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A Note from the Authors

ou are about to embark on an amazing journey of discovery. The study of life spans from the inner
onrkings of cells to the complex interactions of entire ecosystems, through the information stored
in DNA to the ways genetic information evolves over time. At the same time that our understanding
of biology is growing in leaps and bounds, so too are great insights into how learners acquire new
knowledge and skills. We are thrilled to join Scott Freeman on Biological Science, a book dedicated
to active, research-based learning and to exploring the experimental evidence that informs what we
know about biology. The next few pages highlight the features in this book and in MasteringBiology®

that will help you succeed.

From left to right: Michael Black, Emily Taylor, Jon Monroe,
Lizabeth Allison, Greg Podgorski, Kim Quillin



To the Student: How to Use This Book

ew chapter-opening Roadmaps visually group and organize information to
help you anticipate key ideas as well as recognize meaningful relationships
and connections between them.

Biology and the
Tree of Life

In this chapter you will learn about

Key themes to structure your thinking about Biology
starting with including including

What does it mean Two of the greatest The process of
to say that something unifying ideas in Biology doing Biology
is alive? 1.1 1.5

The theory of

The cell theory evolution by
natural selection
1.2 1.3

predicts

The tree of life

1.4

These Chinese Water
Dragon hatchlings are
exploring their new world
and learning how to

find food and stay alive.
They represent one of
the key characteristics

of life introduced in this
chapter: replication.

n essence, biological science is a search for ideas and observations that unify our understanding
of the diversity of life, from bacteria living in rocks a mile underground to humans and majestic
sequoia trees. This chapter is an introduction to this search.

The goals of this chapter are to introduce the nature of life and explore how biologists go about
studying it. The chapter also introduces themes that will resonate throughout this book:

& ® Analyzing how organisms work at the molecular level.

® Understanding organisms in terms of their evolutionary history.
This chapter is part of the
Big Picture. See how on
pages 1617 Let’s begin with what may be the most fundamental question of all: What is life?

e Helping you learn to think like a biologist.

« When you see this checkmark, stop and test yourself. Answers are available in Appendix A.

Big Picture Concept Maps are referenced
on the opening page of related chapters,
pointing you to summary pages that help
you synthesize challenging topics.

Each Roadmap begins
with a statement of why the
chapter topic is important.

Key topics from each chapter
are previewed, and related
ideas are connected through
blue linking words.

Chapter section numbers
help you find key ideas easily
in the chapter.



ig Picture Concept Maps integrate visuals and words to help you synthesize information
about challenging topics in biology that span multiple chapters and units.

B}TURE

Biologists study the
characteristics of life. The cell
theory, the theory of evolution by
natural selection, and the tree of
life are some of the great ideas
in biology that came about by
biologists asking questions that
can be answered by observing
or measuring things—that is, by
collecting data.

Notice that the study of life is
not a series of linear steps with
a beginning and an end. Instead,
the process of doing biology

is dynamic and ongoing. The

answer to one question may lay
the foundation for twenty more
questions. Working together,
biologists from different
disciplines integrate data across
many levels, from atoms to the
biosphere.

Note that the gray numbers in
boxes tell you where to go for
more information. Also, be sure
1o do the blue exercises in the
Check Your Understanding box.

C\ If you understand the big picture ...
« You should be able to .
. Describe how biologists go about testing their i

could span more than one level of biological

organization.

hypothesis you are testing.
Answers are available in Appendix A.

Characteristics of

focuses on

DOING BIOLOGY

living things
« Energy
* Cells

« Information
« Replication
« Evolution

Text section where
you can find more
information

i
many of these levels

deas.

. Provide an example of how an experimental study

. Compare and contrast a hypothesis with a theory.
. Propose the next step to take if data support the

ORGAN

Levels of biological organization
A

involves the
. reveals the
oflife | >
begins with
" — |
v v v Y
Observations Exploring Sharing ideas Inspiration
(planned or the literature with other
chance) P scientists
enables
Y leads to
lead to Defining a problem st
may involve one or many forming a question (
Y leads to

o reject « Scientific meetings
hypothesis;
« Peer-reviewed
propose
enative publications test
leads t hypothesis
Y leadsto VP Bioskills 14
may involve one ormany | Designing a study
(either observational | revisit
. or
of good usually | to test predictions of study
involves
experimental
design leads to ‘ e
+ Controls. -
el Gathering data
experimental
conditons
* Replicates
15
Y leads to
relate to
Analyzing and larger
interpreting data
Bioskills 1,3,4,7,9
evaluated
Y by asking
Do the data support if NO Jitves
the hypothesis?

Scientific community
« Discussions with

colleagues

(i)

—

The Tree of Life
Describes the
evolutionary
relationships
among species

1.4, Ch 28, Unit 6

provides

Theory

« Explains fundamental
aspects of nature

* Consistently shown
1o be correct after
extensive testing

* Serves as a framework
for developing new
hypotheses 12

and

Three New Big Picture topics
have been added to the Fifth Edition:

e NEW! Doing Biology

o NEW! The Chemistry of Life

e Energy for Life

¢ Genetic Information

e Evolution

e NEW! Plant and Animal Form
and Function

e Ecology

MasteringBiology®
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To reinforce the book’s Big Picture Concept Maps, your professor
may assign Interactive Big Picture Concept Map tutorials.
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Practice for success

on tests and exams

ntertwined color-coded “active learning threads” are embedded in the text. The gold thread helps
you to identify important ideas, and the blue thread helps you to test your understanding.

Coupled reaction
ADP-P + +
=-m
o ATP A B8 .| Activated
- @ 73 EXsrg% substrate
< Erog e
- e Energy released | EERNG P
° to synthesize BP "] A€ o2 [ - e a0
. s Y A BP
> 3% Eio,
" -~ = . Energy released Enge=%, + P, +ADP
g g Uncoupled reaction ) to synthesize Al AG 0&%*%%“ [y
S R Ry | gergonic recton % e
2 o A B T gneray 1P AtAG
> Energy required .
to synthesize AB
Reactants Progress of reaction Products
FIGURE 8.9 Are Coupled to Endergonic Reactions. In cells, many reactions

phory
only occur if one reactant is activated by phosphorylation. The phosphorylated reactant molecule has high enough free
energy that the subsequent reaction is exergonic. In this graph, the free energy being tracked on the y-axis represents

Blue Thread Caption
QUGStIOnS and Exe rCISeS A, B, and the 7.3 kcal/mol that is released when ATP is hydrolyzed. For simplicity, the free energy in ADP and P, is not
shown. AG represents the change in free energy between the reactants and products for each indicated step.

challenge you to crltlcally ———1——@ VEXERCISE Label the AG in the uncoupled reaction and the two steps of the coupled reaction to indicate if the change

examine information in
figures and tables.

The Gold Thread helps —
you identify important
concepts when reading
and reviewing.

Check Your
Understanding boxes

ask you to work with ———e

the important concepts
in the chapter.

is representing a positive (> 0) or negative (< 0) value.

FIGURE 8.9 graphs how phosphorylation can couple exergonic
and endergonic reactions. Note that the reaction between A and
B to produce the product AB is endergonic—the AG is positive.
But after the exergonic transfer of a phosphate group from ATP
to B occurs, the free energy of the reactants A and BP is high
enough to make the reaction that forms AB exergonic. When re-
actant molecules in an endergonic reaction are phosphorylated,
—® the free energy released during phosphorylation is coupled to
the endergonic reaction to make the combined overall reaction
exergonic.

of electrons in chemical bonds, so redox reactions
usually involve a change in potential energy.

* ATP contains a cluster of three negatively charged
phosphate groups.

* When ATP or phosphate groups from ATP bind
to substrates, they gain a great deal of potential
energy.

« You should be able to ...

1. Explain why reduced molecules with many C—H bonds
store more potential energy than oxidized molecules
with many C—O bonds.

2. Explain why ATP has such high potential energy.

If you understand that. ..
* When redox reactions occur, electrons change
position. Chemical energy is based on the positions

Answers are available in Appendix A.

« If you understand the principles of energetic coupling,
you should be able to compare and contrast how energy is
transferred via redox reactions and ATP hydrolysis.

It is hard to overstate the importance of energetic coupling:
Without it, life is impossible. If the cells in your body could no
longer drive endergonic reactions by coupling them to exergonic
reactions, you would die within minutes.

Now the question is, What role do enzymes play in these
reactions?

o—

8.3

Regardless of whether reactions in cells are spontaneous or not,
none would occur at the speed required for life without the sup-
port of enzymes. How do they do it?

Recall that the initial hypothesis for how enzymes speed up
reactions—the “lock-and-key” model—was first proposed in
1894 by Emil Fischer (introduced in Chapter 3). In this model,
the substrates would fit into enzymes and react in a manner
analogous to a key being inserted into a lock. In other words, en-
zymes are catalysts—they bring substrates together in a precise
orientation that makes reactions more likely. Fischer’s model also
explained why many enzymes are specific for a single reaction—
specificity is a product of the geometry and chemical properties
of the sites where substrates bind.

How Enzymes Work

Enzymes Help Reactions Clear Two Hurdles

Recall that two hurdles must be cleared before reactions can take
place: need to (1) collide in a precise orientation and

UNIT 2 Cell Structure and Function

— Embedded

Blue Thread
Questions and
Exercises encourage
you to stop and test
your understanding

of challenging topics.

End-of-Chapter Blue

Thread Exercises,
integrated in the chapter

Nonspontaneous Reactions May Be Driven
Using Chemical Energy

Redex reactions transfer energy by coupling exergonic oxidation
reactions to endergonic reduction reactions.

High-energy C-H bonds may be formed during the reduction
step of a redox reaction when an H” is combined with a trans-
ferred electron.

‘The hydrolysis of ATP is an exergonic reaction and may be used
to drive a variety of cellular processes.

When a phosphate group from ATP is added to a substrate that
participates in an endergonic reaction, the potential energy of the
substrate is raised enough to make the reaction exergonic and
thus spontancous,

summary, help you review
the major themes

of the chapter and
synthesize information.

@ You should be able 1o explain what energetic coupling means,
and why life would not exist without it

EEJ tov Enzymes work

» Enzymes are protein catalysts, They speed reaction rates but do
not affect the change in free energy of the reaction.

o ‘The structure of an enzyme has an active site that hrings sub-
ETORRICS o, v FNEE S

DbV i, s i b BB g i B B o o0 ot o NN

« Protein cleavage and phosphorylation are examples of how en-
aymes may be regulated by modifying their primary structure,

¥ You should be able to compare and contrast the effect of alloste-

1 horylation on enzyme function.

ric

versus ph

Enzymes Can Work Together in Metabolic
Pathways

In cells, enzymes often work together in metabolic pathways that
sequentially medify a substrate to make a product,

A pathway may be regulated by controlling the activity of one en-
ayme, often the first in the series of reactions. Feedback inhibi
results from the accumulation of a product that binds to an en-
zyme in the pathway and inactivates it.

Metabolic pathways were vital to the evolution of life, and new
pathways continue 1o evolve in cells,

+ You should be able to predict how the removal of the intermedi-
ale in a two-step metabolic pathway would affect the enzymatic
rates of the first and last,

(wsj  www.masteringbiology.com
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Identify gaps in your

understanding, then fill them

he Fifth Edition provides many opportunities for you
to test yourself and offers helpful learning strategies.

S Bloom’s Taxonomy describes six learning levels: Remember, .

Create:

Analyze: Can | make :
Can | re(‘:’ognize judgments on g\?i:’%ﬁgﬁzﬁ Understand, Apply, Analyze, Evaluate, and Create. Questions in the
underlying the relative value together to book span all levels, including self-testing at the higher levels to
patterns and of ideas and generate help you develop higher-order thinking skills that will prepare you 4
structure? information? something new? for exams. .
Apply: Can | use these idﬁasti.n tge same Steps to Bui|ding Understanding ; )
way orin anew situationt Each chapter ends with three groups _
y Understand: Can | explain this concept 7 of questions that build in difficulty: .
0 o L B
in my own words? TEST YOUR KNOWLEDGE %
Remember: Can | recall the key Begin by testing your basic knowledge of new information. . .-_
terms and ideas? n'
TEST YOUR UNDERSTANDING . o
Once you’re confident with the basics, demonstrate your deeper Tk X
understanding of the material. .. % A
TEST YOUR PROBLEM-SOLVING SKILLS -‘;‘ :
BIOSKILL u Sing Bloom’s taxon()my Work towards mastery of the content by answering questions ;| §
that challenge you at the highest level of competency. +4
Most students have at one time or another wondered why a " 1‘
particular question on an exam seemed so hard, while others w 1y
seemed easy. The explanation lies in the type of cognitive skills A s
required to answer the question. Let’s take a closer look. v ) .‘
A4 oo
NEW! BioSkill Covering o S
y . . ; LA l
Bloom’s Taxpnomy h_elps Answe’r Appendix Includes . « Test Your Problem-Solving Skills e
you to recognize question Bloom’s Taxonomy Information [ o i L ’; “
types using the Bloom’s Answers to all questions in the text 13. A scientific theory is not a guess—it is an idea $
cognitive hierarchy, and it now include the Bloom’s level being whose validity can be tested w1t.h data. Both the c.ell § s ¥
provides specific strategies to tested. You can simultaneously practice theory and the theory of evolution have been validated AL
help you study for questions at assessing your understanding of by lare bodies of observational and experimental data. * RS
all six levels. content and recognizing Bloom’s 14. @A If all eukaryotes living today have a nucleus, S
levels. Combining this information with then it is logical to conclude that the nucleus arose in ’
the gu.id ance in the BioSkill on Bloom’s a common ancestor of all eukaryotes, indicated by %
Taxonomy will help you form a plan to the arrow you should have added to the figure. See .
improve your study skills FIGURE A1.2. If it had arisen in a common ancestor of ¥
' Bacteria or Archaea, then species in those groups k-
would have had to lose the trait—an unlikely event. ol
15. The data set was so large and diverse that it 5 | .

MasteringBiology®

www.masteringbiology.com

was no longer reasonable to argue that noncellular life-
forms would be discovered. 16. b

NEW! End-of-chapter questions from the
book are now available for your professor to assign
as homework in MasteringBiology.


www.masteringbiology.com

Practice scientific thinking

and scientific skills

'_) A unique emphasis on the process of scientific discovery and experimental design
teaches you how to think like a scientist as you learn fundamental biology concepts.

@ RESEARCH <4 Research Boxes explain how research studies are designed and
. l T —— give _you additional practlcg |nt_e'rpret|ng data. Each_ Research Box
lSEErTEEm? consistently models the scientific method, presenting the research

question, hypotheses, experimental setup, predictions, results,
and conclusion. 15 Research Boxes are new to the Fifth Edition.

HYPOTHESIS: Horses choose gaits that minimize energy use at

’ different speeds.
] : NULL HYPOTHESIS: Horses do not choose gaits based on cost of
locomotion.

EXPERIMENTAL SETUP:

1. Measure oxygen consumption of horses trained to walk, trot,
and gallop at a range of speeds on a treadmill. Calculate energy
used per distance travelled at different speeds.

3
MasteringBiology"
-- asteringBiology
_‘ www.masteringbiology.com
Treadmill .
41 . . . . MascorngBology” NEW! Solve It Tutorials
¥ 2. Videotape the same horses locomoting freely in the paddock, T TS q
AS and measure the gaits and speeds they choose to use naturally. e e e e e are available for homework
< 1 : ; ot i assignments in MasteringBiology
PREDICTION: For each gait, there is a range of speeds where energy A, A A b A q n
" ‘ use is minimized. Horses will favor these gaits and speeds. and give you an opportunity to
o PREDICTION OF NULL HYPOTHESIS: There will be no correlation work like a scientist through
Pa' between chosen gaits and energy consumption. a simulated investigation that
¢ R X RESULTS: requires you to analyze and
& W 3 interpret data.
u ," 4 g 5001
P 8 VN R semeemsesmmmemme—————e——
‘* 2 400+ _
[}
% 3 S
' 2 | 8
’ g \ E 300 Walking Trotting Galloping Egv
c ]
£ 200 3 q q . i
y "‘ 2 5 Experimental Inquiry Tutorials based on some of biology’s most
A ALY ;-: 100 Speeds and gaits chosen by free horses 2 seminal experiments give you a chance to analyze data and the reasoning
LA 4 3 & || [ | . that led scientists from the data to their conclusions.
TV A I S T B S S
.. ’ y Speed (m/s) Experimental Inquiry tutorial topics include:
. L CONCLUSION: Horses choose gaits that minimize energy use at . .
’ ! ¥\ different speeds and avoid speeds with high energy consumption. e What Can You Learn About the * Did Natur:al Selection of
¥ "y FIGURE 48.16 Horses Minimize the Cost of Locomotion b; Process of Science from round ‘Flnches Oceur When
.’ " X Choosin.g Appropriate Gaits. v Investigating a Cricket’s Chlrp” the Environment Changed"
’ . g ﬁgﬁgcfg:;gggg‘and C. R. Taylor. 1981. Gait and the energetics of locomotion in horses. ° Which Wavelengths of L|ght What EffeC‘t Does Auxln Have
e 4“ % «/ QUANTITATIVE Use the graph to estimate the relative energy Drive Photosynthesis? on COIeOptIIe Growth?
v " expense of galloping rather than trotting at 3.5 meters/second (m/s). e What Is the Inheritance Pattern What Role Do Genes Play
| . . A ; -
Tk A of Sex-Linked Traits? in Appetite Regulation?
X L s NG
‘ All of the Research Boxes cite the original * Does DNA Replication Follow Ci}" a Species’ Niche Bf’f,
¥ research paper and include a question that the Conservative, Semiconservative, 'é‘ luenced b},’ Interspecific
A asks you to analyze the design of the experiment or Dispersive Model? ompetition?
or study. e How Do Calcium lons Help to What Factors Influence the
X . .
we Prevent Polyspermy During Loss of Nutrients from a
N Egg Fertilization? Forest Ecosystem?
vy ‘,'
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Build important skills scientists use to perform, evaluate,

and communicate scientific research.

—
416
443.7 d s 7 End-Ordovician extinction
488
| 1 [ | |
0 20 40 60

542

mya
FIGURE 28.14 The Big Five Mass Extinction Events. This graph
shows the percentage of lineages called families that went extinct
over each interval in the fossil record since the Cambrian explosion.
Over 50 percent of families and 90 percent of species went extinct
during the end-Permian extinction.

Percentage of families that went extinct

NEW! Graphs and tables

now include their data sources,
emphasizing the research process
that leads to our understanding

of biological ideas.

DATA: Benton, M. J., 1995. Science 268: 52-58.@

dinosaurs 65 million years ago? About what percentage of families
went extinct?

«/ QUANTITATIVE Which extinction event ended the era of the e—————— NEW! Quantitative questions

are identified throughout the text,
helping you practice computational
problem solving and data analysis.

Expanded BioSkills Appendix helps you build skills that will be important to
your success in biology. At relevant points in the text, you’ll find references to the

BioSkills appendix that will help you learn and practice foundational skills.

Using Logarithms

Reading a Phylogenetic Tree
Reading Chemical Structures
Separating and Visualizing

BioSkills Topics include:

[ ]
« The Metric System and :

Significant Figures .
e Some Common Latin and

o Molecules
. greﬂ_‘ Rogts Uhsed in Biology e Separating Cell Components
eading Graphs by Centrifugation

e Using Statistical Tests and
Interpreting Standard Error Bars
e Combining Probabilities

e Biological Imaging:
Microscopy and X-ray
Crystallography

Cell and Tissue

Culture Methods

Model Organisms

NEW! Primary Literature
and Peer Review
Making Concept Maps

e NEW! Using Bloom’s

Taxonomy

- H ® You can access self-paced BioSKills activities
M aSte rl ng B I O I Og)’ in the Study Area, and your instructor can assign

www.masteringbiology.com

additional activities in MasteringBiology.
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Visualize biology

Processes and structures

Acarefully crafted visual program helps you gain a better understanding
of biology through accurate, appropriately detailed figures.

»,
——

' Dikaryotic
mycelium (n + n)
" begins to grow
i Spores (n)
s ¥ a8 germinate

Soores () NEW! Redesigned Life
i Cycle diagrams in Unit 6
and 7 help you compare and
contrast processes among
different organisms.

to form hyphae

4 . Haploid (n)
. Dikaryotic (n + n)
‘ ?' [l oiploid (2n)
¥,
! ;
g/ suMmARY TABLE 28.3  Branch Lengths in Phylogenetic Trees
% & h 03 Graphical Symbol Meaning of Branch Lengths
9. Exhaled air 1. Inhaled air
’ ¥ L y Branch lengths are arbitrary.

F 8. Alveolar 4 ( 2. Alveolar Emphasis is on the branching

¥ space 9 space . .

, (ih lungs) . (ih 1ungs) pattern, which estimates
evolutionary relationships
among populations. This is the
type of tree used in this book.

| P
. 7. Blood 3. Blood
. 8 entering alveolar leaving alveolar
capillaries capillaries .
Horizontal branch lengths show
- the extent of genetic difference
. P .
'® [ Po, Aorta gmong populations. A scale bar
1 A, (i) is included.
oy ¥ 3 . Pulmonary 0.1
4 . COy artery
- (mm Hg) Number of base
P4 Pulmonary substitutions per site
Venae vein
cavae
b Ve
aY% Horizontal branch lengths show
) . .
40 45 L the extent of evolutionary t/me
6. Blood 4. Blood petween nodes. A scale bar is
leaving tissue entering tissue included.
capillaries capillaries
{ I T T T 1
4 3 2 1 0
_-_ Millions of years ago
4 5. Tissues
A A

Informative figures help you think
through complex biological processes
in manageable steps.

Visual Summary Tables pull together
important information in a format that
allows for easy comparison and review.



Instructor and Student Resources

For Instructors

Instructor Resource DVD-ROM

978-0-321-86112-2 * 0-321-86112-4

Everything you need for lectures in one place, including

video segments that demonstrate how to incorporate active-learning
techniques into your own classroom. Enhanced menus make
locating and assessing the digital resources for each chapter easy.
The Instructor Resource CD/DVD-ROM includes PowerPoint®
Lecture Outlines that integrate figures and animations for classroom
presentations. All textbook figures, art, and photos are in JPEG
format, and all PowerPoint slides and JPEGs have editable labels.
Over 300 Instructor Animations accurately depict complex topics
and dynamic processes described in the book.

Instructor Guide (Download only)
Available in the instructor resource area of MasteringBiology’

TestGen® (Download only)

All of the exam questions in the Test Bank have been peer
reviewed and student tested, providing questions that set the
standard for quality and accuracy. To improve the Test Bank,
Metadata from MasteringBiology users has been incorporated
directly into the software. Test questions that are ranked according
to Bloom’s taxonomy and improved TestGen® software makes
assembling tests that much easier.

MasteringBiology®

For Students

Study Guide

978-0-321-85832-0 * 0-321-85832-8

The Study Guide presents a breakdown of key
biological concepts, difficult topics, and quizzes to
help students prepare for exams. Unique to this study
guide are four introductory, stand-alone chapters that
introduce students to foundational ideas and skills
necessary for classroom success: Introduction to
Experimentation and Research in the Biological
Sciences, Presenting Biological Data, Understanding
Patterns in Biology and Improving Study Techniques,
and Reading and Writing to Understand Biology.
“Looking Forward” and “Looking Back” sections
help students make connections across the chapters
instead of viewing them as discrete entities.

Practicing Biology: A Student Workbook
978-0-321-88647-7 * 0-321-88647-X

This workbook focuses on key ideas, principles,
and concepts that are fundamental to understanding
biology. A variety of hands-on activities such as
mapping and modeling suit different learning
styles and help students discover which topics
they need more help on. Students learn biology by
doing biology. An instructors guide can be down-
loaded from the Instructor Area of MasteringBiology.

www.masteringbiology.com

M asteringBiology is an online homework, tutorial, and
assessment system that delivers self-paced tutorials

that provide individualized coaching, focus on your course
objectives, and respond to each student’s progress. The
Mastering system helps instructors maximize class time

with customizable, easy-to-assign, and automatically graded
assessments that motivate students to learn outside of class and
arrive prepared for lecture. MasteringBiology is also available
with a complete Pearson eText edition of Biological Science.

Highlights of the Fifth Edition Item Library include:

* NEW! assignment options include Solve It activities,
end-of-chapter problems, and questions that
accompany new BioSkills and new Big Picture
Interactive Concept Maps.

* NEW! “best of”” homework pre-built assignments
help professors assign popular, key content quickly,
including a blend of tutorials, end-of-chapter
problems, and test bank questions.

* Get Ready for Biology and Chemistry Review
assignment options help students get up to speed
with activities that review chemistry, mathematics,
and basic biology.

MasteringBiology® Virtual Labs

978-0-321-88644-6 « 0-321-88644-5

MasteringBiology: Virtual Labs is an online environment
that promotes critical-thinking skills using virtual
experiments and explorations that might be difficult to
perform in a wet-lab environment due to time, cost, or
safety concerns. MasteringBiology: Virtual Labs offers
unique learning experiences in the areas of microscopy,
molecular biology, genetics, ecology, and systematics.

For more information, please visit
www.pearsonhighered.com/virtualbiologylabs


www.masteringbiology.com
www.pearsonhighered.com/virtualbiologylabs
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Chinese Water Dragon,
Physignathus cocincinus

After you explore this book . . .
you should be able to . . .

® Pose an evolutionary hypothesis to
explain why meter-long male water
dragons are larger and have more
colorful throats than the females.

* Propose how DNA sequences could
be used to determine the relation-
ships among populations of these
lizards in China, India, and Southeast
Asia.

¢ Design an experiment to study the
relative importance of swimming, tree
climbing, and running to the ability of
these semi-aquatic lizards to find food
and escape from predators.

e Create questions of your own and
suggest methods for finding the
answers!
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Preface to Instructors

unique emphasis on the process of scientific discovery and

experimental design—teaching how we know what we
know. The goal was for students not only to learn the language of
biology and understand fundamental concepts but also to begin
to apply those concepts in new situations, analyze experimental
design, synthesize results, and evaluate hypotheses and data—to
learn how to think like biologists. Each edition since has proudly
expanded on this vision. The Fifth Edition is no exception.

A team of six dedicated teacher-scholars has joined Scott to
build on and refine the original vision, and by so doing, make
the book an even better teaching and learning tool. The pace of
biological discovery is rapid, and with each novel breakthrough
it becomes even more challenging to decide what is essential to
include in an introductory biology text. Pulling together an au-
thor team with firsthand expertise from molecules to ecosystems
has ensured that the content of the Fifth Edition reflects cutting-
edge biology that is pitched at the right level for introductory
students and is as accurate and as exciting as ever for instructors
and students alike.

New findings from education research continue to inform
and inspire the team’s thinking about Biological Science—we
know more today than ever before about how students learn.
These findings demand that we constantly look for new ways to
increase student engagement in the learning process, and to help
instructors align course activities and learning goals with testing
strategies.

—|— he first edition of Biological Science was visionary in its

The New Coauthors

The new coauthor team brings a broad set of talents and interests
to the project, motivated by a deep commitment to undergrad-
uate teaching, whether at a small liberal arts college or a large
university. Kim Quillin has been a partner in this textbook in
every edition. For the Fifth Edition, she revised chapters across
three units in addition to spearheading the continued effort
to enhance the visual-teaching program. Michael Black, Greg
Podgorski, Jon Monroe, and Emily Taylor, who served as unit
advisors on the Fourth Edition, were already familiar with the
book. And most of the authorial team have been avid users of
previous editions for many years.

Core Values

Together, the coauthor team has worked to extend the vision
and maintain the core values of Biological Science—to provide
a book for instructors who embrace the challenge of boosting
students to higher levels of learning, and to provide a book for
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students that helps them each step of the way in learning to think
like scientists. Dedicated instructors have high expectations of
their students—the Fifth Edition provides scaffolding to help
students learn at the level called for by the National Academy
of Sciences, the Howard Hughes Medical Institute, the Ameri-
can Association of Medical Academies, and the National Science
Foundation.

What’s New in This Edition

The Fifth Edition contains many new or expanded features, all
of them targeted at ways to help students learn to construct their
own knowledge and think like biologists.

e Road Maps The new Road Maps at the beginning of each
chapter pair with the Big Picture concept maps introduced
in the Fourth Edition. Together they help students navigate
chapter content and see the forest for the trees. Each Road
Map starts with a purpose statement that tells students what
they can expect to learn from each chapter. It then goes on
to visually group and organize information to help students
anticipate key ideas as well as recognize meaningful relation-
ships and connections between the ideas.

e The Big Picture Introduced in the Fourth Edition, Big Pic-
ture concept maps integrate words and visuals to help stu-
dents synthesize information about challenging topics that
span multiple chapters and units. In response to requests
from instructors and students, three new Big Pictures focused
on additional tough topics have been added: Doing Biol-
ogy, The Chemistry of Life, and Plant and Animal Form and
Function. In addition, the Ecology Big Picture is completely
revised to reflect changes to that unit.

e New Chapters Two new chapters are added to better
serve instructors and students. Unit 2 now contains a new
Chapter 8, Energy and Enzymes: An Introduction to Meta-
bolic Pathways. This chapter consolidates these critical topics
in a place where students and instructors need it most—right
before the chapters on cellular respiration and photosynthe-
sis. In the Fourth Edition, animal movement was discussed in
a chapter largely focused on animal sensory systems. In the
Fifth Edition, this important topic is treated in depth in a new
Chapter 48, Animal Movement, that explores how muscle and
skeletal systems work together to produce locomotion.

* New BioSkills Instructors recognize that biology students
need to develop foundational science skills in addition to con-
tent knowledge. While these skills are emphasized through-
out the book, Biological Science, beginning with the Third



Edition, has provided a robust set of materials and activities
to guide students who need extra help. To promote even
fuller use of this resource, the BioSkills are now updated, ex-
panded, and reorganized. New in this edition are a discussion
of significant figures within the BioSkills on the Metric Sys-
tem, and two new BioSkills on Primary Literature and Peer
Review and Using Bloom’s Taxonomy. BioSkills are located
in Appendix B, and practice activities can be assigned online
in MasteringBiology”.

e Promotion of Quantitative Skills Reports like Biology 2010,
Scientific Foundations for Future Physicians, and Vision and
Change all place a premium on quantitative skills. To infuse
a quantitative component throughout the text, new and exist-
ing quantitative questions are flagged in each chapter to en-
courage students to work on developing their ability to read
or create a graph, perform or interpret a calculation, or use
other forms of quantitative reasoning.

* Bloom’s Taxonomy In the Fifth Edition, all questions in the
text are assigned a Bloom’s Taxonomy level to help both stu-
dents and instructors understand whether a question requires
higher-order or lower-order cognitive skills. Questions span
all six Bloom’s levels. (Bloom’s levels are identified in Appen-
dix A: Answers.) The coauthors were trained by experts Mary
Pat Wenderoth and Clarissa Dirks' to ensure we followed
a process that would result in high inter-rater reliability—
or agreement among raters—in assigning Bloom’s levels to
questions. The new BioSkill, Using Bloom’s Taxonomy, ex-
plains the six Bloom’s levels to students and offers a practical
guide to the kinds of study activities best suited for answering
questions at each level.

e Expanded Emphasis on “Doing Biology” A constant hall-
mark of this text is its emphasis on experimental evidence—
on teaching how we know what we know. To reflect the
progress of science, in the Fifth Edition, the coauthor team re-
placed many experiments with fresh examples and added new
Research Boxes. And as noted earlier, they added a new Big
Picture on Doing Biology, focusing on the process of science
and the organizational levels of biology. Data sources are now
cited for all graphs and data tables to model the importance of
citing data sources to students. Updated Research Box ques-
tions continue to encourage students to analyze some aspect
of experimental design. Also new to this edition is a BioSkill
on Primary Literature and Peer Review.

e Art Program The art program is further enhanced in this
edition by the addition of more illustrated summary tables.
These tables make subject areas more accessible to visual
learners and reinforce key concepts of the chapter. Many of
the life-cycle figures in Unit 6 are significantly overhauled.

! Crowe, A., C. Dirks, and M. P. Wenderoth. 2008. Biology in Bloom: Imple-
menting Bloom’s Taxonomy to enhance student learning in biology. CBE-Life
Sciences Education 7: 368-381.

Updated Blue Thread Scaffolding

In the Third and Fourth editions of Biological Science, a meta-
cognitive tool was formulated as the now popular feature known
as “Blue Thread”—sets of questions designed to help students
identify what they do and don’t understand. The fundamental
idea is that if students really understand a piece of information
or a concept, they should be able to do something with it.

In the Fifth Edition, the Blue Thread is revised to reflect
changes in chapter content, and to incorporate user feedback.
Blue-Thread questions appear in the following locations:

e In-text “You should be able to’s” offer exercises on topics
that professors and students have identified as the most dif-
ficult concepts in each chapter.

e Caption questions and exercises challenge students to ex-
amine the information in a figure or table critically—not just
absorb it.

* Check Your Understanding boxes present two to three tasks
that students should be able to complete in order to demon-
strate a mastery of summarized key ideas.

e Chapter summaries include “You should be able to” prob-
lems or exercises related to each key concept.

e End-of-chapter questions are organized in three levels of in-
creasing difficulty so students can build from lower to higher-
order cognitive questions.

Integration of Media

The textbook continues to be supported by MasteringBiology®,
the most powerful online homework, tutorial, and assessment
system available. Tutorials follow the Socratic method, coaching
students to the correct answer by offering feedback specific to a
student’s misconceptions as well as providing hints students can
access if they get stuck. Instructors can associate content with
publisher-provided learning outcomes or create their own. Con-
tent highlights include the following:

e NEW! Solve It Tutorials These activities allow students to
act like scientists in simulated investigations. Each tutorial
presents an interesting, real-world question that students will
answer by analyzing and interpreting data.

e Experimental Inquiry Tutorials The call to teach students
about the process of science has never been louder. To support
such teaching, there are 10 interactive tutorials on classic sci-
entific experiments—ranging from Meselson-Stahl on DNA
replication to the Grants’ work on Galapagos finches and Con-
nell’s work on competition. Students who use these tutorials
should be better prepared to think critically about experimen-
tal design and evaluate the wider implications of the data—pre-
paring them to do the work of real scientists in the future.

* BioFlix* Animations and Tutorials BioFlix are movie-
quality, 3-D animations that focus on the most difficult core
topics and are accompanied by in-depth, online tutorials that
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provide hints and feedback to guide student learning. Eigh-
teen BioFlix animations and tutorials tackle topics such as
meiosis, mitosis, DNA replication, photosynthesis, homeo-
stasis, and the carbon cycle.

NEW! End-of-Chapter Questions Multiple choice end-of-

¢ Reading Quiz Questions Every chapter includes reading

quiz questions you can assign to ensure students read the
textbook and understand the basics. These quizzes are perfect
as a pre-lecture assignment to get students into the content
before class, allowing you to use class time more effectively.

chapter questions are now available to assign in MasteringBiology.

¢ Blue-Thread Questions Over 500 questions based on the
Blue-Thread Questions in the textbook are assignable in
MasteringBiology.

Serving a Community of Teachers

All of us on the coauthor team are deeply committed to students
and to supporting the efforts of dedicated teachers. Doing biol-
ogy is what we love. At various points along our diverse paths,
we have been inspired by our own teachers when we were stu-
dents, and now are inspired by our colleagues as we strive to
become even better teacher-scholars. In the tradition of all pre-
vious editions of Biological Science, we have tried to infuse this
textbook with the spirit and practice of evidence-based teaching.
We welcome your comments, suggestions, and questions.
Thank you for your work on behalf of your students.

e Big Picture Tutorials Interactive concept map activities
based on the Big Picture figures in the textbook are assignable
in MasteringBiology, including tutorials to support the three
new Big Pictures: Doing Biology, The Chemistry of Life, and
Plant and Animal Form and Function.

e BioSKkills Activities Activities based on the BioSkills content
in the textbook are assignable in MasteringBiology, including
activities to support the new BioSkills on Primary Literature
and Peer Review and Using Bloom’s Taxonomy.
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Content Highlights
of the Fifth Edition

s discussed in the preface, a major focus of this revision
A is to enhance the pedagogical utility of Biological Science.

Another major goal is to ensure that the content reflects
the current state of science and is accurate. The expanded author
team has scrutinized every chapter to add new, relevant content,
update descriptions when appropriate, and adjust the approach
to certain topics to enhance student comprehension. In this sec-
tion, some of the key content improvements to the textbook are
highlighted.

Chapter 1 Biology and the Tree of Life A concept map sum-
marizing the defining characteristics of life is added. The process
of doing biology coverage is expanded to include discussion of
both experimental and descriptive studies, and more rigorous
definitions of the terms hypothesis and theory.

Chapter 2 Water and Carbon: The Chemical Basis of Life A
stronger emphasis on chemical evolution is threaded throughout
the chapter to bring chemistry to life for the student reader. Two
prominent models for chemical evolution are introduced; the
historic Miller prebiotic soup experiment was moved here. Ad-
vanced discussion of energy and chemical reactions was moved
to a new chapter (see Chapter 8).

Chapter 3 Protein Structure and Function The chapter is
reorganized to emphasize the link between structure and func-
tion, from amino acids to folded proteins. Updated content il-
lustrates that protein shapes are flexible and dynamic, and may
remain incompletely folded until the protein interacts with other
molecules or ions. Details of how enzymes work were moved to
Chapter 8.

Chapter 4 Nucleic Acids and the RNA World New experi-
mental results concerning the synthesis of nucleotides and nu-
cleic acids in a prebiotic environment are discussed. The section
on the RNA world is expanded to include the artificial evolution
of a novel ribozyme involved in nucleotide synthesis.

Chapter 5 An Introduction to Carbohydrates The molecular
basis for resistance of structural polymers, such as cellulose, to
degradation is clarified. A new research box illustrates the role of
carbohydrates in cellular recognition and attachment using the
egg and sperm of mice as a model system.

Chapter 6 Lipids, Membranes, and the First Cells New con-
tent on lipid and membrane evolution and the proposed charac-
teristics of the first protocell is introduced. The aquaporin and
potassium channel figures are updated; how key amino acids
serve as selectivity filters is now highlighted.

Chapter 7 Inside the Cell Several new electron micrographs
were selected to more clearly illustrate cell component struc-
ture and function. A new figure is added to better depict the

pulse—chase assay used to identify the secretory pathway. Cov-
erage of nuclear transport is expanded to differentiate between
passive diffusion and active nuclear import. Updated content
emphasizes the role of the cytoskeleton in localizing organelles,
and how polarity of microtubules and microfilaments influences
their growth rate.

Chapter 8 Energy and Enzymes: An Introduction to Pathways
This new chapter pulls together concepts in energy, chemical re-
actions, and enzymes that previously were covered in three differ-
ent chapters. Oxidation and reduction reactions are emphasized
to prepare students for Chapters 9 and 10. The energetics behind
ATP hydrolysis and its role in driving endergonic reactions is
discussed, and figures are revised to better illustrate the process.
Updated content on enzyme regulation and a new process figure
show a model for how metabolic pathways may have evolved.

Chapter 9 Cellular Respiration and Fermentation Two new
summary tables for glycolysis and the citric acid cycle are added
that provide the names of the enzymes and the reaction each
catalyzes. New content is introduced to propose a connection
between the universal nature of the proton motive force and the
story of the chemical evolution of life.

Chapter 10 Photosynthesis More extensive comparison be-
tween the chemical reactions in mitochondria and chloroplasts is
added. A new figure is introduced to illustrate noncyclic electron
flow in the context of the thylakoid membrane. Greater emphasis
is placed on the number of ATPs and NADPHs required for each
cycle of carbon fixation and reduction.

Chapter 11 Cell-Cell Interactions Coverage of extracellu-
lar matrix structure and function is expanded, including its role
in intercellular adhesions and cell signaling. The plant apoplast
and symplast are now introduced as key terms in the text and
illustrated in a new figure. New content and a new figure on uni-
cellular models for intercellular communication via pheromone
sensing (yeast) and quorum sensing (slime mold) are added.

Chapter 12 The Cell Cycle A new figure helps explain the
pulse—chase assay for identifying phases of the cell cycle. Con-
tent is added to the text and to a figure that illustrates the simi-
larities between chromosome segregation in eukaryotes and
prokaryotes. A revised description of anaphase emphasizes how
microtubule fraying at the kinetochore can drive chromosome
movement. The explanation of how phosphorylation and de-
phosphorylation turns on MPF activity is updated to reflect cur-
rent research.

Chapter 13 Meiosis To improve the flow of the chapter, the
section on advantages of sexual reproduction was moved to be-
fore mistakes in meiosis. The discussion of the role and timing of
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crossing over during meiosis I is updated. A new study that sup-
ports the hypothesis that sex evolved in response to the selective
pressure of pathogens is introduced.

Chapter 14 Mendel and the Gene Material on gene linkage is
revised to emphasize the importance of genetic mapping. A new
matched set of figures on pedigree analysis brings together the
various modes of transmission that were previously shown in
four individual figures. A new summary table on characteristics
of different patterns of inheritance is added.

Chapter 15 DNA and the Gene: Synthesis and Repair A new
research figure is added that focuses on the relationship between
telomere length and senescence in cultured somatic cells.

Chapter 16 How Genes Work Coverage of the evolving con-
cept of the gene and of different types of RNA is expanded. A fig-
ure showing the karyotype of a cancer cell is revised to improve
clarity.

Chapter 17 Transcription, RNA Processing, and Translation
The sections on transcription in bacteria and eukaryotes are now
separated, and content on charging tRNAs was moved to a new
section. The discussion of translation is reorganized, first to em-
phasize the process in bacteria and then to highlight differences
in eukaryotes.

Chapter 18 Control of Gene Expression in Bacteria Cover-
age of lac operon positive regulation is updated to reflect current
research. A new section and new process figure on global gene
regulation are added, using the lexA regulon as an example.

Chapter 19 Control of Gene Expression in Eukaryotes Ex-
tensive updates to the discussion of epigenetics include a new
research box and a section on DNA methylation. Coverage of
transcription initiation is updated to reflect current science. A
new figure illustrates the role of p53 in the cell cycle in normal
and cancerous cells.

Chapter 20 Analyzing and Engineering Genes The material
on sequencing the Neanderthal genome is updated, including ev-
idence of limited Neanderthal genetic material in some modern
human populations. New information on current generation se-
quencing technologies and massive parallelism is added. Recent
advances in gene therapy are highlighted.

Chapter 21 Genomics and Beyond Extensive updates through-
out reflect recent advances in genomics. Changes include se-
quence database statistics, genomes that have been sequenced
to study evolutionary relationships, and new figures illustrating
gene count versus genome size in prokaryotes and eukaryotes
and functional classes of human DNA sequences. A new section
on systems biology is added. Also included are notes on the dis-
covery of widespread transcription of eukaryotic genomes, deep
sequencing, and the spectrum of mutations in human tumors.

Chapter 22 Principles of Development New information
is added on dedifferentiation in induced pluripotent stem cells,
maternal genes in Drosophila development, how morphogens
work, and tool-kit genes. The order of topics in the discussion
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of developmental principles is reorganized. The figure on Hox
genes in Drosophila and the mouse is updated.

Chapter 23 An Introduction to Animal Development The
chapter is streamlined by focusing on principles of animal de-
velopment. The discussion of gametogenesis was moved to
Chapter 50 (Animal Reproduction). The presentation of fertiliza-
tion is simplified, and a new figure summarizing steps of fertil-
ization is added. The figure on gastrulation is modified to better
depict the arrangement of the germ layers and their movement.

Chapter 24 An Introduction to Plant Development The
chapter is modified to impart an evolutionary perspective on the
similarities and differences in plant and animal development.
The chapter also was streamlined by removing material such
as details of gametogenesis, which now appears in Chapter 41
(Plant Reproduction).

Chapter 25 Evolution by Natural Selection Several new key
passages are included, among them the use of the Grand Canyon
as a context for understanding relative dating of fossils, Darwin’s
artificial selection experiments with fancy pigeons, and Malthus’s
concept of struggle for existence. A new example of people living
at high altitude in Tibet clarifies the difference between acclima-
tization and adaptation. An illustrated summary table of com-
mon misconceptions is added.

Chapter 26 Evolutionary Processes Discussion of sexual
selection now falls within the section on natural selection, and
the terms intersexual and intrasexual selection are added. Sev-
eral new examples replace those in the Fourth Edition, including
inbreeding depression in Florida panthers, gene flow in Oregon
steelhead trout, and lateral gene transfer in aphids. An illustrated
summary table is added on modes of selection.

Chapter 27 Speciation Several points are clarified, such as the
gradient-like (rather than all-or-nothing) nature of reproductive
isolation. The section on polyploidy is reorganized and the fig-
ures revised, including a side-by-side comparison of autopoly-
ploidy and allopolyploidy.

Chapter 28 Phylogenies and the History of Life The phylo-
genetics section is reorganized and expanded to include three il-
lustrated summary tables and updated life-history timelines. New
content is added, including the concept of the Anthropocene, the
calendar analogy to the history of the Earth, the Chengjiang fos-
sils, and a Life-in-the-Cambrian illustration. Evidence for the im-
pact hypothesis is combined into an illustrated summary table.

Chapter 29 Bacteria and Archaea The chapter is updated to
include a description of metagenomic experiments with an em-
phasis on the role of gut bacteria in digestion. A newly recog-
nized phylum of Archaea, the Thaumarchaeota, is included, and
the table comparing key characteristics of the Bacteria, Archaea,
and Eukarya is streamlined.

Chapter 30 Protists For simplicity, protist lineages are now
referred to throughout the chapter by their more familiar com-
mon names. Also, some key lineage boxes were consolidated to



trim the number to one box per major lineage. Discussion of the
origin of the nuclear envelope and mitochondria is expanded to
reflect new thinking on the evolution of eukaryotic cells. Protist
life cycle figures are significantly overhauled.

Chapter 31 Green Algae and Land Plants Coverage of the
evolution of land plants is expanded to include the importance
of UV light and UV-absorbing molecules on the colonization
of land. The “Redwood group” is now referred to as the Cupres-
sophyta. Updates emphasize the role(s) of each stage of a life cy-
cle in dispersal and in increasing genetic variation and individual
numbers. A new research box is added, showing the importance
of flower color to pollinator preference. Plant life-cycle figures
are significantly overhauled.

Chapter 32 Fungi Coenocytic fungal hyphae are illustrated
with a new image showing GFP-labeled nuclei in Neurospora
crassa. The chapter now points out the similarity between fungal
and animal modes of nutrition, in terms of extracellular diges-
tion and absorption of small molecules. The discussion of lignin
degradation is updated, and new descriptions of mutualisms of
fungi with animals are included. Fungal life cycle figures are sig-
nificantly overhauled.

Chapter 33 An Introduction to Animals The chapter is ex-
tensively revised to streamline and modernize the presentation,
including emphasis on genetic tool kits and symmetry in the
phylogeny of animals. The “Themes of Diversification” section
is reorganized around five illustrated summary tables. The dis-
cussion of life cycles is revised to be more general. Insect meta-
morphosis has moved to Chapter 34, and a sea urchin life cycle
replaces Obelia.

Chapter 34 Protostome Animals Two themes are threaded
throughout the chapter: the water-to-land transition and modu-
lar body plans. The section on lophotrochozoans emphasizes spi-
ral cleavage, indirect versus direct development, hemocoels, and
radulas. The section on ecdysozoans highlights segmentation
and Hox genes, including discussion of the origin of the wing
and metamorphosis. Key lineage boxes include new phylogenies
for annelids, crustaceans, and chelicerates.

Chapter 35 Deuterostome Animals Updates to reflect cur-
rent research include revised phylogenies, evolution of flight and
teathers, Australopithecus sediba, human migration out of Africa,
and genetic evidence for interbreeding of Homo neanderthalensis
and Homo sapiens.

Chapter 36 Viruses New content focuses on how viruses con-
tribute to evolution via lateral gene transfer and direct addition
of genes to cellular genomes. Content is updated and expanded
on viral structure and function, and on lytic and latent infec-
tions. Three new figures are added, including a comparison of
replication of viruses and cells, how pandemic strains of influ-
enza arise via reassortment, and the devastating impact of the
1918 influenza pandemic.

Chapter 37 Plant Form and Function The use of termi-
nology is streamlined for consistency and clarity. For example,

“lateral meristem” is replaced with “vascular cambium” to avoid
confusion with lateral buds, and the description of bark is clari-
tied to avoid using the term phelloderm. Several complex figures
were converted to illustrated summary tables.

Chapter 38 Water and Sugar Transport in Plants The chap-
ter is revised to improve accuracy, and points out that water loss
is also a means for transporting minerals from roots to shoots.
Updated content clarifies the role of energy expenditure in mov-
ing water across roots, and the Casparian strip as a barrier to the
back diffusion of ions and water out of the root. A new research
tigure shows the importance of the sucrose proton symporter in
long-distance transport in Arabidopsis.

Chapter 39 Plant Nutrition In this chapter the coverage of
mycorrhizae is modified to emphasize their overall role in nutri-
ent acquisition. In the section on nitrogen fixation, a description
of the worldwide practice of crop rotation involving legumes and
grains is added.

Chapter 40 Plant Sensory Systems, Signals, and Responses
A new research box is added that reveals the essential role of
PHOT1 phosphorylation in phototropism. A section on the effect
of day length on flowering was moved here from Chapter 41 and
is integrated with the discussion of phytochromes. New content
on the role of plasmodesmata in plant action potentials is added.
The section on how plants respond to pathogens is simplified and
updated with an example of control of stomata during a bacterial
infection.

Chapter 41 Plant Reproduction To provide a clearer example
of a gametophyte-dominant life cycle, the liverwort life cycle has
been replaced with a moss life cycle. The term “pollination syn-
drome” is clarified. Also, a research box on how capsaicin pre-
vents seed predation and facilitates dispersal was reinstated from
an earlier edition of Biological Science.

Chapter 42 Animal Form and Function The chapter in-
cludes a new experiment illustrating physiological trade-offs,
along with improved examples of thermoregulatory strategies in
animals. Several complex figures were converted to illustrated
summary tables.

Chapter 43 Water and Electrolyte Balance in Animals The
chapter is reorganized to better integrate the relationship be-
tween excretion and water and electrolyte balance. Osmoregu-
latory strategies are now organized according to the challenges
presented by marine, freshwater, and terrestrial habitats. Cover-
age of osmoregulation in bony fishes versus cartilaginous fishes,
mammalian kidney function, and how nonmammalian verte-
brates concentrate their urine is expanded and clarified.

Chapter 44 Animal Nutrition This chapter contains new
information on nutritional imbalances, including diabetes and
obesity.

Chapter 45 Gas Exchange and Circulation Discussion of
the insect tracheal system is expanded, including new content
on how respiration restricts upper limits of body size of insects.
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Details regarding the lymphatic system and heart anatomy in
vertebrates are updated, and a new section on cardiovascular dis-
ease is added.

Chapter 46 Electrical Signals in Animals This chapter is
greatly expanded to reflect recent research and growing interest
in neuroscience. New information includes comparative anat-
omy of vertebrate brains, more case studies of brain injuries or
dysfunctions that have led to major discoveries in neuroscience,
and the concept of neuroplasticity—especially neurogenesis.

Chapter 47 Animal Sensory Systems Content from the
Fourth Edition has been split into two chapters (47, Animal Sen-
sory Systems; 48, Animal Movement). The chapter on sensory
systems is now organized by type of sensory reception: mecha-
noreception (with new coverage on the lateral line system of
fishes), photoreception, chemoreception (with new coverage of
pheromones), and a new section introducing thermoreception,
electroreception, and magnetoreception.

Chapter 48 Animal Movement This new chapter introduces
the importance of movement in animals, building from small to
large scale. The mechanism of muscle contraction (with revised
figures) is covered, followed by discussions of types of muscle
tissue (with new content on skeletal-muscle fiber types and
parallel- versus pennate-muscle fiber orientation), and skeletal
systems (hydrostatic skeletons, exoskeletons, endoskeletons). A
completely new final section discusses how biologists study loco-
motion on land, in the air, and in the water.

Chapter 49 Chemical Signals in Animals Figures and con-
tent are updated for clarity. The chapter includes a new section
on endocrine disruptors.

Chapter 50 Animal Reproduction New content includes de-
tails of sperm and egg structure and function, reproduction in
the spotted hyena, and human contraceptive methods.

Chapter 51 The Immune System in Animals Coverage of the
innate immune response is expanded to include more detail on
Toll-like receptors and how they transmit signals. The section
on adaptive immunity is reorganized to improve flow. Updated
content on inappropriate immune responses (autoimmunity
and allergies) and inadequate responses (immunodeficiency) is
grouped together in one section. The hygiene hypothesis is in-
troduced to explain the growing trend of inappropriate immune
responses in populations that have reduced exposure to common
pathogens and parasites.
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Chapter 52 An Introduction to Ecology The first section on
levels of ecological study is expanded to include global ecology.
The rest of the chapter is reorganized, beginning with the fac-
tors that determine the distribution and abundance of organisms
(including a new Argentine ant case study) and ending with bi-
omes. The biome section is streamlined with a new emphasis on
human impacts, including an introduction to anthropogenic bi-
omes and the Anthropocene.

Chapter 53 Behavioral Ecology The introduction is revised
to provide a clearer framework for types of behavior. Sections
are now organized around proximate versus ultimate causation.
These new examples replace those in the Fourth Edition: Argen-
tine ant territorial behavior (replacing spiny lobsters), optimal
foraging in gerbils (replacing white-fronted bee-eaters), sexual
selection in Anolis lizards (replacing barn swallows), and map
orientation in green sea turtles.

Chapter 54 Population Ecology A new introductory section
focuses on the distribution of organisms in populations, includ-
ing dispersion patterns and a consolidated discussion of mea-
surement methods. The human population content is updated
and separated into a new section. The quantitative methods
boxes and life table are now more student friendly.

Chapter 55 Community Ecology Several changes to content
are made, such as a clarification of competitive exclusion versus
niche differentiation. New content includes a summary table on
constitutive defenses, a discovery story on mimicry (including
Bates and Miiller), an introduction to food webs, and the process
of soil formation in primary succession.

Chapter 56 Ecosystems The title and scope of the chapter are
updated to include global ecology. Extensive revisions include
many content updates and new figures on the relationship be-
tween GPP and NPP, the one-way flow of energy and cycling of
nutrients, the food web, open versus closed aquifers, the High
Plains Aquifer, the biomagnification of DDT, and the greenhouse
effect. The climate change section is expanded and updated, in-
cluding an illustrated summary table.

Chapter 57 Biodiversity and Conservation Biology Through-
out the chapter, there is more emphasis on conserving ecosystem
function. Many new examples are added, including Smits’s resto-
ration project in Borneo, the Census of Marine Life, the [UCN
Red List, the Sinervo lizard extinction experiment, and Florida
panther genetic restoration. New summary tables highlight eco-
system services and threats to biodiversity.
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Biology and the
Tree of Life

In this chapter you will learn about

Key themes to structure your thinking about Biology

starting with including including

What does it mean Two of the greatest The process of
to say that something unifying ideas in Biology doing Biology
is alive? 1.1 1.5

The theory of
The cell theory evolution by
natural selection
1.2 1.3

predicts

The tree of life
1.4

These Chinese water
dragon hatchlings are
exploring their new world
and learning how to

find food and stay alive.
They represent one of
the key characteristics

of life introduced in this
chapter—replication.

n essence, biological science is a search for ideas and observations that unify our understanding

of the diversity of life, from bacteria living in rocks a mile underground to humans and majestic

sequoia trees. This chapter is an introduction to this search.

The goals of this chapter are to introduce the nature of life and explore how biologists go about
studying it. The chapter also introduces themes that will resonate throughout this book:

& * Analyzing how organisms work at the molecular level.

* Understanding organisms in terms of their evolutionary history.

This chapter is part of the
Big Picture. See how on
pages 16-17. Let’s begin with what may be the most fundamental question of all: What is life?

* Helping you learn to think like a biologist.

« When you see this checkmark, stop and test yourself. Answers are available in Appendix A.




What Does It Mean to Say That
Something Is Alive?

An organism is a life-form—a living entity made up of one or
more cells. Although there is no simple definition of life that
is endorsed by all biologists, most agree that organisms share a
suite of five fundamental characteristics.

e Energy To stay alive and reproduce, organisms have to ac-
quire and use energy. To give just two examples: plants absorb
sunlight; animals ingest food.

e Cells Organisms are made up of membrane-bound units
called cells. A cell's membrane regulates the passage of materi-
als between exterior and interior spaces.

e Information Organisms process hereditary, or genetic, in-
formation encoded in units called genes. Organisms also re-
spond to information from the environment and adjust to
maintain stable internal conditions. Right now, cells through-
out your body are using information to make the molecules
that keep you alive; your eyes and brain are decoding infor-
mation on this page that will help you learn some biology, and
if your room is too hot you might be sweating to cool off.

e Replication One of the great biologists of the twentieth cen-
tury, Francois Jacob, said that the “dream of a bacterium is to
become two bacteria” Almost everything an organism does
contributes to one goal: replicating itself.

e Evolution Organisms are the product of evolution, and their

populations continue to evolve.
] are ]
Organisms Life forms

are considered “alive”
because they

acquire | are made process are are a
and up of one capable product
use or more of of

[ Energy ] [ Cells ] [ Information ][ Replication ][ Evolution ]

You can think of this text as one long exploration of these five
traits. Here’s to life!

XD e cell Theory )

Two of the greatest unifying ideas in all of science laid the ground-
work for modern biology: the cell theory and the theory of evolu-
tion by natural selection. Formally, scientists define a theory as an
explanation for a very general class of phenomena or observations
that are supported by a wide body of evidence. The cell theory
and theory of evolution address fundamental questions: What are
organisms made of? Where do they come from?

When these concepts emerged in the mid-1800s, they revolu-
tionized the way biologists think about the world. They established

n CHAPTER1 Biology and the Tree of Life

two of the five attributes of life: Organisms are cellular, and their
populations change over time.

Neither insight came easily, however. The cell theory, for exam-
ple, emerged after some 200 years of work. In 1665 the Englishman
Robert Hooke devised a crude microscope to examine the structure
of cork (a bark tissue) from an oak tree. The instrument magni-
fied objects to just 30X (30 times) their normal size, but it allowed
Hooke to see something extraordinary. In the cork he observed
small, pore-like compartments that were invisible to the naked eye.
Hooke coined the term “cells” for these structures because of their
resemblance to the cells inhabited by monks in a monastery.

Soon after Hooke published his results, a Dutch scientist
named Anton van Leeuwenhoek succeeded in developing much
more powerful microscopes, some capable of magnifications up
to 300X. With these instruments, van Leeuwenhoek inspected
samples of pond water and made the first observations of a daz-
zling collection of single-celled organisms that he called “animal-
cules” He also observed and described human blood cells and
sperm cells, shown in FIGURE 1.1.

In the 1670s an Italian researcher who was studying the leaves
and stems of plants with a microscope concluded that plant tis-
sues were composed of many individual cells. By the early 1800s,
enough data had accumulated for a German biologist to claim
that all organisms consist of cells. Did this claim hold up?

All Organisms Are Made of Cells

Advances in microscopy have made it possible to examine the
amazing diversity and complexity of cells at higher and higher
magnifications. Biologists have developed microscopes that are
tens of thousands of times more powerful than van Leeuwen-
hoek’s and have described over a million new species. The basic
conclusion made in the 1800s remains intact, however: All or-
ganisms are made of cells.

The smallest organisms known today are bacteria that are
barely 200 nanometers wide, or 200 billionths of a meter. (See
BioSkills 1 in Appendix B to review the metric system and its
prefixes.') It would take 5000 of these organisms lined up side by
side to span a millimeter. This is the distance between the small-
est hash marks on a metric ruler. In contrast, sequoia trees can
be over 100 meters tall. This is the equivalent of a 20-story build-
ing. Bacteria and sequoias are composed of the same fundamen-
tal building block, however—the cell. Bacteria consist of a single
cell; sequoias are made up of many cells.

Today a cell is defined as a highly organized compartment
that is bounded by a thin, flexible structure called a plasma
membrane and that contains concentrated chemicals in an aque-
ous (watery) solution. The chemical reactions that sustain life
take place inside cells. Most cells are also capable of reproducing
by dividing—in effect, by making a copy of themselves.

The realization that all organisms are made of cells was fun-
damentally important, but it formed only the first part of the cell

'BioSkills are located in the second appendix at the back of the book. They focus on
general skills that you’ll use throughout this course. More than a few students have
found them to be a life-saver. Please use them!



(a) van Leeuwenhoek built his own microscopes—which, while
small, were powerful. They allowed him to see, for example . . .

(b) . . . human blood cells (this modern photo was shot through
one of van Leeuwenhoek’s original microscopes) . . .
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(c) . .. and animal sperm (drawing by van Leeuwenhoek of
canine sperm cells on left, human on right).
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FIGURE 1.1 Van Leeuwenhoek’s Microscope Made Cells Visible.

theory. In addition to understanding what organisms are made
of, scientists wanted to understand how cells come to be.

Where Do Cells Come From?

Most scientific theories have two components: The first describes a
pattern in the natural world; the second identifies a mechanism or
process that is responsible for creating that pattern. Hooke and his
tellow scientists articulated the pattern component of the cell theory.
In 1858, a German scientist named Rudolph Virchow added the pro-
cess component by stating that all cells arise from preexisting cells.
The complete cell theory can be stated as follows: All organ-
isms are made of cells, and all cells come from preexisting cells.

Two Hypotheses The cell theory was a direct challenge to the pre-
vailing explanation of where cells come from, called spontaneous
generation. In the mid-1800s, most biologists believed that organ-
isms could arise spontaneously under certain conditions. For ex-
ample, the bacteria and fungi that spoil foods such as milk and wine
were thought to appear in these nutrient-rich media of their own
accord—springing to life from nonliving materials. In contrast, the
cell theory maintained that cells do not spring to life spontaneously
but are produced only when preexisting cells grow and divide. The
all-cells-from-cells explanation was a hypothesis: a testable state-
ment to explain a phenomenon or a set of observations.

Biologists usually use the word theory to refer to proposed ex-
planations for broad patterns in nature and prefer hypothesis to
refer to explanations for more tightly focused questions. A theory
serves as a framework for the development of new hypotheses.

An Experiment to Settle the Question Soon after Virchow’s all-
cells-from-cells hypothesis appeared in print, a French scientist
named Louis Pasteur set out to test its predictions experimen-
tally. An experimental prediction describes a measurable or ob-
servable result that must be correct if a hypothesis is valid.

Pasteur wanted to determine whether microorganisms could
arise spontaneously in a nutrient broth or whether they appear only
when a broth is exposed to a source of preexisting cells. To address
the question, he created two treatment groups: a broth that was not
exposed to a source of preexisting cells and a broth that was.

The spontaneous generation hypothesis predicted that cells
would appear in both treatment groups. The all-cells-from-cells
hypothesis predicted that cells would appear only in the treat-
ment exposed to a source of preexisting cells.

FIGURE 1.2 (on page 4) shows Pasteur’s experimental setup.
Note that the two treatments are identical in every respect but
one. Both used glass flasks filled with the same amount of the
same nutrient broth. Both were boiled for the same amount of
time to kill any existing organisms such as bacteria or fungi. But
because the flask pictured in Figure 1.2a had a straight neck, it
was exposed to preexisting cells after sterilization by the heat
treatment. These preexisting cells are the bacteria and fungi that
cling to dust particles in the air. They could drop into the nutri-
ent broth because the neck of the flask was straight.

In contrast, the flask drawn in Figure 1.2b had a long swan
neck. Pasteur knew that water would condense in the crook of the
swan neck after the boiling treatment and that this pool of water
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RESEARCH

QUESTION: Do cells arise spontaneously or from other cells?

SPONTANEOUS GENERATION HYPOTHESIS: Cells arise spontaneously from nonliving materials.
ALL-CELLS-FROM-CELLS HYPOTHESIS: Cells are produced only when preexisting cells grow and divide.

(a) Pasteur experiment with straight-necked flask:

1 1. Place nutrient broth in
J | straight-necked flask.

20 2. Boll to sterilize the flask
(killing any living cells that
were in the broth).

No cells | 7% Cells

3. Preexisting cells
/#\ enter flask from air.
II |

(b) Pasteur experiment with swan-necked flask:

1. Place nutrient broth in
\\ swan-necked flask.

Cells |, °

2. Boil to sterilize the flask
(killing any living cells that
were in the broth).

Condensation settles in neck
No cells

Cells +¢
* 3. Preexisting cells
from air are trapped
in swan neck.

PREDICTION OF SPONTANEOUS GENERATION HYPOTHESIS:
Cells will appear in broth.

PREDICTION OF ALL-CELLS-FROM-CELLS HYPOTHESIS:
Cells will appear in broth.

PREDICTION OF SPONTANEOUS GENERATION HYPOTHESIS:
Cells will appear in broth.

PREDICTION OF ALL-CELLS-FROM-CELLS HYPOTHESIS:
Cells will not appear in broth.

RESULTS:

Both hypotheses
supported

Spontaneous
generation

hypothesis
rejected

No cells |

;

CONCLUSION: Cells arise from preexisting cells, not spontaneously from nonliving material.

FIGURE 1.2 The Spontaneous Generation and All-Cells-from-Cells Hypotheses Were Tested Experimentally.

+QUESTION What problem would arise in interpreting the results of this experiment if Pasteur had (1) put different
types of broth in the two treatments, (2) heated them for different lengths of time, or (3) used a ceramic flask for one

treatment and a glass flask for the other?

would trap any bacteria or fungi that entered on dust particles.
Thus, the contents of the swan-necked flask were isolated from
any source of preexisting cells even though still open to the air.

Pasteur’s experimental setup was effective because there was
only one difference between the two treatments and because that
difference was the factor being tested—in this case, a broth’s ex-
posure to preexisting cells.

One Hypothesis Supported And Pasteur’s results? As Figure 1.2
shows, the treatment exposed to preexisting cells quickly filled
with bacteria and fungi. This observation was important because
it showed that the heat sterilization step had not altered the nu-
trient broth’s capacity to support growth.
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The broth in the swan-necked flask remained sterile, however.
Even when the flask was left standing for months, no organisms
appeared in it. This result was inconsistent with the hypothesis of
spontaneous generation.

Because Pasteur’s data were so conclusive—meaning that there
was no other reasonable explanation for them—the results per-
suaded most biologists that the all-cells-from-cells hypothesis was
correct. However, you will see that biologists now have evidence
that life did arise from nonlife early in Earth’s history, through a
process called chemical evolution (Chapters 2-6).

The success of the cell theory’s process component had an im-
portant implication: If all cells come from preexisting cells, it fol-
lows that all individuals in an isolated population of single-celled



organisms are related by common ancestry. Similarly, in you and
most other multicellular individuals, all the cells present are de-
scended from preexisting cells, tracing back to a fertilized egg. A
fertilized egg is a cell created by the fusion of sperm and egg—
cells that formed in individuals of the previous generation. In
this way, all the cells in a multicellular organism are connected by
common ancestry.

The second great founding idea in biology is similar, in spirit,
to the cell theory. It also happened to be published the same year
as the all-cells-from-cells hypothesis. This was the realization,
made independently by the English scientists Charles Darwin
and Alfred Russel Wallace, that all species—all distinct, identifi-
able types of organisms—are connected by common ancestry.

The Theory of Evolution
by Natural Selection

In 1858 short papers written separately by Darwin and Wallace
were read to a small group of scientists attending a meeting of
the Linnean Society of London. A year later, Darwin published
a book that expanded on the idea summarized in those brief pa-
pers. The book was called The Origin of Species. The first edition
sold out in a day.

What Is Evolution?

Like the cell theory, the theory of evolution by natural selection
has a pattern and a process component. Darwin and Wallace’s
theory made two important claims concerning patterns that exist
in the natural world.

1. Species are related by common ancestry. This contrasted with
the prevailing view in science at the time, which was that spe-
cies represent independent entities created separately by a di-
vine being.

2. In contrast to the accepted view that species remain unchanged
through time, Darwin and Wallace proposed that the charac-
teristics of species can be modified from generation to genera-
tion. Darwin called this process descent with modification.

Evolution is a change in the characteristics of a population over
time. It means that species are not independent and unchanging en-
tities, but are related to one another and can change through time.

What Is Natural Selection?

This pattern component of the theory of evolution was actually
not original to Darwin and Wallace. Several scientists had al-
ready come to the same conclusions about the relationships be-
tween species. The great insight by Darwin and Wallace was in
proposing a process, called natural selection, that explains how
evolution occurs.

Two Conditions of Natural Selection Natural selection occurs
whenever two conditions are met.

1. Individuals within a population vary in characteristics that are
heritable—meaning, traits that can be passed on to offspring.

A population is defined as a group of individuals of the same
species living in the same area at the same time.

2. In a particular environment, certain versions of these heri-
table traits help individuals survive better or reproduce more
than do other versions.

If certain heritable traits lead to increased success in produc-
ing offspring, then those traits become more common in the
population over time. In this way, the population’s characteristics
change as a result of natural selection acting on individuals. This
is a key insight: Natural selection acts on individuals, but evolu-
tionary change occurs in populations.

Selection on Maize as an Example To clarify how selection
works, consider an example of artificial selection—changes in
populations that occur when humans select certain individuals to
produce the most offspring. Beginning in 1896, researchers be-
gana long—term selection experiment on maize (corn).

1. In the original population, the percentage of protein in maize
kernels was variable among individuals. Kernel protein con-
tent is a heritable trait—parents tend to pass the trait on to
their offspring.

2. Each year for many years, researchers chose individuals with
the highest kernel protein content to be the parents of the
next generation. In this environment, individuals with high
kernel protein content produced more offspring than indi-
viduals with low kernel protein content.

FIGURE 1.3 shows the results. Note that this graph plots genera-
tion number on the x-axis, starting from the first generation (0
on the graph) and continuing for 100 generations. The average
percentage of protein in a kernel among individuals in this popu-
lation is plotted on the y-axis.
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FIGURE 1.3 Response to Selection for High Kernel Protein
Content in Maize.

DATA: Moose, S. P.,, J. W. Dudley, and T. R. Rocheford. 2004. Trends in Plant Sciences 9: 358-364;
and the lllinois long-term selection experiment for oil and protein in corn (University of lllinois at
Urbana-Champaign).
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To read this graph, put your finger on the x-axis at genera-
tion 0. Then read up the y-axis, and note that kernels averaged
about 11 percent protein at the start of the experiment. Now read
the graph to the right. Each dot is a data point, representing the
average kernel protein concentration in a particular generation.
(A generation in maize is one year.) The lines on this graph sim-
ply connect the dots, to make the pattern in the data easier to
see. During a few years the average protein content goes down,
because of poor growing conditions or chance changes in how
the many genes responsible for this trait interact. However, at
the end of the graph, after 100 generations of selection, average
kernel protein content is about 29 percent. (For more help with
reading graphs, see BioSkills 3 in Appendix B.)

This sort of change in the characteristics of a population, over
time, is evolution. Humans have been practicing artificial selec-
tion for thousands of years, and biologists have now documented
evolution by natural selection—where humans don't do the se-
lecting—occurring in thousands of different populations, includ-
ing humans. Evolution occurs when heritable variation leads to
differential success in reproduction.

« QUANTITATIVE If you understand the concepts of selection
and evolution, you should be able to describe how protein con-
tent in maize kernels changed over time, using the same x-axis
and y-axis as in Figure 1.3, when researchers selected individu-
als with the lowest kernel protein content to be the parents of
the next generation. (This experiment was actually done, start-
ing with the same population at the same time as selection for
high protein content.)

Fitness and Adaptation Darwin also introduced some new ter-
minology to identify what is happening during natural selection.

* In everyday English, fitness means health and well-being. But
in biology, fitness means the ability of an individual to pro-
duce viable offspring. Individuals with high fitness produce
many surviving offspring.

* In everyday English, adaptation means that an individual is
adjusting and changing to function in new circumstances. But
in biology, an adaptation is a trait that increases the fitness of
an individual in a particular environment.

Once again, consider kernel protein content in maize: In the
environment of the experiment graphed in Figure 1.3, individuals
with high kernel protein content produced more offspring and had
higher fitness than individuals with lower kernel protein content.
In this population and this environment, high kernel protein con-
tent was an adaptation that allowed certain individuals to thrive.

Note that during this process, the amount of protein in the
kernels of any individual maize plant did not change within its
lifetime—the change occurred in the characteristics of the popu-
lation over time.

Together, the cell theory and the theory of evolution provided
the young science of biology with two central, unifying ideas:

1. The cell is the fundamental structural unit in all organisms.

2. All species are related by common ancestry and have changed
over time in response to natural selection.

n CHAPTER1 Biology and the Tree of Life

SES

If you understand that...

* Natural selection occurs when heritable variation
in certain traits leads to improved success in
reproduction. Because individuals with these traits
produce many offspring with the same traits, the
traits increase in frequency and evolution occurs.

¢ Evolution is a change in the characteristics of a
population over time.

« You should be ableto...

Using the graph you just analyzed in Figure 1.3,
describe the average kernel protein content over time
in a maize population where no selection occurred.

l Answers are available in Appendix A.

(B The Tree of Life ]

Section 1.3 focuses on how individual populations change through
time in response to natural selection. But over the past several de-
cades, biologists have also documented dozens of cases in which
natural selection has caused populations of one species to diverge
and form new species. This divergence process is called speciation.

Research on speciation has two important implications: All
species come from preexisting species, and all species, past and
present, trace their ancestry back to a single common ancestor.

The theory of evolution by natural selection predicts that bi-
ologists should be able to construct a tree of life—a family tree of
organisms. If life on Earth arose just once, then such a diagram
would describe the genealogical relationships between species
with a single, ancestral species at its base.

Has this task been accomplished? If the tree of life exists, what
does it look like?

Using Molecules to Understand the Tree of Life

One of the great breakthroughs in research on the tree of life oc-
curred when American biologist Carl Woese (pronounced woze)
and colleagues began analyzing the chemical components of or-
ganisms as a way to understand their evolutionary relationships.
Their goal was to understand the phylogeny of all organisms—
their actual genealogical relationships. Translated literally, phy-
logeny means “tribe-source”

To understand which organisms are closely versus distantly
related, Woese and co-workers needed to study a molecule that is
found in all organisms. The molecule they selected is called small
subunit ribosomal RNA (rRNA). It is an essential part of the ma-
chinery that all cells use to grow and reproduce.

Although rRNA is a large and complex molecule, its under-
lying structure is simple. The rRNA molecule is made up of
sequences of four smaller chemical components called ribonu-
cleotides. These ribonucleotides are symbolized by the letters A,
U, C, and G. In rRNA, ribonucleotides are connected to one an-
other linearly, like the boxcars of a freight train.



Analyzing rRNA  Why might rRNA be useful for understanding
the relationships between organisms? The answer is that the ri-
bonucleotide sequence in rRNA is a trait that can change dur-
ing the course of evolution. Although rRNA performs the same
function in all organisms, the sequence of ribonucleotide build-
ing blocks in this molecule is not identical among species.

In land plants, for example, the molecule might start with the
sequence A-U-A-U-C-G-A-G (FIGURE 1.4). In green algae, which
are closely related to land plants, the same section of the mol-
ecule might contain A-U-A-U-G-G-A-G. But in brown algae,
which are not closely related to green algae or to land plants, the
same part of the molecule might consist of A-A-A-U-G-G-A-C.

The research that Woese and co-workers pursued was based
on a simple premise: If the theory of evolution is correct, then
rRNA sequences should be very similar in closely related organ-
isms but less similar in organisms that are less closely related. Spe-
cies that are part of the same evolutionary lineage, like the plants,
should share certain changes in rRNA that no other species have.

To test this premise, the researchers determined the sequence
of ribonucleotides in the rRNA of a wide array of species. Then
they considered what the similarities and differences in the se-
quences implied about relationships between the species. The
goal was to produce a diagram that described the phylogeny of
the organisms in the study.

A diagram that depicts evolutionary history in this way is
called a phylogenetic tree. Just as a family tree shows relation-
ships between individuals, a phylogenetic tree shows relation-
ships between species. On a phylogenetic tree, branches that
share a recent common ancestor represent species that are closely
related; branches that don't share recent common ancestors rep-
resent species that are more distantly related.

The Tree of Life Estimated from Genetic Data To construct
a phylogenetic tree, researchers use a computer to find the ar-
rangement of branches that is most consistent with the similari-
ties and differences observed in the data.

Compare the rRNA
nucleotide sequence [, .
observed in land plants ...

el

Land plant rRNA

o O

Green algae rRNA

... with the nucleotide
. sequence found at the
""""""" same location in the rRNA
molecule of green algae

FIGURE 1.4 RNA Molecules Are Made Up of Smaller Molecules.
A complete small subunit rRNA molecule contains about 2000
ribonucleotides; just 8 are shown in this comparison.

«QUESTION Suppose that in the same section of rRNA, molds and

other fungi have the sequence A-U-A-U-G-G-A-C. Are fungi more
closely related to green algae or to land plants? Explain your logic.

Although the initial work was based only on the sequences
of ribonucleotides observed in rRNA, biologists now use data
sets that include sequences from a wide array of genetic mate-
rial. FIGURE 1.5 shows a recent tree produced by comparing these
sequences. Because this tree includes such a diverse array of

DOMAIN BACTERIA
Mycoplasma

Firmicutes
Cyanobacteria

— Actinobacteria

Spirochaetes

Chlamydiae
Bacteriodetes
e-Proteobacteria

S-Proteobacteria

o-Proteobacteria
This node

represents the
© common ancestor
of all organisms

B-Proteobacteria

y-Proteobacteria

alive today
DOMAIN ARCHAEA
Thaumarchaeota
Crenarchaeota
Korarchaeota
This node Euryarchaeota

represents the
common ancestor
of archaea and

DOMAIN EUKARYA
© eukaryotes

s Slime molds

S— Fungi -
o _E Animals <
Choanoflagellates ‘ Fungi,
- Euglenids animals,
| and plants
Parabasilids are small
_E ; | branch tips
Diplomonads on the
- Red algae il tree of life

—E Green algae
Land plants &

Foraminiferans

Ciliates
_E Dinoflagellates
Apicomplexans
Water molds
E Diatoms
Brown algae
FIGURE 1.5 The Tree of Life. A phylogenetic tree estimated from a
large amount of genetic sequence data. The three domains of life
revealed by the analysis are labeled. Common names are given for
lineages in the domains Bacteria and Eukarya. Phyla names are

given for members of the domain Archaea, because most of these
organisms have no common names.
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species, it is often called the universal tree, or the tree of life. (For
help in learning how to read a phylogenetic tree, see BioSkills 7
in Appendix B.) Notice that the tree’s main node is the common
ancestor of all living organisms. Researchers who study the ori-
gin of life propose that the tree’s root extends even further back
to the “last universal common ancestor” of cells, or LUCA.

The tree of life implied by rRNA and other genetic data estab-
lished that there are three fundamental groups or lineages of or-
ganisms: (1) the Bacteria, (2) the Archaea, and (3) the Eukarya.
In all eukaryotes, cells have a prominent component called the
nucleus (FIGURE 1.6a). Translated literally, the word eukaryotes
means “true kernel” Because the vast majority of bacterial and
archaeal cells lack a nucleus, they are referred to as prokaryotes
(literally, “before kernel”; see FIGURE 1.6b). The vast majority of
bacteria and archaea are unicellular (“one-celled”); many eukary-
otes are multicellular (“many-celled”).

When results based on genetic data were first published, bi-
ologists were astonished. For example:

e Prior to Woese’s work and follow-up studies, biologists thought
that the most fundamental division among organisms was be-
tween prokaryotes and eukaryotes. The Archaea were virtually
unknown—much less recognized as a major and highly dis-
tinctive branch on the tree of life.

e Fungi were thought to be closely related to plants. Instead,
they are actually much more closely related to animals.

(a) Eukaryotic cells have
a membrane-bound
nucleus.

Membrane
around
nucleus

(b) Prokaryotic cells do not
have a membrane-bound
nucleus.

No nucleus —

FIGURE 1.6 Eukaryotes and Prokaryotes.

+/ QUANTITATIVE How many times larger is the eukaryotic cell in this
figure than the prokaryotic cell? (Hint: Study the scale bars.)

n CHAPTER1 Biology and the Tree of Life

e Traditional approaches for classifying organisms—including
the system of five kingdoms divided into various classes, or-
ders, and families that you may have learned in high school—
are inaccurate in many cases, because they do not reflect the
actual evolutionary history of the organisms involved.

The Tree of Life Is a Work in Progress Just as researching your
family tree can help you understand who you are and where you
came from, so the tree of life helps biologists understand the re-
lationships between organisms and the history of species. The
discovery of the Archaea and the accurate placement of lineages
such as the fungi qualify as exciting breakthroughs in our under-
standing of evolutionary history and life’s diversity.

Work on the tree of life continues at a furious pace, however,
and the location of certain branches on the tree is hotly debated.
As databases expand and as techniques for analyzing data improve,
the shape of the tree of life presented in Figure 1.5 will undoubt-
edly change. Our understanding of the tree of life, like our under-
standing of every other topic in biological science, is dynamic.

How Should We Name Branches
on the Tree of Life?

In science, the effort to name and classify organisms is called tax-
onomy. Any named group is called a taxon (plural: taxa). Cur-
rently, biologists are working to create a taxonomy, or naming
system, that accurately reflects the phylogeny of organisms.

Based on the tree of life implied by genetic data, Woese pro-
posed a new taxonomic category called the domain. The three
domains of life are the Bacteria, Archaea, and Eukarya.

Biologists often use the term phylum (plural: phyla) to refer
to major lineages within each domain. Although the designation
is somewhat arbitrary, each phylum is considered a major branch
on the tree of life. Within the lineage called animals, biologists
currently name 30-35 phyla—each of which is distinguished by
distinctive aspects of its body structure as well as by distinctive
gene sequences. For example, the mollusks (clams, squid, octo-
puses) constitute a phylum, as do chordates (the vertebrates and
their close relatives).

Because the tree of life is so new, though, naming systems are
still being worked out. One thing that hasn’t changed for centu-
ries, however, is the naming system for individual species.

Scientific (Latin) Names In 1735, a Swedish botanist named
Carolus Linnaeus established a system for naming species that
is still in use today. Linnaeus created a two-part name unique to
each type of organism.

® Genus The first part indicates the organism’s genus (plural:
genera). A genus is made up of a closely related group of spe-
cies. For example, Linnaeus put humans in the genus Homo.
Although humans are the only living species in this genus, at
least six extinct organisms, all of which walked upright and
made extensive use of tools, were later also assigned to Homo.

e Species The second term in the two-part name identifies the
organism’s species. Linnaeus gave humans the species name
sapiens.



An organism’s genus and species designation is called its
scientific name or Latin name. Scientific names are always itali-
cized. Genus names are always capitalized, but species names are
not—as in Homo sapiens.

Scientific names are based on Latin or Greek word roots or
on words “Latinized” from other languages. Linnaeus gave a sci-
entific name to every species then known, and also Latinized his
own name—from Karl von Linné to Carolus Linnaeus.

Linnaeus maintained that different types of organisms should
not be given the same genus and species names. Other species
may be assigned to the genus Homo, and members of other gen-
era may be named sapiens, but only humans are named Homo
sapiens. Each scientific name is unique.

Scientific Names Are Often Descriptive Scientific names and
terms are often based on Latin or Greek word roots that are de-
scriptive. For example, Homo sapiens is derived from the Latin
homo for “man” and sapiens for “wise” or “knowing” The yeast
that bakers use to produce bread and that brewers use to brew
beer is called Saccharomyces cerevisiae. The Greek root saccharo
means “sugar;’ and myces refers to a fungus. Saccharomyces is
aptly named “sugar fungus” because yeast is a fungus and because
the domesticated strains of yeast used in commercial baking and
brewing are often fed sugar. The species name of this organism,
cerevisiae, is Latin for “beer” Loosely translated, then, the scien-
tific name of brewer’s yeast means “sugar-fungus for beer”

Scientific names and terms often seem daunting at first glance.
So, most biologists find it extremely helpful to memorize some of
the common Latin and Greek roots. To aid you in this process,
new terms in this text are often accompanied by a translation of
their Latin or Greek word roots in parentheses. (A glossary of
common root words with translations and examples is also pro-
vided in BioSKkills 2 in Appendix B.)

If you understand that ...

* A phylogenetic tree shows the evolutionary
relationships between species.

@ ¢ To infer where species belong on a phylogenetic
tree, biologists examine genetic and other

characteristics of the species involved. Closely

related species should have similar characteristics,

while less closely related species should be less
similar.

« You should be able to ...

Examine the following rRNA ribonucleotide sequences
and draw a phylogenetic tree showing the relationships
between species A, B, and C that these data imply:

SpeciesA: AACTAGCGCGAT
SpeciesB: AACTAGCGCCAT
SpeciesC: TT CTAGCGGTAT

Answers are available in Appendix A.

{ISW Doing Biology )

This chapter has introduced some of the great ideas in biology.
The development of the cell theory and the theory of evolution
by natural selection provided cornerstones when the science was
young; the tree of life is a relatively recent insight that has revolu-
tionized our understanding of life’s diversity.

These theories are considered great because they explain fun-
damental aspects of nature, and because they have consistently
been shown to be correct. They are considered correct because
they have withstood extensive testing.

How do biologists go about testing their ideas? Before answer-
ing this question, let’s step back a bit and consider the types of
questions that researchers can and cannot ask.

The Nature of Science

Biologists ask questions about organisms, just as physicists and
chemists ask questions about the physical world or geologists ask
questions about Earth’s history and the ongoing processes that
shape landforms.

No matter what their field, all scientists ask questions that can
be answered by observing or measuring things—by collecting
data. Conversely, scientists cannot address questions that can’t be
answered by observing or measuring things.

This distinction is important. It is at the root of continu-
ing controversies about teaching evolution in publicly funded
schools. In the United States and in Turkey, in particular, some
Christian and Islamic leaders have been particularly successful
in pushing their claim that evolution and religious faith are in
conflict. Even though the theory of evolution is considered one
of the most successful and best-substantiated ideas in the history
of science, they object to teaching it.

The vast majority of biologists and many religious leaders re-
ject this claim; they see no conflict between evolution and reli-
gious faith. Their view is that science and religion are compatible
because they address different types of questions.

e Science is about formulating hypotheses and finding evidence
that supports or conflicts with those hypotheses.

* Religious faith addresses questions that cannot be answered
by data. The questions addressed by the world’s great religions
focus on why we exist and how we should live.

Both types of questions are seen as legitimate and important.

So how do biologists go about answering questions? After for-
mulating hypotheses, biologists perform experimental studies, or
studies that yield descriptive data, such as observing a behavior,
characterizing a structure within a cell by microscopy, or sequenc-
ing rRNA. Let’s consider two recent examples of this process.

Why Do Giraffes Have Long Necks?
An Introduction to Hypothesis Testing
If you were asked why giraffes have long necks, you might say

based on your observations that long necks enable giraffes to
reach food that is unavailable to other mammals. This hypothesis
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