineering.
€ Link to Gene expression 9.2

Traditional cross-breeding methods can alter genomes, but
only if individuals with the desired traits will interbreed.
Genetic engineering takes gene-swapping to an entirely
different level. Genetic engineering is a laboratory
process by which an individual’s genome is deliberately
modified. A gene may be altered and reinserted into an
individual of the same species, or a gene from one species
may be transferred to another to produce an organism
that is transgenic. Both methods result
in a genetically modified organism, or
GMO.

The most common GMOs are bacteria
and yeast. These cells have the metabolic
machinery to make complex organic
molecules, and they are easily modified.
For example, the E. coli on the left have
been modified to produce a fluorescent
protein from jellyfish. The cells are
genetically identical, so the visible varia-
tion in fluorescence among them reveals
differences in gene expression. Such
differences may help us discover why
some bacteria of a population become
dangerously resistant to antibiotics, and
others do not.

Genetically Bacteria and yeast have been modified to produce
modified bac- medically important proteins. People with diabetes were
it:;z?:ﬁ;;?}; among the first beneficiaries of such organisms. Insulin
gene emit for their injections was once extracted from animals, but
green light. it provoked an allergic reaction in some people. Human

insulin, which does not provoke allergic reactions, has
been produced by transgenic E. coli since 1982. Slight
modifications of the gene have also yielded fast-acting
and slow-release forms of human insulin.

Engineered microorganisms also produce proteins used
in food manufacturing. For example, cheese is tradition-
ally made with an extract of calf stomachs, which contain
the enzyme chymotrypsin. Most cheese manufacturers
now use chymotrypsin made by genetically engineered
bacteria. Other examples are GMO-produced enzymes that
improve the taste and clarity of beer and fruit juice, slow
bread staling, or modify fats.

Take-Home M essage What is genetic engineering?

> Genetic engineering is the deliberate alteration of an individual’s genome, and
it results in a genetically modified organism (GMO).

) A transgenic organism carries a gene from a different species. Transgenic bac-
teria and yeast are used in research, medicine, and industry.

Designer Plants

> Genetically engineered crop plants are widespread in the
United States.
< Links to B-carotene 6.2, Promoters 9.3

Agrobacterium tumefaciens is a species of bacteria that
infects many plants, including peas, beans, potatoes, and
other important crops. It carries a plasmid with genes
that cause tumors to form on infected plants; hence the
name Ti plasmid (for Tumor-inducing). Researchers use
the Ti plasmid as a vector to transfer foreign or modified
genes into plants. They remove the tumor-inducing genes
from the plasmid, then insert desired genes. Whole plants
can be grown from plant cells that integrate the modified
plasmid into their chromosomes (Figure 15.12).

Genetically modified A. tumefaciens bacteria are used
to deliver genes into some food crop plants, including
soybeans, squash, and potatoes. Researchers also transfer
genes into plants by way of electric or chemical shocks, or
by blasting them with DNA-coated pellets.

As crop production expands to keep pace with human
population growth, it places unavoidable pressure on
ecosystems everywhere. Irrigation leaves mineral and salt
residues in soils. Tilled soil erodes, taking topsoil with
it. Runoff clogs rivers, and fertilizer in it causes algae to
grow so fast that fish suffocate. Pesticides can be harmful
to humans, other animals, and beneficial insects.

Pressured to produce more food at lower cost and
with less damage to the environment, many farmers have
begun to rely on genetically modified crop plants. Some
of these modified plants carry genes that impart resis-
tance to devastating plant diseases. Others offer improved
yields, such as a strain of transgenic wheat that has twice
the yield of unmodified wheat. GMO crops such as Bt
corn and soy help farmers use smaller amounts of toxic
pesticides. Organic farmers often spray their crops with
spores of Bt (Bacillus thuringiensis), a bacterial species
that makes a protein toxic only to insect larvae. Research-
ers transferred the gene encoding the Bt protein into
plants. The engineered plants produce the Bt protein, but
otherwise they are identical to unmodified plants. Insect
larvae die shortly after eating their first and only GMO
meal. Farmers can use much less pesticide on crops that
make their own (Figure 15.13).

Transgenic crop plants are also being developed for
Africa and other drought-stricken, impoverished regions
of the world. Genes that confer drought tolerance and

genetic engineering Process by which deliberate changes are
introduced into an individual’s genome.

genetically modified organism (GMO) Organism whose genome
has been modified by genetic engineering.

transgenic Refers to a genetically modified organism that carries
a gene from a different species.
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A ATiplasmid
is inserted into an

B The bacterium infects a

plant cell and transfers the Ti
plasmid into it. The plasmid
DNA becomes integrated into
one of the cell’s chromosomes.

C The plant cell
divides, and its
descendants form
an embryo.

Agrobacterium tumefaciens
bacterium. The plasmid
carries a foreign gene.

D The embryo develops
into a transgenic plant.

E The transgenic plant expresses
the foreign gene. This tobacco
plant is expressing a firefly gene.

Figure 15.12 Animated Using the Ti plasmid to make a transgenic plant.

insect resistance are being introduced into plants such

as corn, beans, sugarcane, cassava, cowpeas, banana, and
wheat. The resulting GMO crops may help people in those
regions who rely on agriculture for food and income.

Genetic modifications can make food plants more
nutritious. For example, rice plants have been engineered
to make fB-carotene in their seeds. f}-carotene is an orange
photosynthetic pigment (Section 6.2) that is remodeled
by cells of the small intestine into vitamin A. Two genes
in the P-carotene synthesis pathway were transferred into
rice plants. One gene was from corn; the other, from bac-
teria. Both are under the control of a promoter that works
in seeds. One cup of the engineered rice seeds—grains of
Golden Rice—has enough B-carotene to satisfy a child’s
daily recommended amount of vitamin A.

The USDA Animal and Plant Health Inspection Service
(APHIS) regulates the introduction of GMOs into the envi-
ronment. At this writing, APHIS has deregulated seventy-
four genetically modified crop plants, which means the
plants are approved for unregulated use in the United
States. The most widely planted GMO crops include corn,
sorghum, cotton, soy, canola, and alfalfa engineered for
resistance to glyphosate, an herbicide. Rather than tilling
the soil to control weeds, farmers can spray their fields
with glyphosate, which kills the weeds but not the engi-
neered crops.

After long-term, widespread use of glyphosate, weeds
resistant to the herbicide are becoming more common.

Figure 15.13 Genetically modified crops can help farmers use less

The engineered gene is also appearing in wild plants and
in nonengineered crops, which means that transgenes can
(and do) escape into the environment. The genes are prob-
ably being transferred from transgenic plants to nontrans-
genic ones via pollen carried by wind or insects.

Many people are opposed to any GMO. Some worry
that our ability to tinker with genetics has surpassed our
ability to understand the impact of the tinkering. Con-
troversy raised by such GMO use invites you to read the

pesticide. Top, the Bt gene conferred insect resistance to the geneti-
cally modified plants that produced this corn. Bottom, corn produced
by unmodified plants is more vulnerable to insect pests.

for instance), or by reports from possibly biased sources
(such as herbicide manufacturers).

Take-Home M essage Are there genetically modified plants?

) Plants with modified or foreign genes are now common farm crops.

research and form your own opinions. The alternative
is to be swayed by media hype (the term “Frankenfood,”
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Biotech Barnyards

) Genetically engineered animals are invaluable in medical
research and in other applications.

<€ Links to Knockout experiments 10.3, Human genetic disor-
ders Chapter 14

Traditional cross-breeding has produced animals so
unusual that transgenic animals may seem a bit mundane
by comparison (Figure 15.14A). Cross-breeding is also a
form of genetic manipulation, but many transgenic ani-
mals would probably never have occurred without labora-
tory intervention (Figure 15.14B,C).

The first genetically modified animals were mice.
Today, such mice are commonplace, and they are invalu-
able in research (Figure 15.15). For example, we have
discovered the function of human genes
(including the APOA5 gene discussed in

Section 15.5) by inactivating their coun-
terparts in mice. Genetically modified
mice are also used as models of human
diseases. For example, researchers
inactivated the molecules involved
in the control of glucose metabolism,
one by one, in mice. Studying the
effects of the knockouts has resulted
in much of our current understanding
of how diabetes works in humans.
4 Genetically modified animals also
make proteins that have medical and
industrial applications. Various transgenic
goats produce proteins used to treat cys-
tic fibrosis, heart attacks, blood clotting
disorders, and even nerve gas

exposure. Milk from goats transgenic for lysozyme, an
antibacterial protein in human milk, may protect infants
and children in developing countries from acute diar-
rheal disease. Goats transgenic for a spider silk gene
produce the silk protein in their milk; researchers can
spin this protein into nanofibers that are useful in medi-
cal and electronics applications. Rabbits make human
interleukin-2, a protein that triggers divisions of immune
cells. Genetic engineering has also given us dairy goats
with heart-healthy milk, pigs with heart-healthy fat and
environmentally friendly low-phosphate feces, extra-large
sheep, and cows that are resistant to mad cow disease.
Many people think that genetically engineering livestock
is unconscionable. Others see it as an extension of thou-
sands of years of acceptable animal husbandry practices.
The techniques have changed, but not the intent: We
humans continue to have a vested interest in improving
our livestock.

Knockouts and Organ Factories

Millions of people suffer with organs or tissues that are
damaged beyond repair. In any given year, more than
80,000 of them are on waiting lists for an organ trans-
plant in the United States alone. Human donors are in
such short supply that illegal organ trafficking is now a
common problem.

Pigs are a potential source of organs for transplanta-
tion, because pig and human organs are about the same
in both size and function. However, the human immune
system battles anything it recognizes as nonself. It rejects
a pig organ at once, because it recognizes proteins and

Figure 15.14 Genetically modified animals. A Featherless chicken developed by traditional
cross-breeding methods in Israel. Such chickens survive in hot deserts where cooling sys-
tems are not an option. B The pig on the /eft is transgenic for a yellow fluorescent protein;
its nontransgenic littermate is on the right. C Mira the transgenic goat produces a human
anticlotting factor in her milk.
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Figure 15.15 Example of how genetically engineered animals are
useful in research. Mice transgenic for multiple pigments (“brain-
bow mice”) are allowing researchers to map the complex neural
circuitry of the brain. Individual nerve cells in the brainstem of a

brainbow mouse are visible in this fluorescence micrograph.

carbohydrates on the plasma membrane of pig cells.
Within a few hours, blood coagulates inside the organ’s
vessels and dooms the transplant. Drugs can suppress the
immune response, but they also render organ recipients
particularly vulnerable to infection. Researchers have pro-
duced genetically modified pigs that lack the offending
molecules on their cells. The human immune system may
not reject tissues or organs transplanted from these pigs.

Transferring an organ from one species into another
is called xenotransplantation. Critics of xenotransplanta-
tion are concerned that, among other things, pig-to-human
transplants would invite pig viruses to cross the species
barrier and infect humans, perhaps catastrophically. Their
concerns are not unfounded. Evidence suggests that
some of the worst pandemics arose when animal viruses
adapted to new hosts: humans.

Tinkering with the genes of animals raises a host
of ethical dilemmas. For example, mice, monkeys, and
other animals have been genetically modified to carry
mutations associated with certain human diseases. These
animals are allowing researchers to study—and test treat-
ments for—conditions such as multiple sclerosis, cystic
fibrosis, diabetes, cancer, and Huntington’s disease with-
out experimenting on humans. However, the engineered
animals often suffer the same terrible symptoms of these
conditions as humans do.

xenotransplantation Transplantation of an organ from one spe-
cies into another.

Take-Home M essage Why do we genetically
engineer animals?

> Animals that would be impossible to produce by traditional
breeding methods are being created by genetic engineering.

Safety Issues

) The first transfer of foreign DNA into bacteria ignited an
ongoing debate about potential dangers of transgenic
organisms that enter the environment.

When James Watson and Francis Crick presented their

model of the DNA double helix in 1953, they ignited a

global blaze of optimism about genetic research. The very

book of life seemed to be open for scrutiny. In reality, no
one could read it. Scientific breakthroughs are not very

often accompanied by the simultaneous discovery of the
tools needed to study them. New techniques would have
to be invented before that book would become readable.

Twenty years later, Paul Berg and his coworkers discov-
ered how to make recombinant organisms by fusing DNA
from two species of bacteria. By isolating DNA in manage-
able subsets, researchers now had the tools to be able to
study its sequence in detail. They began to clone and ana-
lyze DNA from many different organisms. The technique
of genetic engineering was born, and suddenly everyone
was worried about it.

Researchers knew that DNA itself was not toxic, but
they could not predict with certainty what would hap-
pen every time they fused genetic material from different
organisms. Would they accidentally make a superpatho-
gen? Could they make a new, dangerous form of life by
fusing DNA of two normally harmless organisms? What
if that new form escaped from the laboratory and trans-
formed other organisms?

In a remarkably quick and responsible display of self-
regulation, scientists reached a consensus on new safety
guidelines for DNA research. Adopted at once by the
NIH, these guidelines included precautions for labora-
tory procedures. They covered the design and use of host
organisms that could survive only under the narrow range
of conditions inside the laboratory. Researchers stopped
using DNA from pathogenic or toxic organisms for recom-
binant DNA experiments until proper containment facili-
ties were developed.

Now, all genetic engineering should be done under
these laboratory guidelines, but the rules are not a guar-
antee of safety. We are still learning about escaped GMOs
and their effects, and enforcement is a problem. For
example, the expense of deregulating a GMO for release
and importation is prohibitive for endeavors in the public
sector. Thus, most commercial GMOs were produced by
large, private companies—the same ones that typically
wield tremendous political influence over the very gov-
ernment agencies charged with regulating them.

Take-Home M essage Is genetic engineering safe?

Y Guidelines for DNA research have been in place for decades in the United
States and other countries. Researchers are expected to comply, but the guide-

lines are not a guarantee of safety.
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Genetically Modified Humans

> We as a society continue to work our way through the ethi-
cal implications of applying new DNA technologies.

> The manipulation of individual genomes continues even as
we are weighing the risks and benefits of this research.

€ Links to Proto-oncogenes and cancer 11.6, Locus 13.2,
Human genetic disorders 14.2

Cetting Better We know of more than 15,000 serious
genetic disorders. Collectively, they cause 20 to 30 percent
of infant deaths each year, and account for half of all men-
tally impaired patients and a fourth of all hospital admis-
sions. They also contribute to many age-related disorders,
including cancer, Parkinson’s disease, and diabetes. Drugs
and other treatments can minimize the symptoms of
some genetic disorders, but gene therapy is the only cure.
Gene therapy is the transfer of recombinant DNA into an
individual’s body cells, with the intent to correct a genetic
defect or treat a disease. The transfer, which occurs by way
of lipid clusters or genetically engineered viruses, inserts an
unmutated gene into an individual’s chromosomes.
Human gene therapy is a compelling reason to
embrace genetic engineering research. It is now being
tested as a treatment for heart attack, sickle-cell ane-
mia, cystic fibrosis, hemophilia A, Parkinson’s disease,
Alzheimer’s disease, several types of cancer, and inherited
diseases of the eye, the ear, and the immune system. The
results are encouraging. For example, little Rhys Evans
(Figure 15.16) was born with SCID-X1, a severe X-linked
genetic disorder that stems from a mutated allele of the
IL2RG gene. The gene encodes a receptor for an immune
signaling molecule. Children affected by this disorder
can survive only in germ-free isolation tents, because
they cannot fight infections. In the late 1990s, researchers
used a genetically engineered virus to insert unmutated
copies of IL2RG into cells taken from the bone marrow
of twenty boys with SCID-X1. Each child’s modified cells
were infused back into his bone marrow. Within months
of their treatment eighteen of the boys left their isolation
tents for good. Rhys was one of them. Gene therapy had
permanently repaired their immune systems.

Getting Worse Manipulating a gene within the context
of a living individual is unpredictable even when we
know its sequence and locus. No one, for example, can
predict where a virus-injected gene will become integrated
into a chromosome. Its insertion might disrupt other
genes. If it interrupts a gene that is part of the controls
over cell division, then cancer might be the outcome. Five
of the twenty boys treated with gene therapy for SCID-X1
have since developed a type of bone marrow cancer called
leukemia, and one of them has died. The researchers had
wrongly predicted that cancer related to the gene therapy
would be rare. Research now implicates the very gene tar-
geted for repair, especially when combined with the virus

Figure 15.16 Rhys Evans, who was born with SCID-X1.
His immune system has been permanently repaired by
gene therapy.

that delivered it. Apparently, integration of the modified
viral DNA activated nearby proto-oncogenes (Section 11.6)
in the children’s chromosomes.

Other unanticipated problems sometimes occur with
gene therapy. Jesse Gelsinger had a rare genetic defi-
ciency of a liver enzyme that helps the body rid itself of
ammonia, a toxic by-product of protein breakdown. Jesse’s
health was fairly stable while he was on a low-protein
diet, but he had to take a lot of medication. In 1999, Jesse
volunteered to be in a clinical trial testing a gene therapy
for his condition. He had a severe allergic reaction to the
viral vector, and four days after receiving the treatment,
his organs shut down and he died. He was 18.

Cetting Perfect The idea of selecting the most desirable
human traits, eugenics, is an old one. It has been used

as a justification for some of the most horrific episodes
in human history, including the genocide of 6 million
Jews during World War II. Thus, it continues to be a hotly
debated social issue. For example, using gene therapy

to cure human genetic disorders seems like a socially
acceptable goal to most people. However, imagine tak-
ing this idea a bit further. Would it also be acceptable to
engineer the genome of an individual who is within a
normal range of phenotype in order to modify a particu-
lar trait? Researchers have already produced mice that
have improved memory, enhanced learning ability, bigger
muscles, and longer lives. Why not people?

eugenics Idea of deliberately improving the genetic qualities of
the human race.

gene therapy The transfer of a normal or modified gene into an
individual with the goal of treating a genetic defect or disorder.
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Given the pace of genet-
ics research, the eugenics
debate is no longer about
how we would engineer
desirable traits, but how we
would choose the traits that
are desirable. Realistically,
cures for many severe but
rare genetic disorders will
not be found, because the
financial return will not
even cover the cost of the
research. Eugenics, however,
might just turn a profit.
How much would potential
parents pay to be sure that
their child will be tall or
blue-eyed? Would it be okay
to engineer “superhumans”
with breathtaking strength

or intelligence? How about a treatment that can help

you lose that extra weight, and keep it off permanently?
The gray area between interesting and abhorrent can be
very different depending on who is asked. In a survey
conducted in the United States, more than 40 percent of
those interviewed said it would be fine to use gene ther-
apy to make smarter and cuter babies. In one poll of Brit-
ish parents, 18 percent would be willing to use it to keep
a child from being aggressive, and 10 percent would use it
to keep a child from growing up to be homosexual.

Getting There Some people are adamant that we must
never alter the DNA of anything. The concern is that
gene therapy puts us on a slippery slope that may result
in irreversible damage to ourselves and to the biosphere.
We as a society may not have the wisdom to know how
to stop once we set foot on that slope. One is reminded
of our peculiar human tendency to leap before we look.
And yet, something about the human experience allows
us to dream of such things as wings of our own making,
a capacity that carried us into space. In this brave new
world, the questions before you are these: What do we
stand to lose if serious risks are not taken? And, do we
have the right to impose the consequences of taking such
risks on those who would choose not to take them?

Take-Home Message Can people be
genetically modified?
> Genes can be transferred into a person’s cells to correct a
genetic defect or treat a disease. However, the outcome of
altering a person’s genome remains unpredictable given
our current understanding of how the genome works.

h Personal DNA Testing (revisited)

The results of SNP analysis by a personal DNA test-
ing company also include estimated risks of develop-
ing conditions associated with your particular set of
SNPs. For example, the test will probably determine
whether you are homozygous for one allele of the
MCIR gene. If you are, the company’s report will tell
you that you have red hair. Very few SNPs have such
a clear cause-and-effect relationship as the MCIR allele for red hair, however.
Most human traits are polygenic, and many are also influenced by environ-
mental factors such as life-style (Section 13.6). Thus, although a DNA test
can reliably determine the SNPs in an individual’s genome, it cannot reli-
ably predict the effect of those SNPs on the individual.

For example, if you carry one €4 allele of the APOE gene, a DNA testing
company cannot tell you whether you will develop Alzheimer’s disease later
in life. Instead, the company will report your lifetime risk of developing the
disease, which is about 29 percent, as compared with about 9 percent for
someone who has no &4 allele.

What does a 29 percent lifetime risk of developing Alzheimer’s disease
mean? The number is a probability statistic; it means that, on average, 29
of every 100 people who have the €4 allele eventually get the disease. Hav-
ing a high risk does not mean you are certain to end up with Alzheimer’s,
however. Not everyone who develops the disease has the €4 allele, and
not everyone with the €4 allele develops Alzheimer’s disease. Other as yet
unknown alleles—some protective, some not—contribute to the disease.

How Would You Vote? The plunging cost of genetic testing has spurred an
explosion of companies offering personal DNA sequencing and SNP profiling. The
results of such testing may in some cases be of clinical use, for example in diagnosis of
early-onset genetic disorders, or in predicting how an individual will respond to certain
medications. However, we are still at an extremely early stage in our understanding
of how genes contribute to most conditions, particularly age-related disorders such as
Alzheimer’s disease. Geneticists believe that it will be five to ten more years before we
can use genotype to accurately predict an individual’s risk of these conditions. Until
then, should genetic testing companies be prohibited from informing clients of their
estimated risk of developing such disorders based on SNPs? See CengageNow for
details, then vote online (cengagenow.com).

Summary

Section 15.1 Personal DNA testing compa-
nies identify a person’s unique array of
single-nucleotide polymorphisms. Personal
genetic testing may soon revolutionize the

way medicine is practiced.

Section 15.2 The discovery of restriction
enzymes allowed researchers to cut huge
molecules of chromosomal DNA into man-
ageable, predictable chunks. It also allowed
them to combine DNA fragments from dif-
ferent organisms to make recombinant DNA. With
DNA cloning, restriction enzymes cut DNA into pieces,
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then DNA ligase splices the pieces into plasmids or other
cloning vectors. The resulting hybrid molecules are
inserted into host cells such as bacteria. When a host cell
divides, it forms huge populations of genetically identical
descendant cells. Each of these clones has a copy of the for-
eign DNA.

RNA cannot be cloned directly. Reverse transcriptase,
a viral enzyme, is used to transcribe single-stranded RNA
into cDNA for cloning.

e Section 15.3 A DNA Library is a collection
L " of cells that host different fragments of
DNA, often representing an organism’s
= . entire genome. Researchers can use probes
sl to identify cells that host a specific frag-
ment of DNA. Base pairing between nucleic acids from dif-
ferent sources is called nucleic acid hybridization.

The polymerase chain reaction (PCR.) uses primers
and a heat-resistant DNA polymerase to rapidly increase
the number of copies of a section of DNA.

Section 15.4 DNA sequencing reveals the
order of bases in a section of DNA. DNA
polymerase is used to partially replicate a
DNA template. The reaction produces a
mixture of DNA fragments of all different
lengths. Electrophoresis separates the fragments by length
into bands. The entire genomes of several organisms have
now been sequenced.

Section 15.5 Genomics, or the study of
genomes, is providing insights into the
function of the human genome. Similarities
between genomes of different organisms
are evidence of evolutionary relationships,

and can be used as a predictive tool in research.

DNA profiling identifies a person by the unique parts
of his or her DNA. Examples include methods of determin-
ing an individual’s array of SNPs or short tandem repeats.
Within the context of a criminal investigation, a DNA
profile is called a DNA fingerprint.

Sections 15.6-15.9 Recombinant DNA tech-
nology is the basis of genetic engineering,
the directed modification of an organism’s
genetic makeup with the intent to modify
its phenotype. A gene is modified and rein-
serted into an individual of the same species, or a gene
from one species is inserted into an individual of a differ-

ent species to make a transgenic organism. The result of
either process is a genetically modified organism (GMO).

Transgenic bacteria and yeast produce medically valu-
able proteins. Transgenic crop plants are helping farmers
produce food more efficiently. Genetically modified ani-
mals produce human proteins, and may one day provide
a source of organs and tissues for xenotransplantation
into humans.

Safety guidelines minimize potential risks to research-
ers in genetic engineering labs. Although these and other
government regulations limit the release of genetically

modified organisms into the environment, such laws are
not guarantees against accidental releases or unforeseen
environmental effects.

Section 15.10 With gene therapy, a gene
is transferred into body cells to correct a
genetic defect or treat a disease. As with
D any new technology, the potential benefits
of genetically modifying humans must be
weighed against the potential risks. The practice raises eth-
ical issues such as whether eugenics is desirable.

Self_ Quiz Answers in Appendix ||

1. cut(s) DNA molecules at specific sites.
c. Restriction enzymes
d. Reverse transcriptase

a. DNA polymerase
b. DNA probes

2. A is a small circle of bacterial DNA that con-
tains a few genes and is separate from the chromosome.
a. plasmid c. nucleus
b. chromosome d. double helix

3. By reverse transcription, is assembled
on a(n) template.
a. mRNA; DNA

b. cDNA; mRNA

c. DNA; ribosome
d. protein; mRNA

4. For each species, all in the complete set of
chromosomes is the
a. genomes; phenotype

b. DNA; genome

c. mRNA; start of cDNA
d. cDNA; start of mRNA

5. A set of cells that host various DNA fragments col-
lectively representing an organism’s entire set of genetic
information is a

a. genome c. genomic library
b. clone d. GMO
6. is a technique to determine the order of

nucleotide bases in a fragment of DNA.

7. Fragments of DNA can be separated by electrophoresis
according to
a. sequence
b. length

8. PCR can be used
a. to increase the number of specific DNA fragments
b.in DNA fingerprinting
c. to modify a human genome
d.a and b are correct

c. species
d. composition

9. An individual’s set of unique can be used as
a DNA profile.
a. DNA sequences

b. short tandem repeats

c. SNPs
d. all of the above

10. Which of the following can be used to carry foreign
DNA into host cells? Choose all correct answers.

a. RNA e. lipid clusters

b. viruses f. blasts of pellets

c. PCR g. xenotransplantation
d. plasmids h. sequencing

234 Unit2 Genetics

Copyright 2011 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Data Analysis Activities

Enhanced Spatial Learning in Mice with Autism Mutation
Autism is a neurobiological disorder with a range of symptoms
that include impaired social interactions, stereotyped patterns
of behavior such as hand-flapping or rocking, and, occasionally,
greatly enhanced intellectual abilities. Some autistic people
have a mutation in neuroligin 3, a type of cell adhesion pro-
tein (Section 4.4) that connects brain cells to one another. One
mutation changes amino acid 451 from arginine to cysteine.
Mouse and human neuroligin 3 are very similar. In 2007,
Katsuhiko Tabuchi and his colleagues genetically modified
mice to carry the same arginine-to-cysteine substitution in their
neuroligin 3. The mutation caused an increase in transmis-
sion of some types of signals between brain cells. Mice with
the mutation had impaired social behavior, and, unexpectedly,
enhanced spatial learning ability (Figure 15.17).

1. In the first test, how many days did unmodified mice need
to learn to find the location of a hidden platform within 10
seconds?

2. Did the modified or the unmodified mice learn the location
of the platform faster in the first test?

3. Which mice learned faster the second time around?

4. Which mice showed the greatest improvement in memory
between the first and the second test?

O
8 2 6 wild-type
59 5] R451C
o
o c
DE 4
=0
.%5 3
=a
65 2
Q@
T2 14
S

First test Second test

B

Figure 15.17 Enhanced spa-
tial learning ability in mice
with a mutation in neuroligin
3 (R451C), compared with
unmodified (wild-type) mice.

A The mice were tested in a
water maze, in which a plat-
form is submerged a few mil-
limeters below the surface of
a deep pool of warm water.
The platform is not visible to
swimming mice. Mice do not
particularly enjoy swimming,

so they locate a hidden platform as fast as they can. When tested again, they
can remember its location by checking visual cues around the edge of the pool.

B How quickly they remember the platform’s location is a measure of spatial
learning ability. The platform was moved and the experiment was repeated for

the second test.

1

j—

. A transgenic organism .
a. carries a gene from another species
b. has been genetically modified
c. both a and b

12. can be used to correct a genetic defect.
a. Cloning vectors d. Xenotransplantation
b. Gene therapy e.aand b
c. Cloning f. all of the above

13. Match the recombinant DNA method with the appro-
priate enzyme.
___PCR a. Taq polymerase
___cutting DNA b. DNA ligase
__ cDNA synthesis  c. reverse transcriptase
___ DNA sequencing  d.restriction enzyme
___ pasting DNA e. DNA polymerase

14. Match the terms with the most suitable description.
DNA fingerprint  a. having a foreign gene

___ Ti plasmid b. alleles have them
__nucleic acid c. a person’s unique collection
hybridization of short tandem repeats

____eugenics d. base pairing of DNA or
___SNP DNA and RNA from
____transgenic different sources
___GMO e. selecting “desirable” traits

f. genetically modified
g. used in some gene transfers

Additional questions are available on CENGAGENOW.

Ciritical Thinking

1. Restriction enzymes in bacterial cytoplasm cut injected
bacteriophage DNA wherever certain sequences occur.
Why do you think the bacterial chromosome does not get

chopped up too?

2. The FOXP2 gene encodes a transcription factor associ-
ated with vocal learning in mice, bats, birds, and humans.
The chimpanzee, gorilla, and rhesus FOXP2 proteins are
identical; the human version differs in only 2 of 715 amino
acids, a change thought to have contributed to the devel-
opment of spoken language. In humans, loss-of-function
mutations in FOXPZ2 result in severe speech and language
disorders. In mice, they hamper brain function and impair
vocalizations. Mice genetically engineered to carry the
human version of FOXP2 show changes in their vocal pat-
terns, and more growth and greater adaptability of neu-
rons involved in memory and learning. Biologists do not

anticipate that a similar experiment in chimpanzees would
confer the ability to speak, because spoken language is a
complex, epistatic trait (Section 13.5). What do you think

might happen if their prediction is incorrect?

Animations and Interactions on CENGAGENOW:

> Recombinant DNA; Cloning; Using a radioactive probe;
DNA sequencing; PCR; DNA fingerprinting; Genetically

engineering plants.
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< Links to Earlier Concepts

This chapter explores a clash between traditional
beliefs and science. You may wish to review critical
thinking (Section 1.6) before you begin. What you
know about inheritance of alleles (13.2) will help
you understand natural selection. Finding the age
of ancient rocks and fossils depends on the proper-

Emergence of Evolutionary
Thought

Nineteenth-century natural-
ists started to think about the
global distribution of species.
They discovered similarities

A Theory Takes Form
Evidence of evolution, or
change in lines of descent, led
Charles Darwin and Alfred
Wallace to independently
develop a theory of natural

ties of radioisotopes (2.2). You will see how master and differences among major groups, includ- selection. The theory explains how traits that
genes (10.3, 10.4) are evidence of shared ancestry, ing those represented as fossils. define each species change over time.
and revisit evolution by gene duplication (14.5).
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16 Evidence of Evolution

Reflections of a Distant Past

How do you think about time? Perhaps you can conceive of a

few hundred years of human events, but how about a few mil-
lion? Envisioning the distant past requires an intellectual leap
from the familiar to the unknown.

One way to make that leap involves, surprisingly, asteroids.
Asteroids are small planets hurtling through space. They range
in size from 1 to 1,500 kilometers (roughly 0.5 to 1,000 miles)
wide. Millions of them orbit the sun between Mars and Jupiter
—cold, stony leftovers from the formation of our solar system.
Asteroids are difficult to see even with the best telescopes,
because they do not emit light. Many cross Earth’s orbit, but
most of those pass us by before we know about them. Some
have not passed us at all.

The mile-wide Barringer Crater in Arizona is difficult to
miss (Figure 16.1). A 300,000-ton asteroid made this impressive
pockmark in the desert sandstone when it slammed into Earth
50,000 years ago. The impact was 150 times more powerful than
the bomb that leveled Hiroshima.

No humans were in North America at the time of the impact.
If there were no witnesses, how do we know what happened?
We often reconstruct history by studying physical evidence of
events that took place long ago. Geologists were able to infer the
most probable cause of the Barringer Crater by analyzing tons of
meteorites, melted sand, and other rocky clues at the site.

Similar evidence points to even larger asteroid impacts in
the more distant past. For example, a mass extinction, or per-
manent loss of major groups of organisms, occurred 65.5 million
years ago. The event is marked by an unusual, worldwide layer
of rock called the K-T boundary layer. There are plenty of dino-
saur fossils below this layer. Above it, in rock layers that were
deposited more recently, there are no dinosaur fossils, anywhere.
An impact crater off the coast of what is now the Yucatan Pen-
insula dates to about 65.5 million years ago. Coincidence? Many

mass extinction Simultaneous loss of many lineages from Earth.

Figure 16.1 From evidence to inference. What made the Barringer Crater (opposite)?

Rocky evidence points to a 300,000-ton asteroid that collided with Earth 50,000
years ago. Above, bands that are part of a unique layer of rock that formed 65.5
million years ago, worldwide. The layer marks an abrupt transition in the fossil
record that implies a mass extinction. The red pocketknife gives an idea of scale.

scientists say no. They have inferred from the evidence that
the impact of an asteroid about 20 km (12 miles) wide caused a
global catastrophe that wiped out the dinosaurs.

You are about to make an intellectual leap through time, to
places that were not even known a few centuries ago. We invite
you to launch yourself from this premise: Natural phenomena
that occurred in the past can be explained by the very same
physical, chemical, and biological processes that operate today.
That premise is the foundation for scientific research into the
history of life. The research represents a shift from experience
to inference—from the known to what can only be surmised—
and it gives us astonishing glimpses into the distant past.

Evidence From Fossils

The fossil record provides
physical evidence of past
changes in many lines of
descent. We use the property
of radioisotope decay to
determine the age of rocks and fossils.

Evidence From
Biogeography

Geologic events have influ-
enced evolution. Correlating
geologic and evolutionary
events helps explain the distri-
bution of species, past and present.

Evidence in Form

and Function

Different lineages may have
similar body parts that reflect
descent from a shared ances-
tor. Lineages with common
ancestry often develop in similar ways.
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A Emu, native to Australia

Early Beliefs, Confounding Discoveries

) Belief systems are influenced by the extent of our under-
standing of the natural world. Those that are inconsistent
with systematic observations tend to change over time.

The seeds of biological inquiry were taking hold in the
Western world more than 2,000 years ago. Aristotle, the
Greek philosopher, was making connections between
observations in an attempt to explain the order of the nat-
ural world. Like few others of his time, Aristotle viewed
nature as a continuum of organization, from lifeless mat-
ter through complex plants and animals. Aristotle was
one of the first naturalists, people who observe life from
a scientific perspective.

By the fourteenth century, Aristotle’s earlier ideas
about nature had been transformed into a rigid view of
life, in which a “great chain of being” extended from the
lowest form (snakes), through humans, to spiritual beings.
Each link in the chain was a species, and each was said to
have been forged at the same time in a perfect state. The
chain itself was complete and continuous. Because every-
thing that needed to exist already did, there was no room
for change. Once every species had been discovered, the
meaning of life would be revealed.

European naturalists that embarked on globe-spanning
survey expeditions brought back tens of thousands of
plants and animals from Asia, Africa, North and South
America, and the Pacific Islands. Each newly discovered
species was carefully catalogued as another link in the
chain of being.

By the late 1800s, naturalists such as Alfred Wallace
were seeing patterns in where species live and how they
might be related, and had started to think about the natu-

Figure 16.3 Similar-looking,
unrelated species that are
native to distant geographic
realms: above, an American
spiny cactus; and left, an Afri-
can spiny spurge.

ral forces that shape life. These naturalists were pioneers
in biogeography, the study of patterns in the geographic
distribution of species. Some of the patterns raised ques-
tions that could not be answered within the framework
of prevailing belief systems. For example, globe-trotting
explorers had discovered plants and animals living in
extremely isolated places. The isolated species looked
suspiciously similar to species living across vast expanses
of open ocean, or on the other side of impassable moun-
tain ranges. Could different species be related? If so, how
could the related species end up geographically isolated?
For example, the three birds in Figure 16.2 live on dif-
ferent continents, but they share a set of unusual features.

B Rhea, native to South America

C Ostrich, native to Africa

Figure 16.2 Similar-looking, related species that are native to distant geographic
realms. The three types of ratite birds are unlike most other birds in several traits,

including their long, muscular legs and their inability to fly.
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These flightless birds sprint about on long, muscular legs groups of organisms. Organisms that are out-

in flat, open grasslands about the same distance from wardly very similar may be quite different
the equator. All raise their long necks to watch for preda- internally; think of fishes and porpoises. Others
tors. Wallace thought that the shared set of unusual traits that differ greatly in outward appearance may
might mean that these three birds descended from a com- be very similar in underlying structure. For
mon ancestor (and he was right), but he had no idea how example, a human arm, a porpoise flipper, an
they could have ended up on different continents. elephant leg, and a bat wing have comparable
Naturalists of the time also had trouble classifying internal bones, as Section 16.8 will explain.
organisms that are very similar in some features, but dif- Comparative morphology in the nineteenth
ferent in others. For example, the plants in Figure 16.3 century revealed body parts that have no appar-
are native to different continents. Both live in hot deserts ent function, an idea that added to the natural-
where water is seasonally scarce. Both have rows of sharp ists” confusion. According to prevailing beliefs,
spines that deter herbivores, and both store water in their every species had been created in a perfect
thick, fleshy stems. However, their reproductive parts are state. If that were so, then why were there use-
very different, so these plants cannot be as closely related less parts such as leg bones in snakes (which
as their outward appearance might suggest. do not walk), or the vestiges of a tail in humans
Observations like these are part of comparative mor- (Figure 16.4)?
phology, the study of body plans and structures among Fossils were puzzling too. A fossil is the

remains or traces of an organism that lived
in the ancient past—physical evidence of
ancient life. Geologists mapping rock forma-
tions exposed by erosion or quarrying had
discovered identical sequences of rock layers in
different parts of the world. Deeper layers held
fossils of simple marine life. Layers above them
held similar but more intricate fossils. In higher
layers, fossils that were similar but even more
intricate looked like they belonged to modern

\ species. The photos on the right show one such series, ten

\ fossils of shelled protists, each from a successive layer of
rock in a stack. What did these fossil sequences mean?
Fossils of many animals that had no living representa-

J Lt tives were also being unearthed. If the animals had been
perfect at the time of creation, then why had they become
extinct?

Taken as a whole, the accumulating findings from
biogeography, comparative morphology, and geology did
not fit with prevailing beliefs of the nineteenth century.
If species had not been created in a perfect state (and

-
bones ’, 1]

\
d

extinct species, fossil sequences and “useless” body parts

| i

"!' implied that they had not), then perhaps species had
A Pythons and boa constric- indeed changed over time.
tors have tiny leg bones, but B We humans use our legs, but
snakes do not walk. not our coccyx (tail bones).

Figure 16.4 Animated Vestigial body parts.

biogeography Study of patterns in the geographic distribution of Take-Home M essage How did observations of the natural world
species and communities. change our thinking in the nineteenth century?

comparative morphology Study of body plans and structures
among groups of organisms.

fossil Physical evidence of an organism that lived in the ancient
past. > The cumulative findings from biogeography, comparative morphology, and
naturalist Person who observes life from a scientific perspective. geology led to new ways of thinking about the natural world.

> Increasingly extensive observations of nature in the nineteenth century did not
fit with prevailing belief systems.
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A Flurry of New Theories

Y In the 1800s, many scholars realized that life on Earth had
changed over time, and began to think about what could
have caused the changes.

€ Link to Critical thinking and how science works 1.6

Squeezing New Evidence Into Old Beliefs
In the nineteenth century, naturalists were faced with
increasing evidence that life on Earth, and even Earth
itself, had changed over time. Around 1800, Georges
Cuvier, an expert in zoology and paleontology, was trying
to make sense of the new information. He had observed
abrupt changes in the fossil record, and knew that many
fossil species seemed to have no living counterparts.
Given this evidence, he proposed a startling idea: Many
species that had once existed were now extinct. Cuvier
also knew about evidence that Earth’s surface had
changed. For example, he had seen fossilized seashells on
mountainsides far from modern seas. Like most others of
his time, he assumed Earth’s age to be in the thousands,
not millions, of years. He reasoned that geologic forces
unlike those known today would have been necessary

to raise sea floors to mountaintops in this short time

span. Catastrophic geological events would have caused

Plymouth

Azores
Tenerife
Cape Verde,

extinctions, after which surviving species repopulated the
planet. Cuvier’s idea came to be known as catastrophism.
We now know it is incorrect; geologic processes have not
changed over time.

Another scholar, Jean-Baptiste Lamarck, was think-
ing about processes that drive evolution, or change in a
line of descent. A line of descent is also called a lineage.
Lamarck thought that a species gradually improved
over generations because of an inherent drive toward
perfection, up the chain of being. The drive directed an
unknown “fluida” into body parts needing change. By
Lamarck’s hypothesis, environmental pressures cause
an internal need for change in an individual’s body,
and the resulting change is inherited by offspring. Try
using Lamarck’s hypothesis to explain why a giraffe’s
neck is very long. We might predict that some short-
necked ancestor of the modern giraffe stretched its neck
to browse on leaves beyond the reach of other animals.
The stretches may have even made its neck a bit longer.
By Lamarck’s hypothesis, that animal’s offspring would
inherit a longer neck, and after many generations strained
to reach ever loftier leaves, the modern giraffe would
have been the result. Lamarck was correct in thinking
that environmental factors affect a species’ traits, but his
understanding of how inheritance works was incomplete.

Darwin and the HMS Beagle

In 1831, the twenty-two-year-old Charles Darwin was
wondering what to do with his life. Ever since he was
eight, he had wanted to hunt, fish, collect shells, or watch
insects and birds—anything but sit in school. After an
attempt to study medicine in college, he earned a degree
in theology from Cambridge. All through school, however,
Darwin spent most of his time with faculty members and
other students who embraced natural history. Botanist
John Henslow arranged for Darwin to become a natural-
ist aboard the Beagle, a ship about to embark on a survey
expedition to South America.

The Beagle set sail for South America in December,
1831 (Figure 16.5). The young man who had hated school
and had no formal training in science quickly became an
enthusiastic naturalist. During the Beagle’s five-year voy-
age, Darwin found many unusual fossils. He saw diverse
species living in environments that ranged from the
sandy shores of remote islands to the plains high in the
Andes. Along the way, he read the first volume of a new
and popular book, Charles Lyell’s Principles of Geology.

Figure 16.5 Voyage of the HMS Beagle. With Darwin aboard as ship’s
naturalist, the vessel (top) originally set sail to map the coast of South
America, but ended up circumnavigating the globe over a period

of five years (bottom). Darwin’s detailed observations of the geol-
Hobart ogy, fossils, plants, and animals he encountered on this expedition
changed the way he thought about evolution.
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Figure 16.6 Charles Darwin, left. Right, this page from Darwin’s 1836 notes on the “Transmutation

of Species” reads, “Let a pair be introduced and increase slowly, from many enemies, so as often to
intermarry who will dare say what result / According to this view animals on separate islands ought
to become different if kept long enough apart with slightly differing circumstances. — Now Galapagos
Tortoises, Mocking birds, Falkland Fox, Chiloe fox, — Inglish and Irish Hare.”

Lyell was a proponent of what became known as the
theory of uniformity, the idea that gradual, repetitive
change had shaped Earth. For many years, geologists had
been chipping away at the sandstones, limestones, and
other types of rocks that form from accumulated sedi-
ments in lakebeds, river bottoms, and ocean floors. These
rocks held evidence that gradual processes of geologic
change operating in the present were the same ones that
operated in the distant past.

The theory of uniformity held that strange catastrophes
were not necessary to explain Earth’s surface. Over great
spans of time, gradual, everyday geologic processes such
as erosion could have sculpted Earth’s current landscape.

catastrophism Now-abandoned hypothesis that catastrophic geo-
logic forces unlike those of the present day shaped Earth’s surface.
evolution Change in a line of descent.

lineage Line of descent.

theory of uniformity Idea that gradual repetitive processes occur-
ring over long time spans shaped Earth’s surface.

The theory challenged the prevailing belief that Earth was
6,000 years old. According to traditional scholars, people
had recorded everything that happened in those 6,000
years—and in all that time, no one had mentioned seeing
a species evolve. However, by Lyell’s calculations, it must
have taken millions of years to sculpt Earth’s surface. Dar-
win’s exposure to Lyell’s ideas gave him insights into the
geologic history of the regions he would encounter on his
journey. Was millions of years enough time for species to
evolve? Darwin thought that it was (Figure 16.6).

Take-Home M essage How did new evidence change the way
people in the nineteenth century thought about the history of life?

2 In the 1800s, fossils and other evidence led some naturalists to propose that
Earth and the species on it had changed over time. The naturalists also began

to reconsider the age of Earth.

> Darwin’s detailed observations of nature during a five-year voyage around the

world changed his ideas about how evolution occurs.
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Darwin, Wallace, and Natural Selection

> Darwin’s observations of species in different parts of the
world helped him understand a driving force of evolution.
€ Link to Alleles and traits 13.2

Old Bones and Armadillos

Darwin sent to England the thousands of specimens he
had collected on his voyage. Among them were fossil
glyptodons from Argentina. These armored mammals

are extinct, but they have many traits in common with
modern armadillos (Figure 16.7). For example, armadil-
los live only in places where glyptodons once lived. Like
glyptodons, armadillos have helmets and protective shells
that consist of unusual bony plates. Could the odd shared
traits mean that glyptodons were ancient relatives of
armadillos? If so, perhaps traits of their common ancestor
had changed in the line of descent that led to armadillos.
But why would such changes occur?

A Key Insight—Variation in Traits

Back in England, Darwin pondered his notes and fos-
sils. He also read an essay by one of his contemporaries,
economist Thomas Malthus. Malthus had correlated

increases in human population size with famine, disease,

and war. He proposed that humans run out of food, living
space, and other resources because they tend to reproduce
beyond the capacity of their environment to sustain them.
When that happens, the individuals of a population must
either compete with one another for the limited resources,
or develop technology to increase their productivity.
Darwin realized that Malthus’s ideas had wider applica-
tion: All populations, not just human ones, must have the
capacity to produce more individuals than their environ-
ment can support.

Darwin also knew that individuals of a species are not
always identical; they have many traits in common, but
they also vary in size, color, or other features. He saw such
variation among many of the finch species that live on
isolated islands of the Galapagos archipelago. This island
chain is separated from South America by 900 kilometers
(550 miles) of open ocean, so Darwin realized that most of
the species living on the islands had been isolated there
for a long time.

Darwin also knew about artificial selection, the pro-
cess whereby humans choose traits that they favor in a
domestic species. For example, he was familiar with dra-
matic variations in traits that breeders of dogs and horses
had produced through selective breeding. He recognized
that an environment could similarly select traits that
make individuals of a population suited to it.

Finches living on individual islands of the Galapagos
resembled species Darwin saw living in South America,
but many of them had unique traits that suited them to
their particular island habitat. It dawned on Darwin that
having a particular version of a variable trait might give
an individual an advantage over competing members of
its species. The trait might enhance the individual’s abil-
ity to survive and reproduce in its particular environment.
Darwin realized that in any population, some individuals
have traits that make them better suited to their environ-
ment than others. In other words, individuals of a natu-
ral population vary in fitness. We define fitness as the
degree of adaptation to a specific environment, and mea-
sure it as relative genetic contribution to future genera-
tions. A trait that enhances an individual’s fitness is called
an evolutionary adaptation, or adaptive trait.

Figure 16.7 Ancient relatives. A A modern armadillo, about a foot
long. B Fossil of a glyptodon, an automobile-sized mammal that
lived between 2 million and 15,000 years ago.

Glyptodons and armadillos are widely separated in time, but they
share a restricted distribution and unusual traits, including a shell
and helmet of keratin-covered bony plates—a material similar to
crocodile and lizard skin. (The fossil in B is missing its helmet.)
Their unique shared traits were a clue that helped Darwin develop
a theory of evolution by natural selection.
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Figure 16.8 Alfred Wallace, codiscoverer of natural selection.

Over many generations, individuals with the most
adaptive traits tend to survive longer and reproduce more
than their less fit rivals. Darwin understood that this pro-
cess, which he called natural selection, could be a process
by which evolution occurs. If an individual has a form of
a trait that makes it better suited to an environment, then
it is better able to survive. If an individual is better able to
survive, then it has a better chance of living long enough
to produce offspring. If individuals that bear an adaptive,
heritable trait produce more offspring than those that do
not, then the frequency of that trait will tend to increase
in the population over successive generations. Table 16.1
summarizes this reasoning in modern terms.

Great Minds Think Alike

Darwin wrote out his ideas about natural selection, but let
ten years pass without publishing them. In the meantime,
Alfred Wallace, who had been studying wildlife in the
Amazon basin and the Malay Archipelago, wrote an essay
and sent it to Darwin for advice. Wallace’s essay outlined
evolution by natural selection—the very same theory as
Darwin’s. Wallace had written earlier letters to Darwin
and Lyell about patterns in the geographic distribution

of species; he too had connected the dots. Wallace is now
called the father of biogeography (Figure 16.8).

adaptation (adaptive trait) A heritable trait that enhances an indi-
vidual’s fitness.

artificial selection Selective breeding of animals by humans.
fitness Degree of adaptation to an environment, as measured by
an individual’s relative genetic contribution to future generations.
natural selection A process in which environmental pressures
result in the differential survival and reproduction of individuals
of a population who vary in the details of shared, heritable traits.

Table 16.1 Principles of Natural Selection

Observations About Populations

> Natural populations have an inherent reproductive
capacity to increase in size over time.

) Asa population expands, resources that are used by
its individuals (such as food and living space) eventually
become limited.

> When resources are limited, the individuals of a population
compete for them.

Observations About Genetics
> Individuals of a species share certain traits.

> Individuals of a natural population vary in the details
of those shared traits.

) Shared traits have a heritable basis, in genes. Alleles
(slightly different forms of a gene) arise by mutation.

Inferences

) A certain form of a shared trait may make its bearer
better able to survive.

> The individuals of a population that are better able to
survive tend to leave more offspring.

) Thus, an allele associated with an adaptive trait tends to
become more common in a population over time.

In 1858, just weeks after Darwin received Wallace’s
essay, the theory of evolution by natural selection was
presented at a scientific meeting. Both Darwin and Wal-
lace were credited as authors. Wallace was still in the field
and knew nothing about the meeting, which Darwin did
not attend. The next year, Darwin published On the Origin
of Species, which laid out detailed evidence in support of
the theory. Many scholars had already accepted the idea
of descent with modification, or evolution. However, there
was a fierce debate over the idea that evolution occurs by
natural selection. Decades would pass before experimental
evidence from the field of genetics led to its widespread
acceptance in the scientific community.

As you will see in the remainder of this chapter, the
theory of evolution by natural selection is supported by
and helps explain the fossil record as well as similarities
in the form, function, and biochemistry of living things.

Take-Home Message Whatis natural selection?

> Natural selection is a process in which individuals of a population who vary in
the details of shared, heritable traits survive and reproduce with differing suc-
cess as a result of environmental pressures.

) Traits favored by natural selection are said to be adaptive. An adaptive trait
increases the chances that an individual bearing it will survive and reproduce.

Chapter 16 Evidence of Evolution 243
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iI¥] Fossils: Evidence of Ancient Life

) Fossils are remnants or traces of organisms that lived in the
past. The fossil record holds clues to life’s evolution.

< Link to Radioisotopes 2.2

Even before Darwin’s time, fossils were recognized as

stone-hard evidence of earlier forms of life. Most fos-

sils are mineralized bones, teeth, shells,

seeds, spores, or other hard body parts.

Trace fossils such as footprints and other

impressions, nests, burrows, trails, egg-

shells, or feces (left) are evidence of an

organism’s activities.
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A 30-million-year-old Elomeryx. This small terrestrial mammal was a member of the same
artiodactyl group that gave rise to hippopotamuses, pigs, deer, sheep, cows, and whales.

B Rodhocetus, an ancient whale, lived about 47 million years ago. Its distinctive ankle
bones point to a close evolutionary connection to artiodactyls.

50 cm

C Dorudon atrox, an ancient whale that lived about 37 million years ago. Its artiodactyl-
like ankle bones were much too small to have supported the weight of its huge body on
land, so this mammal had to be fully aquatic.
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D Modern cetaceans such as the sperm whale have remnants
of a pelvis and leg, but no ankle bones.

Figure 16.9 Links in the ancient lineage of whales. The ancestors of whales probably
walked on land. The skull and lower jaw of cetaceans—which include whales, dolphins,
and porpoises—have distinctive features that are also characteristic of
ancient carnivorous land animals. DNA sequence comparisons sug-
gested that those animals were probably artiodactyls, hooved mam-
mals with two or four toes on each foot. With their artiodactyl-like
ankle bones, Rodhocetus and Dorudon were probably offshoots of the
ancient artiodactyl-to-modern-whale lineage as it transitioned back to
life in water. The photo compares the ankle bones of a Rodhocetus (left)
with those of a modern artiodactyl, a pronghorn antelope (right).

The process of fossilization begins when an organism
or its traces become covered by sediments or volcanic ash.
Water seeps into the remains, and metal ions and other
inorganic compounds dissolved in the water gradually
replace the minerals in the bones and other hard tissues.
Sediments that accumulate on top of the remains exert
increasing pressure on them. After a very long time,
the pressure and mineralization process transform the
remains into rock.

Most fossils are found in layers of sedimentary rock
such as mudstone, sandstone, and shale. These rocks form
as rivers wash silt, sand, volcanic ash, and other materials
from land to sea. Mineral particles in the materials settle
on sea floors in horizontal layers that vary in thickness
and composition. After hundreds of millions of years, the
layers of sediments become compacted into layers of rock.

We study layers of sedimentary rock in order to under-
stand the historical context of fossils we find in them.
Usually, the deeper layers in a stack were the first to form,
and those closest to the surface formed most recently.
Thus, the deeper the layer of sedimentary rock, the older
the fossils it contains. A layer’s composition and thickness
relative to other layers is also a clue about local and global
events that were occurring as it formed. For instance,
layers of sedimentary rock deposited during ice ages are
thinner than other layers. Why? Tremendous volumes of
water froze and became locked in glaciers during the ice
ages. Rivers dried up, and sedimentation slowed. When
the glaciers melted, sedimentation resumed and the layers
became thicker.

The Fossil Record

We have fossils for more than 250,000 known species.
Considering the current range of biodiversity, there must
have been many millions more, but we will never know
all of them. Why not?

The odds are against finding evidence of an extinct
species, because fossils are relatively rare. Most of the
time, an organism’s remains are quickly obliterated by
scavengers or decay. Organic materials decompose in the
presence of oxygen, so remains can endure only if they
are encased in an air-excluding material such as sap, tar,
ice, or mud. Remains that do become fossilized are often
deformed, crushed, or scattered by erosion and other geo-
logic assaults. For us to find a fossil of an extinct species,
at least one specimen had to be buried before it decom-
posed or something ate it. The burial site had to escape
destructive geologic events, and it had to be a place acces-
sible enough for us to find.

Despite these challenges, the fossil record is substantial
enough to help us reconstruct patterns in the history of
life. We have been able to find fossil evidence of the evo-
lutionary history of many species (Figure 16.9).
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B Long ago, trace amounts of '4C and a lot more 12C
were incorporated into the tissues of a nautilus. The
carbon atoms were part of organic molecules in the
nautilus’s food. 12C is stable and 'C decays, but the
proportion of the two isotopes in the nautilus’s tissues
remained the same. Why? As long as it was alive, the
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formed rock e daughter elements
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=t sented as red dots) were decaying into nitrogen atoms.
Thus, over time, the amount of 14C decreased relative
to the amount of 12C. After 5,370 years, half of the
14C had decayed; after another 5,370 years, half of
what was left had decayed, and so on.
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Figure 16.10 Animated Radiometric dating. A Half-life, the time
it takes for half of the atoms in a sample of radioisotope to decay.

D Fossil hunters discover the fossil and measure its
14C and 2C content—the number of atoms of each
isotope. The ratio of those numbers can be used

to calculate how many half-lives passed since the
organism died. For example, if the 14C to 12C ratio is
one-eighth of the ratio in living organisms, then three
half-lives (%)3 must have passed since the nautilus
died. Three half-lives of 4Cis 16,110 years.

B-D Using radiometric dating to find the age of a fossil. Carbon
14 (14C) is a radioisotope of carbon that decays into nitrogen.

It forms in the atmosphere and combines with oxygen to become
CO,, which enters food chains by way of photosynthesis.

» Figure It Out How much of any radioisotope remains after

two of its half-lives have passed? uanuad gz uamsuy
Radiometric Dating ordered arrays of zircon silicate molecules (ZrSiO,). Some
Remember from Section 2.2 that a radioisotope is a form of the molecules in a zircon crystal have uranium atoms
of an element with an unstable nucleus. Atoms of a radio- substituted for zirconium atoms, but never lead atoms.
isotope become atoms of other elements as their nucleus Thus, new zircon crystals that form as molten rock cools sircon
disintegrates. The predictable products of this process, contain no lead. However, uranium decays into lead at a
radioactive decay, are called daughter elements. predictable rate. Thus, over time, uranium atoms disap-
Radioactive decay is not influenced by temperature, pear from a zircon crystal, and lead atoms accumulate in
pressure, chemical bonding state, or moisture; it is influ- it. The ratio of uranium atoms to lead atoms in a zircon
enced only by time. Thus, like the ticking of a perfect crystal can be measured precisely. That ratio can be used
clock, each type of radioisotope decays at a constant rate. to calculate how long ago the crystal formed (its age).
The time it takes for half of a radioisotope’s atoms to We have just described radiometric dating, a method
decay is a characteristic of the radioisotope called half- that can reveal the age of a material by measuring its con-
life (Figure 16.10A). For example, radioactive uranium 238 tent of a radioisotope and daughter elements. The oldest
decays into thorium 234, which decays into something known terrestrial rock, a tiny zircon crystal from Austra-
else, and so on until it becomes lead 206. The half-life of lia, is 4.404 billion years old.
the decay of uranium 238 to lead 206 is 4.5 billion years. Recent fossils that still contain carbon can be dated
The predictability of radioactive decay can be used to by measuring their carbon 14 content (Figure 16.10B-D).
find the age of a volcanic rock—the date it cooled. Rock Most of the 4C in a fossil will have decayed after about
deep inside Earth is hot and molten, so atoms swirl and 60,000 years. The age of fossils older than that can be esti-
mix in it. Rock that reaches the surface cools and hardens. mated only by dating volcanic rocks in lava flows above
As the rock cools, minerals crystallize in it. Each kind of and below the fossil-containing rock.

mineral has a characteristic structure and composition.

For example, the mineral zircon consists primarily of

Take-Home Message What are fossils?

) Fossils are evidence of organisms that lived in the remote past, a stone-hard
historical record of life.

half-life Characteristic time it takes for half of a quantity of a
radioisotope to decay.

radiometric dating Method of estimating the age of a rock or fos-
sil by measuring the content and proportions of a radioisotope > Researchers use the predictability of radioisotope decay to estimate the age of
and its daughter elements. rocks and fossils.
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Putting Time Into Perspective

) Transitions in the fossil record are boundaries for great chronology of Earth’s history (Figure 16.11). Each layer’s
intervals of the geologic time scale. composition offers clues about conditions on Earth during
Radiometric dating and fossils allow us to recognize simi- the time the layer was deposited. Fossils in the layers are
lar sequences of sedimentary rock layers around the world. a record of life during that period of time.
Transitions between layers mark boundaries between great
intervals of time in the geologic time scale, which is a geologic time scale Chronology of Earth’s history.
Eon Era Period Epoch mya Major Geologic and Biological Events

Phanerozoic Cenozoic Quaternary Recent 0.01 Modern humans evolve. Major extinction event
Pleictocene o is now under way.
: Pliocene ’
Tertiar f i i
v Miocene =) Tropics, subtropics extend poleward. Climate cools;
23.0 g
Oligocene . dry woodlands and grasslands emerge. Adaptive
E 33.9 radiations of mammals, insects, birds.
ocene
55.8
Paleocene . o -
65.5 4 Major extinction event, perhaps precipitated by
Mesozoic CreaEens Late asteroid impact. Mass extinction of all dinosaurs
and many marine organisms.
99.6 N B . .
Climate very warm. Dinosaurs continue to dominate. Important
Earl modern insect groups appear (bees, butterflies, termites, ants, and
Y herbivorous insects including aphids and grasshoppers). Flowering
plants originate and become dominant land plants.
145.5
Jurassic Age of dinosaurs. Lush vegetation; abundant gymnosperms and
ferns. Birds appear. Pangea breaks up.
199.6 € Major extinction event
Triassic Recovery from the major extinction at end of Permian.

Many new groups appear, including turtles, dinosaurs,
pterosaurs, and mammals.
251 4 Major extinction event
Paleozoic Permian Supercontinent Pangea and world ocean form. Adaptive
radiation of conifers. Cycads and ginkgos appear. Relatively dry
climate leads to drought-adapted gymnosperms and insects such
as beetles and flies.
299
High atmospheric oxygen level fosters giant arthropods.
Spore-releasing plants dominate. Age of great lycophyte
trees; vast coal forests form. Ears evolve in amphibians; penises
evolve in early reptiles (vaginas evolve later, in mammals only).
359 4 Major extinction event
Devonian Land tetrapods appear. Explosion of plant diversity leads
to tree forms, forests, and many new plant groups including
lycophytes, ferns with complex leaves, seed plants.

Carboniferous

416
Radiations of marine invertebrates. First appearances of land
fungi, vascular plants, bony fishes, and perhaps terrestrial animals
(millipedes, spiders).

Silurian

443 4 Major extinction event
Ordovician Major period for first appearances. The first land plants, fishes,
and reef-forming corals appear. Gondwana moves toward the
South Pole and becomes frigid.

488
CambrEm Earth thaws. Explosion of animal diversity. Most
major groups of animals appear (in the oceans).
Trilobites and shelled organisms evolve.
542
Proterozoic Oxygen accumulates in atmosphere. Origin of aerobic
metabolism. Origin of eukaryotic cells, then protists, fungi,
plants, animals. Evidence that Earth mostly freezes over
in a series of global ice ages between 750 and 600 mya.
2,500
Ardhecam 3,800-2,500 mya. Origin of bacteria and archaeans.
and earlier 4,600-3,800 mya. Origin of Earth’s crust, first atmosphere,
first seas. Chemical, molecular evolution leads to o