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CHAPTEHR

The Cellular Basis
of Reproduction

Introduce yourself to the chapter. .
and Inheritance

—p BIG IDEAS

See where you are headed.
Look for the Big Ideas, which
open each chapter and provide
a transit map to a set of
overarching concepts.

Remember the big picture.

v

n and

Look for the main headings
that organize the chapter

around the big ideas.

| Cell Division and Reproduction

The ability of organisms to reproduce their own kind is the one
characteristic that best distinguishes living things from nonliv-
ing matter (see Module 1.1 to review the characteristics of life).
Only amoebas produce more amoebas, only people make more
people, and only maple trees produce more maple trees. These
simple facts of life have been recognized for thousands of years
and are summarized by the age-old saying, “Like begets like”
However, the biological concept of reproduction includes
more than just the birth of new organisms: Reproduction ac-
tually occurs much more often at the cellular level. When a cell
undergoes reproduction, or cell division, the two “daughter”
cells that result are genetically identical to each other and to the
original “parent” cell. (Biologists traditionally use the word
daughter in this context; it does not imply gender.) Before the
parent cell splits into two, it duplicates its chromosomes, the
structures that contain most of the cells DNA. Then, during
the division process, one set of chromosomes is distributed to
each daughter cell. As a rule, the daughter cells receive identi-
cal sets of chromosomes from the lone, original parent cell.
Each offspring cell will thus be genetically identical to the other
and to the original parent cell.
Sometimes, cell division results in the reproduction of a
whole organism. Many single-celled organ-
isms, such as prokaryotes or the eu-
karyotic yeast cell in Figure 8.1A,
reproduce by dividing in half, and
the offspring are genetic replicas.
This is an example of asexual
reproduction, the creation of
genetically identical
offspring by a sin-
gle parent,
without the
participation
of sperm and
egg. Many
multicellular
organisms can

A Figure 8.1A
Ayeast cell producing

a genetically identical
daughter cell by asexual
reproduction

) 8.1 Cell division plays many important roles in the lives of organisms

reproduce asexually as
well. For example,
some sea star

species have the
ability to grow

new individuals

from fragmented
pieces (Figure

8.1B). And if you've
ever grown a house-
plant from a clipping,
you've observed
asexual reproduction in plants
(Figure 8.1C). In asexual repro-
duction, there is one simple principle of inheritance: The lone
parent and each of its offspring have identical genes.

Sexual reproduction is different; it requires fertilization of
an egg by a sperm. The production of gametes—egg and
sperm—involves a special type of cell division that occurs only
in reproductive organs (such as testes and ovaries
in humans). As you'll learn later in the
chapter, a gamete has only half as
many chromosomes as the
parent cell that gave rise to
it, and these chromosomes
contain unique combina-
tions of genes. Therefore, in
sexually reproducing species,
like does not precisely beget like
(Figure 8.1D). Offspring produced
by sexual reproduction generally
resemble their parents more closely
than they resemble unrelated
individuals of the same species,
but they are not identical to their
parents or to each other. Each
offspring inherits a unique
combination of genes from its two

AFigure 8.1B A sea star
reproducing asexually

A Figure 8.1C  An African
violet reproducing asexually
from a cutting (the large leaf
on the left)

Reproduction
(8.1-8.2)

Cell division underlies many of
life's important processes.

Meiosis and Crossing Over
(8.11-8.17)

The process of meiosis
produces genetically
varied haploid gametes from
diploid cells.

The Eukaryotic Cell Cycle
and Mitosis
(8.3-8.10)

Cells produce genetic
duplicates through an
ordered, tightly controlled
series of steps.

e
Alterations of Chromosome
Number and Structure
(8.18-8.23)

Errors in cell division can
produce organisms with
abnormal numbers of
chromosomes.

¥ Figure 81D Sexual repro-
duction produces offspring with
unique combinations of genes

Focus on what’s important.

Use both text and
figures as you study.

The figures illuminate the
text and vice versa. Text and
figures are always together—
so you'll never have to turn a
page to find what you need.

— Understand biology one concept at a time.
Each module features a central concept, announced
in its heading.

use this book




he photo above shows a cancer cell undergoing cell divi-

sion, the creation of two cells from one. Cancer cells start
as normal body cells that, because of genetic mutations, lose
the ability to control the tempo of their own division. The re-
sult is rapid cell division that is no longer under the control of
the host body—cell growth run amok! If left untreated, cancer
cells may continue to divide and spread, invading other tissues
and eventually killing the host. Most cancer treatments seek to
prevent this outcome by disrupting one or more steps in cell
division. Some anticancer drugs target dividing DNA; others
disrupt cellular structures that assist in cell division. The goal
of cancer treatment is to slow the spread of cancerous cells to
the point that the body’s immune system can overtake the
growth, destroying the abnormal cells and restoring proper
control of cell division.

Although cell division is harmful when it happens in a can-
cer cell, it is a necessary process for all forms of life. Why must

cells divide? Some organisms, such as single-celled prokaryotes, ‘— — D i scover.

reproduce themselves by splitting a single parent cell via cell . .

division, creating two genetically identical offspring. In your Th e open’ng essays | ntrod uce
the chapter topic through

body and the bodies of all other multicellular organisms, cell
division allows for growth, replacement of damaged cells, and

stories that will pique your
curiosity.

development of an embryo into an adult. Furthermore, in
sexually reproducing organisms, eggs and sperm result from a
particular type of cell division.

These examples illustrate the main point of this chapter: The
perpetuation of life, including all aspects of reproduction and
inheritance, is based on the reproduction of cells, or cell division.
In this chapter, we discuss the two main types of cell division—
mitosis and meiosis—and how they function within organisms.

Never get lost. <
Figures describing
a process take you
through a series
of numbered steps
keyed to explanations
in the text.

10.20 The AIDS virus makes DNA on an RNA template

The devastating disease AIDS (acquired immunodeficiency syn-
drome) is caused by HIV (human immunodeficiency virus), an
RNA virus with some special properties. In outward appearance,
HIV resembles the flu or mumps virus (Figure 10.20A). Its
membranous envelope and glycoprotein spikes enable HIV to
enter and leave a host cell much the way the mumps virus does
(see Figure 10.18). Notice, however, that HIV contains two iden-
tical copies of its RNA instead of one. HIV also has a different
mode of replication. HIV carries molecules of an enzyme called
reverse transcriptase, which catalyzes reverse transcription, the
synthesis of DNA on an RNA template. This unusual process
which is opposite the usual DNA — RNA flow of genetic infor-
mation, characterizes retroviruses (retro means “backward”).
Figure 10.20B illustrates what happens after HIV RNA is
uncoated in the cytoplasm of a host cell. @ Reverse transcrip-
tase (\: )) uses the RNA as a template to make a DNA strand and
then @ adds a second, complementary DNA strand. @ The

Glycoprotein
Protein coat

RNA
(two identical
strands)

Reverse

transcriptase
(two copies)

A Figure 10.20A A model of HIV structure

resulting viral DNA enters the cell’s nucleus and inserts itself
into the chromosomal DNA, becoming a provirus (analogous
to a prophage). The host's RNA polymerase @ transcribes the
proviral DNA into RNA, which can then be @ translated by
ribosomes into viral proteins. @ New viruses assembled from
these components leave the cell and can infect other cells.
HIV infects and kills white blood cells that play important
roles in the body’s immune system. The loss of such cells
causes the body to become susceptible to other infections
that it would normally be able to fight off. Such secondary
infections cause the syndrome (a collection of symptoms)
that can kill an AIDS patient. We discuss AIDS in more de-
tail when we take up the immune system in Chapter 24.

9 Whyis HIV classified as a retrovirus? 4
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A Figure 10.20B The behavior of HIV nucleic acid in a host cell

Test yourself.

Get immediate feedback
with a checkpoint question
at the end of each module.
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Learn about biology in your world.

Make a connection. —/—»
Connection modules
relate biology to your

life and interests.

CONNECTION

‘When an Englishman sent home the skin of a duck-billed
platypus more than 200 years ago, it was one of thousands of
previously unknown species of organisms pouring into Europe
from naturalists exploring Africa, Asia, and North and South
America, as well as Australia. You might think that after cen-
~ 1010 cxploration, only tiny organisms such as mi-
1ain to be found. But the days of
ems and discovering new species are not
ess to remote areas, coupled with new
. has renewed the pace of discovery. Ac-
ued in 2009, 18,516 species were de-
1e in 2007. As you might expect from
If of them were insects, but the list also
200 vertebrates.
1 of Southeast Asia, an area of diverse
1g the Mekong River as it flows from
China Sea, is one of many treasure
1known species that are currently being
it decade, more than 1,000 new species
1 the region, including the leopard gecko
of more than 400 new species of verte-
ave turned up there. To the southeast, re-
e island of New Guinea are also yielding
>, including a frog with a droopy nose
1e tiny wallaby shown in Figure 19.17C.
)f monkey found in more than a century

Module 37.23 - ECOSyStem S€ervices castern Himalayas. Discoveries of new
are essential to human well-bei ng remely rare, but four others have also

L vo new lemur species in Madagascar and
1 Old World species in Tanzania and a
New World species in Bolivia.
Previously undescribed species are being reported almost
daily from every continent and a wide variety of habitats.
And researchers are just beginning to explore the spectacular

Connection Module topics include:

Module 5.16 — Many drugs,
pesticides, and poisons are
enzyme inhibitors

Module 16.16 — Can algae provide
a renewable energy source?

Module 17.13 — Plant diversity is vital
to the future of the world's food supply

Module 32.9 - Soil conversation
is essential to human life

P Figure 19.17A Leopard gecko, a newly
discovered lizard from northern Vietham

» Figure 19.17B Pinocchio
frog, recently discovered in New
Guinea

408 ‘ CHAPTER 19 ‘ The Evolution of Vertebrate Diversity

A narrative written with you in mind.

This best-selling text has undergone an extensive
revision to make biology even more approachable
with increased use of analogies, real world
examples, and more conversational language.

use this book

19.17 Our knowledge of animal diversity is far from complete

diversity of the oceans. The Census of Marine Life, a decade-
long collaboration among scientists from 80 nations, has re-
ported the discovery of more than 5,000 new species. Thousands
more are expected to be found as new technology enables scien-
tists to investigate deep-sea habitats. Recent expeditions have
also gleaned hundreds of new species from the seas surrounding
Antarctica, and the collapse of Antarctic ice shelves has allowed
researchers their first glimpse of life on a seafloor that had previ-
ously been hidden from view. Even places that are regularly vis-
ited by people offer surprises. For example, over 100 new marine
species were identified recently on a coral reef near Australia.

‘When a new species is described, taxonomists learn as
much as possible about its physical and genetic characteristics
and assign it to the appropriate groups in the Linnaean system.
As a result, most new species automatically acquire a series of
names from domain through genus. But every species also has
a unique identifier, and the honor of choosing it belongs to
the discoverer. Species are often named for their habitat or a
notable feature.

In a new twist, naming rights for recently discovered species
have been auctioned off to raise money for conservation or-
ganizations, which undertake many of the projects that survey
biological diversity. The right to name a new species of monkey
cost the winning bidder $650,000, and donors spent more than
$2 million for the honor of naming 10 new species of fish.
Naming rights are available for smaller budgets, too—the top
bid to name a new species of shrimp was $2,900. The proceeds
from these auctions go toward funding new expeditions and
preserving the habitats of the newly discovered species. In
many cases, such discoveries are made as roads and settlements
reach farther into new territory. Consequently, many species
are endangered soon after they are discovered. We'll consider
the various threats to biological diversity in Chapter 38.

9 What factors are responsible for the recent increase in the
number of new species found?
SBaTE SSAUIIP[IM OJUT SANTANIE UBWNY JO JUdWIL0HUI (AFojouyda],

A SR
A Figure 19.17C Dwarf wallaby, a rabbit-
sized member of the kangaroo family




Learn about the mechanisms —
underlying evolution.
Evolution Connection modules in
every chapter relate evolution to
a wide spectrum of biology topics
and help explain the mechanisms
underlying evolution and the
evidence for it.

o

EVOLUTION
CONNECTION

Viruses that appear suddenly or are new to med-
ical scientists are called emerging viruses.
There are many familiar examples. HIV, the
AIDS virus, is a classic example: This virus
appeared in New York and California in the
early 1980s, seemingly out of nowhere. The
deadly Ebola virus, recognized initially in
1976 in central Africa, is one of several
emerging viruses that cause hemorrhagic
fever, an often fatal illness characterized by
fever, vomiting, massive bleeding, and cir-
culatory system collapse. A number of other
dangerous new viruses cause encephalitis, an
inflammation of the brain. One example is the
West Nile virus, which appeared for the first time in
North America in 1999 and has since spread to all 48
contiguous U.S. states. West Nile virus is spread primarily by
mosquitoes, which carry the virus in blood sucked from one
victim and can transfer it to another victim. Severe acute res-
piratory syndrome (SARS) first appeared in China in 2002.
Within eight months, about 8,000 people were infected, of
whom some 10% died. Researchers quickly identified the
infectious agent as a previously unknown, single-stranded
RNA coronavirus, so named for its crown-like “corona”
of spikes.

From where and how do such viruses burst on the human
scene, gixs e or previously unknown diseases?
’ s.emergence of 34

10.19 Emerging viruses threaten human health

V Figure 10.19 People in
Mexico City wearing masks in
an attempt to prevent spread of
the 2009 HAN1 virus (shown in
the inset)

4y Colorized TEM 8,500

Discover how science works.
Scientific Discovery modules
demonstrate the process of
science, research, and discovery.

o

ENTIFIC

SCI
DISCOVERY

discovery of aquaporins

Peter Agre received the 2003 Nobel Prize in Chemistry for
his discovery of aquaporins. In a recent interview, Dr. Agre
described his research that led to this discovery:

T'm a blood specialist (hematologist), and my particular interest has
been proteins found in the plasma membrane of red blood cells.
‘When I joined the faculty at the John Hopkins School of Medicine,
I began to study the Rh blood antigens. Rh is of medical importance
because of Rh incompatibility, which occurs when Rh-negative
mothers have Rh-positive babies. Membrane-spanning
proteins are really messy to work with. But we
worked out a method to isolate the Rh protein.
Our sample seemed to consist of two pro-
teins, but we were sure that the smaller
one was just a breakdown product of the
larger one. We were completely wrong.
Using antibodies we made to the
smaller protein, we showed it to be one of
the most abundant proteins in red cell mem-
branes—200,000 copies per celll—and even
more abundant in certain kidney cells.

We asked Dr. Agre why cells have
aquaporins.

Not all cells do. Before our discovery, however, many
physiologists thought that diffusion was enough
f out of all cells. Others

A Figu

5.7 Research on another membrane protein led to the

said this couldn’t be enough, especially for cells whose water perme-
ability needs to be very high or regulated. For example, our kidneys
must filter and reabsorb many liters of water every day. . . . People
whose kidney cells have defective aquaporin molecules need to drink
20 liters of water a day to prevent dehydration. In addition, some pa-
tients make too much aquaporin, causing them to retain too much
fluid. Fluid retention in pregnant women is caused by the synthesis of
too much aquaporin. Knowledge of aquaporins may in the future
contribute to the solution of medical problems.

Figure 5.7 is an image taken from a
simulation produced by computational
biophysicists at the University of Illinois,
Urbana. Their model included four aqua-
.. orin channels spanning a membrane.

You can see a line of blue water mol-
ecules flipping their way single file
through the gold aquaporin. The
simulation of this flipping movement
allowed researchers to discover how

aquaporins selectively allow only water
molecules to pass through them.

9 Why are aquaporins important in
kidney cells?
-ourm S,
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Reviewing the Concepts

The Structure of the Genetic Material (10.1-10.3)

101 Experiments showed that DNA is the genetic material. One
key experiment demonstrated that certain phages (bacterial
viruses) reprogram host cells to produce more phages by injecting
their DNA.

10.2 DNA and RNA are polymers of nucleotide.

Sugar- | Nitrogenous base
phosphate
backbone
ko
Phosphate
Nucleotide
©
DNA RNA
C C
Nitrogenous G G
bases A A
2o L
Deoxy- | pa
. ) Sugar ribose Ribose

10.3 DNA is a double-stranded helix. Watson and Crick worked
out the three-dimensional structure of DNA: two polynucleotide
strands wrapped around each other in a double helix. Hydrogen
bonds between bases hold the strands together. Each base pairs
with a complementary partner: A with T, G with C.

DNA Replication (10.4-10.5)

10.4 DNA replication depends on specific base pairing. DNA
replication starts with the separation of DNA strands. Enzymes
then use each strand as a template to assemble new nucleotides
into a complementary strand.

10.5 DNA replication proceeds in two directions at many sites
simultaneously. Using the enzyme DNA polymerase, the cell
synthesizes one daughter strand as a continuous piece. The other
strand is synthesized as a series of short pieces, which are then
connected by the enzyme DNA ligase.

The Flow of Genetic Information from

DNA to RNA to Protein (10.6-10.16)

10.6 The DNA genotype is expressed as proteins, which provide
the molecular basis for phenotypic traits. The DNA of a gene—a
linear sequence of many nucleotides—is transcribed into RNA,
which is translated into a polypeptide.

10.7 Genetic information written in codons is translated into
amino acid sequences. Codons are base triplets.

10.8 The genetic code dictates how codons are translated into
amino acids. Nearly all organisms use an identical genetic code to
convert the codons of a gene to the amino acid sequence of a
polypeptide.

10,9 Transcription produces genetic messages in the form of
RNA. In the nucleus, the DNA helix unzips, and RNA nucleotides
line up and hydrogen-bond along one strand of the DNA, follow-
ing the base-pairing rules.

206 | chaprer 10 | Molecular Biology of the Gene

1010 Eukaryotic RNA is processed before leaving the nucleus
MRNA. Noncoding segments of RNA called introns are spliced
out, and a cap and tail are added to the ends of the mRNA.

1011 Transfer RNA molecules serve as interpreters during trans-

lation. Translation takes place in the cytoplasm. A ribosome at-
taches to the mRNA and translates its message into a specific
polypeptide, aided by transfer RNAs (tRNAs). Each tRNA is a

folded molecule bearing a base triplet called an anticodon on one

end; a specific amino acid is added to the other end.

10.12 Ribosomes build polypeptides. Made of rRNA and pro-
teins, ribsomes have binding sites for tRNAs and mRNA.

10.13 An initiation codon marks the start of an mRNA message.
1014 Elongation adds amino acids to the polypeptide chain until

a stop codon terminates translation. As the mRNA moves one

codon at a time relative to the ribosome, a tRNA with a comple-
mentary anticodon pairs with each codon, adding its amino acid

to the growing polypeptide chain.

Growing polypeptide

Large
ribosomal
subunit

Small
ribosomal
subunit

10.15 Review: The flow of genetic information in the cell is

DNA — RNA — protein. The sequence of codons in DNA, via the
sequence of codons in mRNA, spells out the primary structure of

a polypeptide.
10.16 Mutations can change the meaning of genes.

as

+—1— Review the main points.

The Reviewing the Concepts
section provides helpful
summary diagrams and
references back to the text.

are changes in the DNA nucleotide sequence, caused
DNA replication or recombination, or by mutagens. S
inserting, or deleting nucleotides alters a gene, with vz
on the organism.

The Genetics of Viruses and Bacteria (10.17-10)
107 Viral DNA may become part of the host chrom|
Viruses can be regarded as genes packaged in protein.
phage DNA enters a lytic cycle inside a bacterium, it is
transcribed, and translated; the new viral DNA and pr|
ecules then assemble into new phages, which burst fr
cell. In the lysogenic cycle, phage DNA inserts into th
mosome and is passed on to generations of daughter
later, it may initiate phage production.

1018 Many viruses cause disease in animals and pl
viruses and most plant viruses have RNA, rather than
their genetic material. Some animal viruses steal a bit
membrane as a protective envelope. Some viruses can
tent in the host’s body for long periods.

1019 Emerging viruses threaten human health.
1020 The AIDS virus makes DNA on an RNA templa
retrovirus: It uses RNA as a template for making DN
inserts into a host chromosome.

10.21 Viroids and prions are formidable pathogens in plants and
animals. Viroids are RNA molecules that can infect plants. Prions
are infectious proteins that can cause brain diseases in animals.
10.22 Bacteria can transfer DNA in three ways. Bacteria can
transfer genes from cell to cell by transformation, transduction, or
conjugation.

10.23 Bacterial plasmids can serve as carriers for gene transfer.
Plasmids are small circular DNA molecules separate from the
bacterial chromosome.

Connecting the Concepts

4, Which of the following correctly ranks the structures in order
of size, from largest to smallest?
gene-chromosome-nucleotide-codon
chromosome-gene-codon-nucleotide
nucleotide-chromosome-gene-codon
chromosome-nucleotide-gene-codon
gene-chromosome-codon-nucleotide

o a0 oe

@

. The nucleotide sequence of a DNA codon is GTA. A messen-
ger RNA molecule with a complementary codon is transcribed
from the DNA. In the process of protein synthesis, a transfer
RNA pairs with the mRNA codon. What is the nucleotide se-
quence of the tRNA anticodon?

1. Check your understanding of the flow of genetic information a. CAT d. CAU
through a cell by filling in the blanks. b. CUT e GT
is a polymer c. GUA
DNA made ffom e (a)
lled ing, and

is performed by

chapter’s key concepts.
Connecting the Concepts
activities test your ability

to link topics from different
modules and include concept
mapping, labeling, and
categorizing exercises.

Prepare for the test.

Use the questions that
appear in the Testing Your
Knowledge section to prepare

Connect the

for your upcoming tests.

use this book

(e)

RNA in three ===
kinds called

)
s performed by
structures called
RG] iq_

one or more polymers
Protein Made O e
‘monomers called

Testing Your Knowledge
Multiple Choice
2. Scientists have discovered how to put together a bacteriophage
with the protein coat of phage T2 and the DNA of phage
lambda. If this composite phage were allowed to infect a bac-
terium, the phages produced in the host cell would have
. (Explain your answer.)

the protein of T2 and the DNA of lambda

the protein of lambda and the DNA of T2

a mixture of the DNA and proteins of both phages

the protein and DNA of T2

the protein and DNA of lambda

)
L] moleclesare
components of

use amino-acid-bearing
molecules called

o e

w
I3

. A geneticist found that a particular mutation had no effect on
the polypeptide encoded by a gene. This mutation probably in-
volved
a. deletion of one nucleotide.

b. alteration of the start codon.
c. insertion of one nucleotide.

d. deletion of the entire gene.

e. substitution of one nucleotide.

=N

. Describe the process of DNA replication: the ingredients
needed, the steps in the process, and the final product.

<

. Describe the process by which the information in a eukaryotic
gene is transcribed and translated into a protein. Correctly use
these words in your description: tRNA, amino acid, start
codon, transcription, RNA splicing, exons, introns, mRNA,
gene, codon, RNA polymerase, ribosome, translation, anti-
codon, peptide bond, stop codon.

Applying the Concepts

8. A cell containing a single chromosome is placed in a medium
containing radioactive phosphate so that any new DNA strands
formed by DNA replication will be radioactive. The cell repli-
cates its DNA and divides. Then the daughter cells (still in the
radioactive medium) replicate their DNA and divide, and a
total of four cells are present. Sketch the DNA molecules in all
four cells, showing a normal (nonradioactive) DNA strand as a
solid line and a radioactive DNA strand as a dashed line.

9. The base sequence of the gene coding for a short polypeptide is
CTACGCTAGGCGATTGACT. What would be the base se-
quence of the mRNA transcribed from this gene? Using the ge-
netic code in Figure 10.8A, give the amino acid sequence of the
polypeptide translated from this mRNA. (Hint: What is the
start codon?)

s

. Researchers on the Human Genome Project have determined
the nucleotide sequences of human genes and in many cases
identified the proteins encoded by the genes. Knowledge of the
nucleotide sequences of genes might be used to develop lifesav-
ing medicines or treatments for genetic defects. In the United
States, both government agencies and biotechnology compa-
nies have applied for patents on their discoveries of genes. In
Britain, the courts have ruled that a naturally occurring gene
cannot be patented. Do you think individuals and companies
should be able to patent genes and gene products? Before
answering, consider the following: What are the purposes of
a patent? How might the discoverer of a gene benefit from a
patent? How might the public benefit? What might be some
positive and negative results of patenting genes?

Answers to all questions can be found in Appendix 4.

Chapter 10 Review
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Preface

over the years and enthusiastic feedback from the many

instructors who have used our book, we are delighted to
present this new, Seventh Edition. We authors have worked
together closely to ensure that both the book and the supple-
mentary material online reflect the evolving needs of today’s
courses and students, as well as current progress in biology.
Now titled Campbell Biology: Concepts ¢~ Connections to
honor Neil Campbell’s founding role and his many contribu-
tions to biology education, this book has always had a dual
purpose: to engage students from a wide variety of majors in
the wonders of the living world and to show them how biol-
ogy relates to their own existence and the world they inhabit.
Most of these students will not become biologists themselves,
but their lives will be touched by biology every day. Today,
understanding the concepts of biology and their connections
to our lives is more important than ever. Whether were con-
cerned with our own health or the health of our planet, a
familiarity with biology is essential. This basic knowledge
and an appreciation for how science works have become ele-
ments of good citizenship in an era when informed evalua-
tions of health issues, environmental problems, and applica-
tions of new technology are critical.

Inspired by the thousands of students in our own classes

Concepts and Connections

Concepts Biology is a vast subject that gets bigger every
year, but an introductory biology course is still only one or
two terms long. This book was the first introductory biology
textbook to use concept modules to help students recognize
and focus on the main ideas of each chapter. The heading of
each module is a carefully crafted statement of a key con-
cept. For example, “Two photosystems connected by an
electron transport chain generate ATP and NADPH” an-
nounces a key concept about the light reactions of photo-
synthesis (Module 7.8). Such a concept heading serves as a
focal point, and the module’s text and illustrations converge
on that concept with explanation and, often, analogies. The
module text walks the student through the illustrations, just
as an instructor might do in class. And in teaching a sequen-
tial process, such as the one diagrammed in Figure 7.8A, we
number the steps in the text to correspond to numbered
steps in the figure. The synergy between a module’s verbal
and graphic components transforms the concept heading
into an idea with meaning to the student. The checkpoint
question at the end of each module encourages students to
test themselves as they proceed through a chapter. Finally, in
the Chapter Review, all the concept statements are listed
under the overarching section titles, explicitly reminding
students of what they’ve just studied.

Connections  Students are more motivated to study biology
when they can connect it to their own lives and interests—for
example, to health issues, economic problems, environmental

Xiv Preface

quality, ethical controversies, and social responsibility. In this
edition, blue Connection tabs mark the numerous application
modules that go beyond the core biological concepts. Other
connections are made in the chapter-opening essays and
throughout the text. Moreover, we connect the content of
each chapter to the grand unifying theme of evolution, with-
out which the study of life has no coherence. This book
remains the only non-majors biology text to connect every
single chapter to evolution, with highlights featured in green-
tabbed Evolution Connection modules.

New to This Edition

New Big Ideas and Chapter Transit Maps In this Seventh
Edition, we take our conceptual emphasis to the next level,
reframing each chapter with a smaller set of overarching
concepts—“Big Ideas”—that are introduced at the beginning
of the chapter. Each big idea corresponds to a major section
of the chapter, and they are tied together in a “transit map”
that shows the route by which the student will proceed
through the chapter.

More Engaging Narrative and a New Look With the goal of
making the concepts of biology more accessible and increasing
the overall friendliness of the book, every chapter in this edi-
tion makes greater use of analogies, intriguing facts, examples
that relate topics to the student and the real world, engaging
questions, and a more conversational tone. The fresh new
design used for the pages and the redesign of many figures make
the book more accessible. See pages 280-281 for an example.

New Scientific Discovery Modules  This edition gives
greater emphasis to “how we know what we know” through a
new type of module, called Scientific Discovery and marked
with an orange tab. For example, the new Module 16.11 in-
troduces Koch’s postulates for identifying the cause of an in-
fectious disease and relates how Australian microbiologist
Barry Marshall used these criteria to demonstrate that most
peptic ulcers are caused by a particular bacterium (a discov-
ery that won him a Nobel Prize). Along with new Scientific
Discovery modules created for this edition, we have recast
Talking About Science modules and some other material
from the last edition in the Scientific Discovery format to
help make research advances more vivid to students. The im-
proved introduction to the process of science in Chapter 1
will equip students to appreciate the many examples through-
out the book of how scientific concepts emerge from observa-
tions and experimental evidence.

The Latest Science  Biology is a dynamic field of study, and
we have always taken pride in our book’s currency and scien-
tific accuracy. For this edition, as always, we have integrated
the results of the latest scientific research throughout the
book. We have done this with careful thought, recognizing



that research advances can lead to new ways of looking at
biological topics; such changes in perspective can necessitate
organizational changes in our textbook to better reflect the
current state of a field. You will find a unit-by-unit account of
new content and organizational improvements in the “New
Content” section on pp. xvi-xvii, following this Preface.

New MasteringBiology® A specially developed version of
MasteringBiology, the most widely used online tutorial and
assessment program for biology, is now included with
Campbell Biology: Concepts & Connections. The book’s
authors have created over 200 new Mastering activities to
help students understand core concepts. An average of five
author-created activities per chapter help students learn vo-
cabulary, extend the book’s emphasis on visual learning,
demonstrate the connections among key concepts (helping
students grasp the big ideas), and coach students on how to
interpret data. Included online are 18 BioFlix® 3-D anima-
tions of difficult topics (with accompanying tutorials), new
Video Tutor Sessions, MP3 Tutor Sessions, Discovery
Channel™ Videos, and YouDecide and Graphlt! activities.

This Book’s Flexibility

Though a biology textbooK’s table of contents must be linear,
biology itself is more like a web of related concepts without a
single starting point or prescribed path. Courses can navigate
this network starting with molecules, with ecology, or some-
where in between, and most courses omit some topics.
Campbell Biology: Concepts & Connections is uniquely suited

to serve this variety of courses. The seven units of the book
are largely self-contained, and in a number of the units, chap-
ters can be assigned in a different order without much loss of
coherence. The use of numbered modules makes it easy to
omit modules or to relocate modules within a syllabus.

For many students, introductory biology is the only science
course that they will take during their college years. Long
after today’s students have forgotten most of the specific con-
tent of their biology course, they will be left with general im-
pressions and attitudes about science and scientists. We hope
that this new edition of Campbell Biology: Concepts &
Connections helps make those impressions positive and sup-
ports instructors’” goals for sharing the fun of biology. In our
continuing efforts to improve the book and its supporting
materials, we benefit tremendously from instructor feed-
back, not only in formal reviews but also via informal com-
munication. Please let us know how we are doing and how
we can improve the next edition of the book.

Jane Reece, janereece@cal.berkeley.edu

Martha Taylor (Units I and I1I, and Chapters 1 and 20-23),
mrt2@cornell.edu

Eric Simon (Units II and VI, and Chapters 24-29), esimon@nec.edu

Jean Dickey (Units IV and VII, and Chapter 30), dickeyj@clemson.edu

Preface XV



New Content

elow are a few highlights of new content and organiza-
tional improvements in Campbell Biology: Concepts ¢
Connection, Seventh Edition.

Chapter 1, Biology: Exploring Life  The ring-tailed lemur,
our cover subject for the Seventh Edition, is featured in the
chapter opener and comes up again in the modules on the
hierarchy of life, the interactions of organisms with their en-
vironments, and the scientific method. (Lemurs also appear
in later chapters.) The opening modules of Chapter 1 have
been reorganized to emphasize the common properties of liv-
ing organisms and the themes that help organize the study of
biology. The modules on the scientific method have been
reframed to more accurately reflect the scientific process,
with a focus on observations and hypotheses and a new sec-
tion on the culture of science.

Unit |, The Life of the Cell Throughout the first unit of
chapters, the structure and functions of DNA have received
increased coverage, as a basic understanding of nucleic acids
has become more relevant to the general public. As we devel-
oped our new transit map feature, we carefully analyzed the
organization of each chapter and then moved, combined, and
even split some modules to improve the conceptual flow
within each chapter. New subheads have been added to sev-
eral modules to help students see at a glance how the material
is organized. Preexisting Connection modules have been
updated with new information. A new Connection module,
“Many drugs, pesticides, and poisons are enzyme inhibitors,”
has been added to Chapter 5, and a Connection module in
Chapter 6, “Interrupting cellular respiration can have both
harmful and helpful effects,” has been expanded. These Con-
nection modules provide real-world examples relating to
important metabolic processes. A beautiful and instructive
new illustration has been added to Module 5.1 to show the
various functions of membrane proteins. The illustration of
phospholipids has been moved from Chapter 4 to the section
on lipids in Chapter 3 so that students can more easily com-
pare the structures of fats, fatty acids, and phospholipids (see
Modules 3.8 and 3.9). The new Scientific Discovery module
in Chapter 7, Module 7.14, highlights the scientists whose
work contributed to the recognition and explanation of ozone
depletion in the atmosphere and draws parallels with the cur-
rent controversy around global climate change.

Unit I, Cellular Reproduction and Genetics The purpose
of this unit is to help students understand the relationship
between DNA, chromosomes, and organisms and to help
them see that genetics is not purely hypothetical but connects
in many important and interesting ways to their lives, human
society, and other life on Earth. In preparing this edition, we
worked to clarify difficult concepts, enhancing text and illus-
trations and providing timely new applications of genetic

XVi New Content

principles. A new art style helps students follow a genetic
cross through multiple generations, while the text discussions
linked to the figures have been revised to be both clearer and
more accessible. This content is then reinforced with updated
discussions of relevant topics, such as cystic fibrosis, achon-
droplasia, and the effect of the environment on sex determi-
nation in some species. This edition includes discussion of
many recent advances in the field. Some concern our basic
understanding of genetics, introducing students to some of
the latest discoveries in epigenetics, microRNAs, and other
mechanisms by which cells control gene expression. Other
new material discusses applications, such as the 2009 epi-
demic of HINI1 flu, recent gene therapy trials, new applica-
tions of genetic engineering to agriculture and human health,
and advances in stem cell research.

Unit I1l, Concepts of Evolution  Our main goal in revising
this edition was to provide a coherent storyline that presents
the basic principles of evolution and natural selection, the
mountains of evidence that support these theories, and their
relevance to all of biology—and to the lives of students. We
have strengthened the conceptual organization of the unit,
ensuring that the chapters and modules flow smoothly to
build a clear picture of what evolution is and how it works.
The particularly important Chapter 14, “The Origin of
Species,” includes a number of improvements. Module 14.3,
the two-page introduction to reproductive barriers, has a new
diagram and more effective photos. Within Module 14.4, on
allopatric speciation, a new section presents evidence of this
type of speciation using new research on sister species of
snapping shrimp separated by the Isthmus of Panama. Mod-
ule 14.8, a heavily revised module on adaptive radiation on
isolated islands, now faces a Scientific Discovery module fea-
turing the long-term research of Peter and Rosemary Grant
on Galapagos Island finches.

Unit IV, The Evolution of Biological Diversity The diversity
unit surveys all life on Earth in less than a hundred pages!
Consequently, descriptions and illustrations of the unifying
characteristics of each major group of organisms, along with
a small sample of its diversity, make up the bulk of the con-
tent. Two recurring elements are interwoven with these de-
scriptions: evolutionary history and examples of relevance to
our everyday lives and society at large. For the Seventh Edi-
tion, we have improved and updated those two elements. For
instance, the evolution thread has been strengthened by
changes in Chapter 16 that emphasize the evolutionary rela-
tionships between protists and multicellular eukaryotes. A
new Evolution Connection in Chapter 18, Module 18.16, de-
scribes recent research on the role of homeotic genes in gen-
erating animal diversity. New Connection modules in this
unit cover relevant topics such as biofilms (Module 16.5),
algae as a renewable energy source (Module 16.16), the



importance of plant diversity to the future of the world’s food
supply (Module 17.13), and exciting discoveries of new ani-
mal species (Module 19.17). In addition, Chapter 16 has been
substantially reorganized to make it flow more logically, to
strengthen connections among topics, and to make the termi-
nology more manageable. The entire unit has been updated.
For example, the human evolution section of Chapter 19 de-
scribes the recently reported hominin Ardipithecus ramidus
and its significance to the evolution of our own species.

Unit V, Animals: Form and Function This unit combines a
comparative approach with an exploration of human
anatomy and physiology. Most chapters begin with an
overview of a general problem that animals face and a com-
parative discussion of how different animals address this
problem, within an evolutionary context. The main part of
every chapter is devoted to more detailed presentations of
human body systems, frequently illuminated by discussion of
the health consequences of disorders in those systems. Im-
provements in this edition include new descriptions and il-
lustrations that help clarify important but difficult concepts—
for example, innate versus adaptive immunity (Modules
24.1-24.15), clonal selection (Module 24.7), hormonal con-
trol of osmoregulation (Module 25.9), and the maintenance
of resting potential in neurons (Module 28.3). Updates of
health applications in Connection and other modules include
the latest efforts to develop an AIDS vaccine (Module 24.13),
advances in our understanding of autoimmune diseases
(Module 24.16), sex hormone abuse by professional athletes
(Module 26.10), and HPV vaccination (Module 27.7). In ad-
dition, the chapter on nutrition and digestion, Chapter 21,
has an increased focus on obesity, including the chapter-
opening essay and updated information on healthy eating.

Unit VI, Plants: Form and Function  To help students gain
an appreciation of the importance of plants, this unit presents

the anatomy and physiology of angiosperms with frequent
connections to the importance of plants to society. New con-
nections in this edition include the link between overextrac-
tion of groundwater for irrigation and the appearance of
sinkholes (Module 32.9), while plant growth is related to the
grafting of grapevines for wine production (Module 31.14).
Throughout the unit, the text has been revised with the goal
of making the material more engaging and accessible to stu-
dents. There are new discussions of the Dust Bowl of the
1930s (Module 32.9), organic farming (and the multiple
meanings of “organic”) as one means of achieving sustain-
able agriculture (Module 32.10), and the challenge of feeding
the world’s human population (Module 32.11). These mod-
ules make the point that human society is inexorably con-
nected to the health of plants.

Unit VII, Ecology In this unit, students learn the fundamen-
tal principles of ecology and how these principles apply to en-
vironmental problems. For the Seventh Edition, the ecology
unit has been extensively revised, with the goal of updating
content to reflect current issues and research wherever possi-
ble. For example, the Deepwater Horizon oil spill is men-
tioned in several places, including the opening essay for
Chapter 37. Global climate change is featured throughout the
unit as a major ecological challenge for this generation. In
addition to the four modules in Chapter 38 on climate
change, the consequences of climate change are discussed
elsewhere as well. New Connection modules focus on the
degradation of aquatic ecosystems (Module 37.22); the neces-
sity of ecosystem services for human well-being (Module
37.23); and the threats to biodiversity from habitat destruc-
tion, invasive species, overharvesting, and pollution (Module
38.2). Many core concept modules also include examples of
current issues—for instance, plastic microbeads, deforesta-
tion in Haiti, acid rain from recent nitrogen pollution, black-
footed ferrets, and ecotourism.
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his young lemur spends much of its time on its mother’s

back. But it is also groomed and cared for by other females
of the troop, a group of about 15 members led by a dominant
female. About the size of large cats, these ring-tailed lemurs
(scientific name, Lemur catta) are noted for their distinctive
tails, dark eye patches and muzzle, and, as you can see on the
cover of this book, entrancing eyes. They are also highly vocal
primates, with 28 distinct calls, such as “predator alert,” “stay
out of my territory, and purrs of contentment.

About 33 species of lemurs live on the island of Madagascar,
and before humans arrived 2,000 years ago, there were even
more. The size of Texas, Madagascar is located about 400 km
(240 miles) off the southeast coast of Africa. It is home to many
plants and animals found nowhere else in the world. Its
geographic history helps explain its remarkable biodiversity.

Madagascar was once part of a supercontinent that began
breaking apart about 150 million years ago—before the
primates (lemurs, monkeys, apes, and humans) had evolved.
Apparently, 60 million years ago, ancestral lemurs floated on
logs or vegetation from Africa to the island. Their new home
was relatively free of predators and competitors and offered
many different habitats, from tropical forests to deserts to
highlands with spiny shrubs. Over millions of years, lemurs
diversified on this isolated island.

The wonderful assortment of lemurs on Madagascar is the
result of evolution, the process that has transformed life on
Earth from its earliest beginnings to the diversity of organ-
isms living today. In this chapter, we begin our exploration
of biology—the scientific study of life, its evolution, and its
amazing diversity.




Themes in the Study of Biology

1.1 All forms of life share common properties

Defining biology as the scientific study of life raises the obvi-
ous question: What is life? How would you describe what dis-
tinguishes living things from nonliving things? Even a small
child realizes that a bug or a flower is alive, while a rock or
water is not. They, like all of us, recognize life mainly by what
living things do. Figure 1.1 highlights seven of the properties
and processes that we associate with life.

(1) Order. This close-up of a sunflower illustrates the highly
ordered structure that typifies life. Living cells are the basis
of this complex organization.

(2) Reproduction. Organisms reproduce their own kind.
Here an emperor penguin protects its baby.

(3) Growth and development. Inherited information in the
form of DNA controls the pattern of growth and develop-
ment of all organisms, including this hatching crocodile.

(4) Energy processing. When this bear eats its catch, it will
use the chemical energy stored in the fish to power its own
activities and chemical reactions.

(5) Response to the environment. All organisms respond to
environmental stimuli. This Venus flytrap closed its trap rap-
idly in response to the stimulus of a damselfly landing on it.

(6) Regulation. Many types of mechanisms regulate an
organisms internal environment, keeping it within limits
that sustain life. Pictured here is a typical lemur behavior
with a regulatory function—“sunbathing”—which helps
raise the animal’s body temperature on cold mornings.

(1) Order

(5) Response to the
environment

A Figure 1.1 Some important properties of life
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(3) Growth and
development

(7) Evolutionary adaptation. The leaflike appearance of this
katydid camouflages it in its environment. Such adaptations
evolve over many generations as individuals with traits best
suited to their environment have greater reproductive
success and pass their traits to offspring.

Figure 1.1 reminds us that the living world is wondrously
varied. How do biologists make sense of this diversity and
complexity, and how can you? Indeed, biology is a subject of
enormous scope that gets bigger every year. One of the ways to
help you organize all this information is to connect what you
learn to a set of themes that you will encounter throughout
your study of life. The next few modules introduce several of
these themes: novel properties emerging at each level of bio-
logical organization, the cell as the fundamental unit of life, the
correlation of structure and function, and the exchange of
matter and energy as organisms interact with the environment.
We then focus on the core theme of biology—evolution, the
theme that makes sense of both the unity and diversity of life.
And in the final two sections of the chapter, we look at the
process of science and the relationship of biology to our
everyday lives.

Let’s begin our journey with a tour through the levels of the
biological hierarchy.

‘9 How would you define life?
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1.2 In life’s hierarchy of organization, new properties emerge at each level

As Figure 1.2 illustrates, the study of life extends from the global
scale of the biosphere to the microscopic scale of molecules. At
the upper left we take a distant view of the biosphere, all of the
environments on Earth that support life. These include most
regions of land, bodies of water, and the lower atmosphere.

Ecosystem
Forestin
Madagascar

Biosphere

Madagascar

Community
All organisms in
the forest

Population
Group of ring-tailed
lemurs

Organism
Ring-tailed lemur

Organ system
Nervous system pgin

S
5

Spinal cord
L o

Tissue
Nervous tissue

A Figure 1.2

Cell Nucleus

Nerve cell
Organelle
Nucleus

Life’s hierarchy of organization

A closer look at one of these environments brings us to the level
of an ecosystem, which consists of all the organisms living in a
particular area, as well as the physical components with which
the organisms interact, such as air, soil, water, and sunlight.

The entire array of organisms in an ecosystem is called a
community. The community in this forest ecosystem in Mada-
gascar includes the lemurs and the agave plant they are eating,
as well as birds, snakes, and catlike carnivores called civets; a
huge diversity of insects; many kinds of trees and other plants;
fungi; and enormous numbers of microscopic protists and
bacteria. Each unique form of life is called a species.

A population includes all the individuals of a particular
species living in an area, such as all the ring-tailed lemurs in
the forest community. Next in the hierarchy is the organism,
an individual living thing.

Within a complex organism such as a lemur, life’s hierarchy
continues to unfold. An organ system, such as the circulatory
system or nervous system, consists of several organs that
cooperate in a specific function. For instance, the organs of the
nervous system are the brain, the spinal cord, and the nerves.

A lemur’s nervous system controls its actions, such as climbing
trees.

An organ is made up of several different tissues, each
made up of a group of similar cells that perform a specific
function. A cell is the fundamental unit of life. In the nerve
cell shown here, you can see several organelles, such as the
nucleus. An organelle is a membrane-enclosed structure
that performs a specific function in a cell.

Finally, we reach the level of molecules in the hierarchy. A
molecule is a cluster of small chemical units called atoms held
together by chemical bonds. Our example in Figure 1.2 is a
computer graphic of a section of DNA (deoxyribonucleic
acid)—the molecule of inheritance.

Now let’s work our way in the opposite direction in Figure
1.2, moving up life’s hierarchy from molecules to the biosphere.
It takes many molecules to build organelles, numerous organelles
to make a cell, many cells to make a tissue, and so on. At each
new level, there are novel properties that arise, properties that
were not present at the preceding level. For example, life
emerges at the level of the cell—a test tube full of organelles is
not alive. Such emergent properties represent an important
theme of biology. The familiar saying that “the whole is greater
than the sum of its parts” captures this idea. The emergent
properties of each level result from the specific arrangement
and interactions of its parts.

“ Which of these levels of biological organization includes all
others in the list: cell, molecule, organ, tissue?

Molecule
DNA

Themes in the Study of Biology 3



1.3 Cells are the structural and functional units of life

The cell has a special place in the hierarchy of biological
organization. It is the level at which the properties of life
emerge—the lowest level of structure that can perform all
activities required for life. A cell can regulate its internal
environment, take in and use energy, respond to its en-
vironment, and develop and maintain its complex
organization. The ability of cells to give rise to new
cells is the basis for all reproduction and for the
growth and repair of multicellular organisms.

All organisms are composed of cells. They
occur singly as a great variety of unicellular
(single-celled) organisms, such as amoebas
and most bacteria. And cells are the subunits
that make up multicellular organisms, such
as lemurs and trees. Your body consists of
trillions of cells of many different kinds.

All cells share many characteristics. For ex-
ample, every cell is enclosed by a membrane
that regulates the passage of materials between
the cell and its surroundings. And every cell uses
DNA as its genetic information. There are two
basic types of cells. Prokaryotic cells were the
first to evolve and were Earth’s sole inhabitants
for about the first 1.5 billion years of life on Earth.
Fossil evidence indicates that eukaryotic cells
evolved about 2.1 billion years ago.

Figure 1.3 shows these two types of cells as artificially col-
ored photographs taken with an electron microscope. A
prokaryotic cell is much simpler and usually much smaller
than a eukaryotic cell. The cells of the microorganisms we call
bacteria are prokaryotic. Plants, animals, fungi, and protists are
all composed of eukaryotic cells. As you can see in Figure 1.3,
a eukaryotic cell is subdivided by membranes into many
functional compartments, called organelles. These include a
nucleus, which houses the cell's DNA.

The properties of life emerge from the ordered arrange-
ment and interactions of the structures of a cell. Such a com-
bination of components forms a more complex organization
that we can call a system. Cells are examples of biological sys-
tems, as are organisms and ecosystems. Systems and their
emergent properties are not unique to life. Consider a box of
bicycle parts. When all of the individual parts are properly
assembled, the result is a mechanical system you can use for
exercise or transportation.

The emergent properties of life, however, are particularly
challenging to study because of the unrivaled complexity of
biological systems. At the cutting edge of large-scale research
today is an approach called systems biology. The goal of
systems biology is to construct models for the dynamic
behavior of whole systems based on studying the interactions
among the parts. Biological systems can range from the func-
tioning of the biosphere to the molecular machinery of an
organelle.

Cells illustrate another theme of biology: the correlation
of structure and function. Experience shows you that form
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Prokaryotic cell

DNA

(no nucleus) ——=

Membrane

Eukaryotic cell

Organelles

Nucleus
(membrane-
enclosed)

nucleus)

Colorized TEM 11,250 X

A Figure 1.3 Contrasting the size and complexity of prokaryotic and
eukaryotic cells (shown here approximately 11,250 times their real
size)

generally fits function. A screwdriver tightens or loosens
screws, a hammer pounds nails. Because of their form, these
tools can’t do each other’s jobs. Applied to biology, this
theme of form fitting function is a guide to the structure of
life at all its organizational levels. For example, the long ex-
tension of the nerve cell shown in Figure 1.2 enables it to
transmit impulses across long distances in the body. Often,
analyzing a biological structure gives us clues about what it
does and how it works.

The activities of organisms are all based on cells. For
example, your every thought is based on the actions of nerve
cells, and your movements depend on muscle cells. Even a
global process such as the cycling of carbon is the result of
cellular activities, including the photosynthesis of plant cells
and the cellular respiration of nearly all cells, a process that
uses oxygen to break down sugar for energy and releases car-
bon dioxide. In the next module, we explore these processes
and how they relate to the theme of organisms interacting
with their environments.

‘9 Why are cells considered the basic units of life?
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1.4 Organisms interact with their environment, exchanging matter and energy

An organism interacts with its environment, which includes
other organisms as well as physical factors. Figure 1.4 is a sim-
plified diagram of such interactions taking place in a forest
ecosystem in Madagascar. Plants are the producers that provide
the food for a typical ecosystem. A tree, for example, absorbs
water (H,O) and minerals from the soil through its roots, and
its leaves take in carbon dioxide (CO,) from the air. In photo-
synthesis, a tree’s leaves use energy from sunlight to convert
CO, and H,O0 to sugar and oxygen (O,). The leaves release O,
to the air, and the roots help form soil by breaking up rocks.
Thus, both organism and environment are affected by the in-
teractions between them.

The consumers of the ecosystem eat plants and other animals.
The lemur in Figure 1.4 eats the leaves and fruits of the tamarind
tree. To release the energy in food, animals (as well as plants and
most other organisms) take in O, from the air and release CO,.
An animal’s wastes return other chemicals to the environment.

Another vital part of the ecosystem includes the small ani-
mals, fungi, and bacteria in the soil that decompose wastes and
the remains of dead organisms. These decomposers act as recy-
clers, changing complex matter into simpler mineral nutrients
that plants can absorb and use.

The dynamics of ecosystems include two major processes—
the recycling of chemical nutrients and the flow of energy.
These processes are illustrated in Figure 1.4. The most basic
chemicals necessary for life—carbon dioxide, oxygen, water,
and various minerals—cycle within an ecosystem from the air

and soil to plants, to animals and decomposers, and back to the
air and soil (blue arrows in the figure).

By contrast, an ecosystem gains and loses energy constantly.
Energy flows into the ecosystem when plants and other photo-
synthesizers absorb light energy from the sun (yellow arrow)
and convert it to the chemical energy of sugars and other com-
plex molecules. Chemical energy (orange arrow) is then passed
through a series of consumers and, eventually, decomposers,
powering each organism in turn. In the process of these energy
conversions between and within organisms, some energy is
converted to heat, which is then lost from the system (red
arrow). In contrast to chemical nutrients, which recycle within
an ecosystem, energy flows through an ecosystem, entering as
light and exiting as heat.

In this first section, we have touched on several themes of
biology, from emergent properties in the biological hierarchy
of organization, to cells as the structural and functional units
of life, to the exchange of matter and energy as organisms in-
teract with their environment. In the next section, we begin
our exploration of evolution, the core theme of biology.

9 Explain how the photosynthesis of plants functions in both
cycling of chemical nutrients and the flow of energy in an
ecosystem.
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A Figure 1.4 The cycling of nutrients and flow of energy in an ecosystem
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Evolution, the Core Theme of Biology

1.5 The unity of life is based on DNA and a common genetic code

All cells have DNA, and the continuity of life depends on this
universal genetic material. DNA is the chemical substance of
genes, the units of inheritance that transmit information from
parents to offspring. Genes, which are grouped into very long
DNA molecules called chromosomes, also control all the activ-
ities of a cell. The molecular structure of DNA accounts for
these functions. Let us explain: Each DNA molecule is made
up of two long chains coiled together into what is called a dou-
ble helix. The chains are made up of four kinds of chemical
building blocks. Figure 1.5 illustrates these four building
blocks, called nucleotides, with

different colors and letter ab-
breviations of their names.
The right side of the fig-
ure shows a short section
of a DNA double helix.

]

A Figure 1.5 The four building blocks of DNA (left); part of a DNA
double helix (right)

The way DNA encodes a cell’s information is analogous to
the way we arrange letters of the alphabet into precise se-
quences with specific meanings. The word rat, for example,
conjures up an image of a rodent; tar and art, which contain
the same letters, mean very different things. We can think of
the four building blocks as the alphabet of inheritance. Specific
sequential arrangements of these four chemical letters encode
precise information in genes, which are typically hundreds or
thousands of “letters” long.

The DNA of genes provides the blueprints for making pro-
teins, and proteins serve as the tools that actually build and
maintain the cell and carry out its activities. A bacterial gene
may direct the cell to “Make a yellow pigment” A particular
human gene may mean “Make the hormone insulin”” All forms
of life use essentially the same genetic code to translate the in-
formation stored in DNA into proteins. This makes it possible
to engineer cells to produce proteins normally found only in
some other organism. Thus, bacteria can be used to produce
insulin for the treatment of diabetes by inserting a gene for
human insulin into bacterial cells.

The diversity of life arises from differences in DNA se-
quences—in other words, from variations on the common
theme of storing genetic information in DNA. Bacteria and
humans are different because they have different genes. But
both sets of instructions are written in the same language.

In the next module, we see how biologists attempt to organ-
ize the diversity of life.

9 What is the chemical basis for all of life’s kinship?
[errdyew o13oudd a3 se YN

1.6 The diversity of life can be arranged into three domains

We can think of biology’s enormous scope as having two di-
mensions. The “vertical” dimension, which we examined in
Module 1.2, is the size scale that stretches from molecules to
the biosphere. But biology also has a “horizontal” dimension,
spanning across the great diversity of organisms existing now
and over the long history of life on Earth.

Grouping Species  Diversity is a hallmark of life. Biologists
have so far identified and named about 1.8 million species, and
thousands more are identified each year. Estimates of the total
number of species range from 10 million to over 100 million.
Whatever the actual number, biologists face a major challenge
in attempting to make sense of this enormous variety of life.
There seems to be a human tendency to group diverse items
according to similarities. We may speak of bears or butterflies,
though we recognize that each group includes many different
species. We may even sort groups into broader categories, such

CHAPTER 1 | Biology: Exploring Life

as mammals and insects. Taxonomy, the branch of biology that
names and classifies species, arranges species into a hierarchy
of broader and broader groups, from genus, family, order, class,
and phylum, to kingdom.

The Three Domains of Life  Until the 1990s, most biologists
used a taxonomic scheme that divided all of life into five king-
doms. But new methods for assessing evolutionary relation-
ships, such as comparison of DNA sequences, have led to an
ongoing reevaluation of the number and boundaries of king-
doms. As that debate continues, however, there is consensus
that life can be organized into three higher levels called
domains. Figure 1.6, on the facing page, shows representa-
tives of the three domains: Bacteria, Archaea, and Eukarya.
Domains Bacteria and Archaea both consist of prokaryotes,
organisms with prokaryotic cells. Most prokaryotes are single-
celled and microscopic. The photos of the prokaryotes in Figure



1.6 were made with an electron microscope, and the number
along the side indicates the magnification of the image. (We will
discuss microscopy in Chapter 4.) Bacteria and archaea were
once combined in a single kingdom. But much evidence indi-
cates that they represent two very distinct branches of life, each
of which includes multiple kingdoms.

Bacteria are the most diverse and widespread prokaryotes.
In the photo of bacteria in Figure 1.6, each of the rod-shaped
structures is a bacterial cell.

Many of the prokaryotes known as archaea live in Earth’s
extreme environments, such as salty lakes and boiling hot
springs. Each round structure in the photo of archaea in
Figure 1.6 is an archaeal cell.

All the eukaryotes, organisms with eukaryotic cells, are
grouped in domain Eukarya. As you learned in Module 1.3,
eukaryotic cells have a nucleus and other internal structures
called organelles.

Protists are a diverse collection of mostly single-celled
organisms and some relatively simple multicellular relatives.
Pictured in Figure 1.6 is an assortment of protists in a drop
of pond water. Although protists were once placed in a single
kingdom, it is now clear that they do not form a single natural
group of species. Biologists are currently debating how to split
the protists into groups that accurately reflect their evolution-
ary relationships.

The three remaining groups within Eukarya contain multi-
cellular eukaryotes. These kingdoms are distinguished partly
by their modes of nutrition. Kingdom Plantae consists of
plants, which produce their own food by photosynthesis. The
representative of kingdom Plantae in Figure 1.6 is a tropical
bromeliad, a plant native to the Americas.

Kingdom Fungi, represented by the mushrooms in Figure
1.6, is a diverse group, whose members mostly decompose the
remains of dead organisms and organic wastes and absorb the
nutrients into their cells.

Animals obtain food by ingestion, which means they eat
other organisms. Representing kingdom Animalia, the sloth
in Figure 1.6 resides in the trees of Central and South Ameri-
can rain forests. There are actually members of two other
groups in the sloth photo. The sloth is clinging to a tree (king-
dom Plantae), and the greenish tinge in the animal’s hair is a
luxuriant growth of photosynthetic prokaryotes (domain
Bacteria). This photograph exemplifies a theme reflected in
our booKs title: connections between living things. The sloth
depends on trees for food and shelter; the tree uses nutrients
from the decomposition of the sloth’s feces; the prokaryotes
gain access to the sunlight necessary for photosynthesis by liv-
ing on the sloth; and the sloth is camouflaged from predators
by its green coat.

The diversity of life and its interconnectedness are evident
almost everywhere. Earlier we looked at life’s unity in its shared
properties, two basic types of cell structure, and common
genetic code. And now we have briefly surveyed its diversity.
In the next module, we explore how evolution explains both
the unity and the diversity of life.

“? To which of the three domains of life do we belong?
edrexng

LM 275X

Bacteria

Archaea

Kingdom Fungi

Domain Bacteria

Colorized SEM 6,000 %

Domain Archaea

Colorized SEM 7,700 X

Domain Eukarya

Kingdom Plantae

Kingdom Animalia

A Figure 1.6 The three domains of life
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1.7 Evolution explains the unity and diversity of life

The history of life, as documented by fossils, is a saga of a
changing Earth billions of years old, inhabited by an evolving
cast of living forms (Figure 1.7A). And yet, there is relatedness
among these diverse forms, and patterns of ancestry can be
traced through the fossil record and other evidence. Evolution
accounts for life’s dual nature of kinship and diversity.

In November 1859, the English naturalist Charles Darwin
(Figure 1.7B) published one of the most important and influ-
ential books ever written. Entitled On the Origin of Species by
Means of Natural Selection, Darwin’s book was an immediate
bestseller and soon made his name almost synonymous with
the concept of evolution. Darwin stands out in history with
people like Newton and Einstein, scientists who synthesized
comprehensive theories with great explanatory power.

The Origin of Species articulated two main points. First, Dar-
win presented a large amount of evidence to support the idea of
evolution—that species living today are descendants of ancestral
species. Darwin called his evolutionary theory “descent with
modification”” It was an insightful phrase, as it captured both the
unity of life (descent from a common ancestor) and the diversity
of life (modification as species diverged from their ancestors).

Darwin’s second point was to propose a mechanism for evo-
lution, which he called natural selection. Darwin synthesized
this idea from observations that by themselves were neither
profound nor original. Others had the pieces of the puzzle, but
Darwin saw how they fit together. He started with the following
two observations: (1) Individuals in a population vary in their
traits, many of which are passed on from parents to offspring.
(2) A population can produce far more offspring than the envi-
ronment can support. From these two observations, Darwin in-
ferred that those individuals with heritable traits best suited to
the environment are more likely to survive and reproduce than
are less well-suited individuals. As a result of this unequal re-
productive success over many generations, a higher and higher
proportion of individuals will have the advantageous traits. The
result of natural selection is evolutionary adaptation, the accu-
mulation of favorable traits in a population over time.

Figure 1.7C uses a simple example to show how natural se-
lection works. @ An imaginary beetle population has colonized

A Figure 1.7A Fossil of Dimetrodon. This 3-m-long carnivore was
more closely related to mammals than to reptiles.
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an area where the soil has been black-
ened by a recent brush fire. Initially,
the population varies extensively in
the inherited coloration of individ-
uals, from very light gray to char-
coal. @ A bird eats the beetles it
sees most easily, the light-colored
ones. This selective predation re-
duces the number of light-colored
beetles and favors the survival and
reproductive success of the darker
beetles. @ The surviving beetles
reproduce. After several generations,
the population is quite different from
the original one. As a result of natural selection, the frequencies
of the darker-colored beetles in the population have increased.

Darwin realized that numerous small changes in populations
caused by natural selection could eventually lead to major alter-
ations of species. He proposed that new species could evolve as a
result of the gradual accumulation of changes over long periods
of time. (W¢ll explore evolution and natural selection in more
detail in Chapters 13 and 14.)

We see the exquisite results of natural selection in every kind
of organism. Each species has its own set of evolutionary adap-
tations that have evolved over time. Consider the two very

A Figure 1.7B
Charles Darwin in 1859

© Reproduction of survivors

A Figure 1.7C An example of natural selection in action



A Figure 1.7D Examples of adaptations to different environments

The Process of Science

different mammals shown in Figure 1.7D. The ground pangolin,
found in southern and eastern Africa, has a tough body armor
of overlapping scales, protecting it from most predators. The
pangolin uses its unusually long tongue to prod ants out of their
nests. The killer whale is a mammal adapted for life at sea. It
breathes air through nostrils on the top of its head and commu-
nicates with its companions by emitting clicking sounds that
carry in water. Killer whales use sound echoes to detect schools
of fish or other prey. The pangolin’s armor and the killer whales
echolocating ability arose over many, many generations as indi-
viduals with heritable traits that made them better adapted to
the environment had greater reproductive success. Evolution—
descent with modification—explains both how these two mam-
mals are related and how they differ. Evolution is the core theme
that makes sense of everything we know and learn about life.

‘9 How does natural selection adapt a population of organisms
to its environment?
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1.8 Scientific inquiry is used to ask and answer questions about nature

The word science is derived from a Latin verb meaning “to
know?” Science is a way of knowing—an approach to under-
standing the natural world. It stems from our curiosity about
ourselves and the world around us. And it involves the process
of inquiry—a search for information, explanations, and an-
swers to specific questions. Scientific inquiry involves making
observations, forming hypotheses, and testing predictions.

Recorded observations and measurements are the data of
science. Some data are quantitative, such as numerical meas-
urements. Other data may be descriptive, or qualitative. For
example, primatologist Alison Jolly has spent over 40 years
making observations of lemur behavior during field research
in Madagascar, amassing data that is mostly qualitative
(Figure 1.8).

Collecting and analyzing observations can lead to conclu-
sions based on a type of logic called inductive reasoning.
This kind of reasoning derives generalizations from a large
number of specific observations. “All organisms are made of
cells” is an inductive conclusion based on the discovery of
cells in every biological specimen observed over two cen-
turies of time. Careful observations and the inductive conclu-
sions they lead to are fundamental to understanding nature.

Observations often stimulate us to seek natural causes and
explanations. Such inquiry usually involves the forming and
testing of hypotheses. A hypothesis is a proposed explanation
for a set of observations. A good hypothesis leads to predic-
tions that scientists can test by recording additional observa-
tions or by designing experiments.

Deduction is the type of logic used to come up with ways
to test hypotheses. In deductive reasoning, the logic flows
from general premises to the specific results we should expect

if the premises are

true. If all organ-

isms are made of

cells (premise 1),

and humans are or-
ganisms (premise 2),
then humans are com-
posed of cells (deduc-
tion). This deduction is
a prediction that can be
tested by examining
human tissues.

Theories in Science
How is a theory different
from a hypothesis? A scien-
tific theory is much broader

in scope than a hypothesis. It

is usually general enough to
generate many new, specific hy-
potheses that can then be tested.
And a theory is supported by a
large and usually growing body
of evidence. Theories that become
widely adopted (such as the theory of evolution) explain a
great diversity of observations and are supported by a vast
accumulation of evidence.

A Figure 1.8 Alison Jolly
with her research subjects,
ring-tailed lemurs

‘9 Contrast inductive reasoning with deductive reasoning.
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1.9 Scientists form and test hypotheses and share their results

Let’s explore the elements of scientific inquiry with two case
studies, one from everyday life and one from a research project.

A Case Study from Everyday Life  We all use hypotheses in
solving everyday problems. Let’s say, for example, that your flash-
light fails during a campout. That’s an observation. The question
is obvious: Why doesn't the flashlight work? Two reasonable hy-
potheses based on past experience are that either the batteries in
the flashlight are dead or the bulb is burned out. Each of these hy-
potheses leads to predictions you can test with experiments or
further observations. For example, the dead-battery hypothesis
predicts that replacing the batteries with new ones will fix the
problem. Figure 1.9A diagrams this campground inquiry.

Observation

Question

N

Hypothesis #1: Hypothesis #2:

() Dead batteries Burned-out bulb

Prediction:
Replacing bulb

will fix problem. (-\

Prediction:

Replacing batteries
will fix problem.

Experiment: Experiment:

Test prediction by
replacing bulb.

Test prediction by
replacing batteries.

' @

Test does not falsify
hypothesis. Make additional
pose new one. predictions and test them.

Test falsifies hypothesis.
Revise hypothesis or

—/ -

A Figure 1.9A An example of hypothesis-based science
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The flashlight example illustrates two important points.
First, a hypothesis must be testable—there must be some way
to check its validity. Second, a hypothesis must be falsifiable—
there must be some observation or experiment that could show
that it is not true. As shown on the left in Figure 1.9A, the hy-
pothesis that dead batteries are the sole cause of the problem
was falsified by replacing the batteries with new ones. As
shown on the right, the burned-out-bulb hypothesis is the
more likely explanation. Notice that testing supports a hypoth-
esis not by proving that it is correct but by not eliminating it
through falsification. Perhaps the bulb was simply loose and
the new bulb was inserted correctly. Testing cannot prove a hy-
pothesis beyond a shadow of doubt, because it is impossible to
exhaust all alternative hypotheses. A hypothesis gains credibil-
ity by surviving multiple attempts to falsify it, while alternative
hypotheses are eliminated by testing.

A Case Study from Science To learn more about how sci-
ence works, let’s examine some actual scientific research.

The story begins with a set of observations and generaliza-
tions. Many poisonous animals are brightly colored, often with
distinctive patterns. This so-called warning coloration appar-
ently says “dangerous species” to potential predators. But there
are also mimics. These imposters resemble poisonous species
but are actually harmless. A question that follows from these
observations is: What is the function of mimicry? A reasonable
hypothesis is that mimicry is an evolutionary adaptation that
reduces the harmless animal’s risk of being eaten.

In 2001, biologists David and Karin Pfennig, along with
William Harcombe, one of their undergraduate students,
designed an elegant set of field experiments to test the
hypothesis that mimics benefit because predators confuse
them with the harmful species. A venomous snake called
the eastern coral snake has warning coloration: bold, alter-
nating rings of red, yellow, and black (Figure 1.9B, on the
facing page). (A venomous species delivers its poison by
stinging, stabbing, or biting.) Predators rarely attack these
snakes. The predators do not learn this avoidance behavior by
trial and error; a first encounter with a coral snake would
usually be deadly. Natural selection has apparently increased
the frequency of predators that inherit an instinctive avoid-
ance of the coral snake’s coloration.

The nonvenomous scarlet king snake mimics the ringed
coloration of the coral snake (Figure 1.9C). Both types of
snakes live in North and South Carolina, but king snakes are
also found in regions that have no coral snakes.

The geographic distribution of these snakes made it possi-
ble for the researchers to test a key prediction of the mimicry
hypothesis: Mimicry should help protect king snakes from
predators, but only in regions where coral snakes also live.
Avoiding snakes with warning coloration is an adaptation of
predator populations that evolved in areas where coral snakes
are present. Therefore, predators adapted to the warning col-
oration of coral snakes will attack king snakes less frequently
than will predators in areas where coral snakes are absent.



A Figure 1.9B
Eastern coral
snake (venomous)

To test this prediction, Harcombe
made hundreds of artificial snakes out
of wire covered with a claylike sub-
stance called plasticine. He made two
versions of fake snakes: an experimental
group with the color pattern of king snakes and a control group
of plain brown snakes as a basis of comparison.

The researchers placed equal numbers of the two types of
artificial snakes in field sites throughout North and South Car-
olina, including the region where coral snakes are absent. After
four weeks, they retrieved the snakes and recorded how many
had been attacked by looking for bite or claw marks. The most
common predators were foxes, coyotes, and raccoons, but
black bears also attacked some of the snakes (Figure 1.9D).

The data fit the key prediction of the mimicry hypothesis.
The artificial king snakes were attacked less frequently than
the artificial brown snakes only in field sites within the geo-
graphic range of the venomous coral snakes. The bar graph in
Figure 1.9E summarizes the results.

This case study is an example of a controlled experiment,
one that is designed to compare an experimental group (the
artificial king snakes, in this case) with a control group

A Figure 1.9D
Artificial king snake that §
was not attacked (above);
artificial brown snake
that was attacked by a
bear (right)

A Figure 1.9C Scarlet
king snake (nonven-
omous)

(the artificial brown snakes). Ideally, the experimental and
control groups differ only in the one factor the experiment is
designed to test—in our example, the effect of the snakes’ col-
oration on the behavior of predators. Without the control
group, the researchers would not have been able to rule out
other variables, such as the number of predators in the differ-
ent test areas. The experimental design left coloration as the
only factor that could account for the low predation rate on the
artificial king snakes placed within the range of coral snakes.

The Culture of Science Science is a so-
cial activity, with most scientists working
in teams, which often include graduate
and undergraduate students. Scien-
tists share information through pub-
lications, seminars, meetings, and
personal communication. The Inter-
net has added a new medium for this
exchange of ideas and data. Scientists
build on what has been learned from earlier
research and often check each other’s claims by at-
tempting to confirm observations or repeat experiments.

Science seeks natural causes for natural phenomena. Thus,
the scope of science is limited to the study of structures and
processes that we can directly observe and measure. Science
can neither support nor falsify hypotheses about supernatural
forces or explanations, for such questions are outside the
bounds of science.

The process of science is necessarily repetitive: In testing a
hypothesis, researchers may make observations that call for re-
jection of the hypothesis or at least revision and further testing.
This process allows biologists to circle closer and closer to their
best estimation of how nature works. As in all quests, science
includes elements of challenge, adventure, and luck, along with
careful planning, reasoning, creativity, cooperation, competi-
tion, patience, and persistence.

9 Why s it difficult to draw a conclusion from an experiment
that does not include a control group?
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A Figure 1.9E Results of mimicry experiment
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Biology and Everyday Life

CONNECTION ‘ 1.10 Biology, technology, and society are connected in important ways

Many issues facing society are related to biology (Figure 1.10).
Most of these issues also involve our expanding technology. Sci-
ence and technology are interdependent, but their basic goals
differ. The goal of science is to understand natural phenomena.
In contrast, the goal of technology is to apply scientific knowl-
edge for some specific purpose. Scientists often speak of “dis-
coveries;,” while engineers more often speak of “inventions.” The
beneficiaries of those inventions also include scientists, who use
new technology in their research. And scientific discoveries
often lead to the development of new technologies.

Technology depends less on the curiosity that drives basic
science than on the needs and wants of people and on the so-
cial environment of the times. Debates about technology cen-
ter more on “should we do it” than “can we do it” Should
insurance companies have access to individuals’' DNA informa-
tion? Should we permit research with embryonic stem cells?

Technology has improved our standard of living in many
ways, but not without adverse consequences. Technology
that keeps people healthier has enabled Earth’s population to
grow 10-fold in the past three centuries and to more than
double to 6.8 billion in just the past 40 years. The environ-
mental effects of this growth can be devastating. Global cli-
mate change, toxic wastes, deforestation, nuclear accidents,
and extinction of species are just some of the repercussions

of more and more people
wielding more and more tech- :‘g TESIRMNE AT

nology. Science can help us s g
iden‘?i}f’y such problemslzlnd G‘E%A(’][ {:?Angxl—]nC

provide insight into what ittty
course of action may prevent

further damage. But solutions THE SPII_I_
to these problems have as Photos You Haver't Seen
much to do with politics, eco- SRR
nomics, and cultural values as
with science and technology.
Now that science and technol-
ogy have become such power- ==
ful aspects of society, every
citizen has a responsibility to
develop a reasonable amount
of scientific literacy. The cru-
cial science-technology-
society relationship is a theme that adds to the significance
of any biology course.

e

A Figure 1.10 Biology and
technology in the news

‘9 How do science and technology interact?
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EVOLUTION
CONNECTION

Evolution is the core theme of biology. To emphasize the
centrality of evolution to biology, we include an Evolution
Connection module in each chapter in this book. But is
evolution connected to your everyday life? And if so, in what
ways?

Biologists now recognize that differences in DNA among
individuals, populations, and species reflect the patterns of
evolutionary change. The new technology of automatic DNA-
sequencing machines has enabled scientists to determine the
order of the billions of DNA bases in the human genome and
in the genomes of other species. Comparisons of those se-
quences allow us to identify genes shared across many species,
study the actions of such genes in other species, and, in some
cases, search for new medical treatments. Identifying beneficial
genes in relatives of our crop plants has permitted the breeding
or genetic engineering of enhanced crops.

The recognition that DNA differs between people has led to
the use of DNA tests to identify individuals. DNA profiling is
now used to help convict or exonerate the accused, determine
paternity, and identify remains.

Evolution teaches us that the environment is a powerful
selective force for traits that best adapt populations to their
environment. We are major agents of environmental change
when we take drugs to combat infection or grow crops in

CHAPTER 1 | Biology: Exploring Life

1.11 Evolution is connected to our everyday lives

pesticide-dependent monocultures or alter Earth’s habitats.
We have seen the effects of such environmental changes in
antibiotic-resistant bacteria, pesticide-resistant pests, endan-
gered species, and increasing rates of extinction.

How can evolutionary theory help? It can help us be more
judicious in our use of antibiotics and pesticides and help us
develop strategies for conservation efforts. It can help us cre-
ate flu vaccines and HIV drugs by tracking the rapid evolu-
tion of these viruses. It can identify new sources of drugs. For
example, by tracing the evolutionary history of the endan-
gered Pacific Yew tree, once the only source of the cancer
drug Taxol, scientists have discovered similar compounds in
more common trees.

We hope this book will help you develop an appreciation for
evolution and biology and help you apply your new knowledge
to evaluating issues ranging from your personal health to the
well-being of the whole world. Biology offers us a deeper un-
derstanding of ourselves and our planet and a chance to more
fully appreciate life in all of its diversity.

9 How might an understanding of evolution contribute to the
development of new drugs?
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CHAPTER 1

VB = For Practice Quizzes, BioFlix, MP3 Tutors, and
J Activities, go to www.masteringbiology.com.

Reviewing the Concepts
Themes in the Study of Biology (1.1-1.4)

1.1 All forms of life share common properties. Biology is the sci-
entific study of life. Properties of life include order, reproduction,
growth and development, energy processing, response to the envi-
ronment, regulation, and evolutionary adaptation.

1.2 In life’s hierarchy of organization, new properties emerge at
each level. Biological organization unfolds as follows: biosphere >
ecosystem > community > population > organism > organ system
> organ > tissue > cell > organelle > molecule. Emergent proper-
ties result from the interactions among component parts.

1.3 Cells are the structural and functional units of life. Eukaryotic
cells contain membrane-enclosed organelles, including a nucleus
containing DNA. Prokaryotic cells are smaller and lack such or-
ganelles. Structure is related to function at all levels of biological or-
ganization. Systems biology models the complex interactions of
biological systems, such as the molecular interactions within a cell.

1.4 Organisms interact with their environment, exchanging mat-
ter and energy. Ecosystems are
characterized by the cycling
of chemical nutrients
from the atmosphere

and soil through pro- /Q

ducers, consumers, g "
> Consn;‘mers

decomposers, and v fouehos

back to the environ-
ment. Energy flows
one way through an
ecosystem—entering as
sunlight, converted to chemi-

cal energy by producers, passed on to
consumers, and exiting as heat.

Evolution, the Core Theme of Biology (1.5-1.7)

1.5 The unity of life is based on DNA and a common genetic
code. DNA is responsible for heredity and for pro-
gramming the activities of a cell. A species’ genes
are coded in the sequences of the four building
blocks making up DNAs double helix.

1.6 The diversity of life can be arranged into three
domains. Taxonomy names species and classifies
them into a system of broader groups. Domains
Bacteria and Archaea consist of prokaryotes. The
eukaryotic domain, Eukarya, includes various protists and the king-
doms Fungi, Plantae, and Animalia.

Decomposers

Water and minerals !
(in soil

taken up by tree roots

Cycling of
chemical nutrients

1.7 Evolution explains the unity and diversity of life. Darwin syn-
thesized the theory of evolution by natural selection.

Observations Inferences
Heritable Natural selection:
variations Unequal reproductive

success leads to
Overproduction evoll:|t|0n of Iac:_aptatlons
of offspring in populations.

R E V I

E W

The Process of Science (1.8-1.9)

1.8 Scientific inquiry is used to ask and answer questions about
nature. Scientists use inductive reasoning to draw general conclu-
sions from many observations. They form hypotheses and use de-
ductive reasoning to make predictions. Data may be qualitative or
quantitative. A scientific theory is broad in scope, generates new
hypotheses, and is supported by a large body of evidence.

1.9 Scientists form and test hypotheses and share their results.
Predictions can be tested with experiments, and results can either
falsify or support the hypothesis. In a controlled experiment, the
use of control and experimental groups helps to demonstrate the
effect of a single variable. Science is a social process: scientists
share information and review each other's results.

Biology and Everyday Life (1.10-1.11)

1.10 Biology, technology, and society are connected in important
ways. Technological advances stem from scientific research, and
research benefits from new technologies.

1.11 Evolution is connected to our everyday lives. Evolutionary
theory is useful in medicine, agriculture, forensics, and conserva-
tion. Human-caused environmental changes are powerful selective
forces that affect the evolution of many species.

Connecting the Concepts

1. Biology can be described as having both a vertical scale and a
horizontal scale. Explain what that means.

2. Complete the following map organizing some of biology’s
major concepts.

Biology

is the study of

(a)

]
has changed
through the process of
1

(b)

mechanism is I

depends on

accounts
for

accounts
for

DNA
(genetic code)

- is evidence of

leads to codes for
diversity of life (d)
seenn seenin .
! variations in / seenin
@ cells as basic | common properties
units of life @'_:' of living organisms
(R ;

S
N L
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Testing Your Knowledge

Multiple Choice

3. Which of the following best describes the logic of the scientific

process?

a. IfI generate a testable hypothesis, tests and observations
will support it.

b. If my prediction is correct, it will lead to a testable hypothesis.

c. If my observations are accurate, they will not falsify my
hypothesis.

d. If my hypothesis is correct, I can make predictions and my
results will not falsify my hypothesis.

e. If my predictions are good and my tests are right, they will
prove my hypothesis.

4. Single-celled amoebas and bacteria are grouped into different
domains because
a. amoebas eat bacteria.
b. bacteria are not made of cells.
c. bacterial cells lack a membrane-enclosed nucleus.
d. bacteria decompose amoebas.
e. amoebas are motile; bacteria are not.

5. A biologist studying interactions among the protists in an
ecosystem could not be working at which level in life’s hierar-
chy? (Choose carefully and explain your answer.)

the population level

the molecular level

the community level

the organism level

the organ level

o0 o

6. Which of the following questions is outside the realm of science?
a. Which organisms play the most important role in energy

input to a forest?

What percentage of music majors take a biology course?

What is the physical nature of the universe?

What is the influence of the supernatural on current events?

What is the dominance hierarchy in a troop of ring-tailed

lemurs?

W

7. Which of the following statements best distinguishes hypotheses

from theories in science?

a. Theories are hypotheses that have been proved.

b. Hypotheses are tentative guesses; theories are correct
answers to questions about nature.

c. Hypotheses usually are narrow in scope; theories have
broad explanatory power.

d. Hypotheses and theories are different terms for essentially
the same thing in science.

e. Theories cannot be falsified; hypotheses can be falsified.

8. Which of the following best demonstrates the unity among all
living organisms?

descent with modification

related DNA sequences and common genetic code

emergent properties

natural selection

the three domains

o an T

9. The core idea that makes sense of all of biology is
the process of science.

the correlation of function with structure.
systems biology.

evolution.

the emergence of life at the level of the cell.

o a0 o

CHAPTER 1 | Biology: Exploring Life

Describing, Comparing, and Explaining

10.

11.

12.

13.

14.

In an ecosystem, how is the movement of energy similar to that
of chemical nutrients, and how is it different?

Explain the role of heritable variations in Darwin’s theory of
natural selection.

Explain what is meant by this statement: The scientific process
is not a rigid method.

Contrast technology with science. Give an example of each to
illustrate the difference.

Explain what is meant by this statement: Natural selection is an
editing mechanism rather than a creative process.

Applying the Concepts

15.

16.

17.

18.

The graph below shows the results of an experiment in which
mice learned to run through a maze.

25

N
o
|

Average time to
complete maze (min)
v
1

o
|

== No reward
=== Food reward

v
1

Day

a. State the hypothesis and prediction that you think this ex-
periment tested.

b. Which was the control group and which the experimental?
Why was a control group needed?

c. List some variables that must have been controlled so as not
to affect the results.

d. Do the data support the hypothesis? Explain.

In an experiment similar to the mimicry experiment described
in Module 1.9, a researcher counted more predator attacks on
artificial king snakes in areas with coral snakes than in areas
outside the range of coral snakes. From those numbers, the re-
searcher concluded that the mimicry hypothesis is false. Do
you think this conclusion is justified? Why or why not?

The fruits of wild species of tomato are tiny compared to the
giant beefsteak tomatoes available today. This difference in fruit
size is almost entirely due to the larger number of cells in the
domesticated fruits. Plant biologists have recently discovered
genes that are responsible for controlling cell division in toma-
toes. Why would such a discovery be important to producers of
other kinds of fruits and vegetables? To the study of human de-
velopment and disease? To our basic understanding of biology?

The news media and popular magazines frequently report sto-
ries that are connected to biology. In the next 24 hours, record
the ones you hear or read about in three different sources and

briefly describe the biological connections in each story.

Answers to all questions can be found in Appendix 4.
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Elemeﬁi;JAtoms,

and Compounds
(2.1-2.4)

Chemical Bonds
Living organisms are made (2.5-2.9)

of atoms of certain elements,
mostly combined into
compounds.

The structure of an atom
determines what types
of bonds it can form with
other atoms.

Water’s Life-

Supporting Properties
(2.10-2.16)

The unique properties of
water derive from the polarity
of water molecules.




iology is about life, but it is also about chemistry. Chemi-
Bcals are the very stuff making up our bodies, those of other
organisms, and the physical environment around us. Your
cells, tissues, and organs are all made of chemical compounds.
And the activities of your body—from reading these words to
running a race—are all based on chemical reactions. So un-
derstanding and appreciating life begins with a basic under-
standing of chemistry: the elements that make up living
matter and the ways in which the atoms of those elements
interact.

Life’s chemistry is tied to water. The chemical reactions of
your body take place in cells whose water content ranges from
70% to 95%. As you can see in this satellite photograph of our
planet, three-quarters of Earth’s surface is covered by water. Life
began in water and evolved there for 3 billion years before

spreading onto land. And modern life, even land-dwelling life, is
still dependent on water. All living organisms require water more
than any other substance. What properties of the simple water
molecule make it so indispensable to life on Earth? You'll find
out in this chapter.

This chapter will also make connections to the themes intro-
duced in Chapter 1. One of these themes is the organization of
life into a hierarchy of structural levels, with new properties
emerging at each successive level. Emergent properties are
apparent even at the lowest levels of biological organization—
the ordering of atoms into molecules and the interactions of
those molecules. The intricate structures and complex functions
of all living organisms arise from these interactions. We begin
our story of biology with the basic concepts of chemistry that
will apply throughout our study of life.




Elements, Atoms, and Compounds

2.1 Organisms are composed of elements, in combinations called compounds

Living organisms and everything around them are composed
of matter, which is defined as anything that occupies space and
has mass. (In everyday language, we can think of mass as an
object’s weight.) Matter is found on Earth in three physical
states: solid, liquid, and gas.

Types of matter as diverse as rocks, water, air, and biology
students are all composed of chemical elements. An element is
a substance that cannot be broken down to other substances by
ordinary chemical means. Today, chemists recognize 92 ele-
ments that occur in nature; gold, copper, carbon, and oxygen
are some examples. Chemists have also made a few dozen syn-
thetic elements. Each element has a symbol, the first letter or
two of its English, Latin, or German name. For instance, the
symbol for sodium, Na, is from the Latin word natrium; the
symbol O comes from the English word oxygen.

A compound is a substance consisting of two or more dif-
ferent elements combined in a fixed ratio. Compounds are
much more common than pure elements. In fact, few elements
exist in a pure state in nature.

Many compounds consist of only two elements; for instance,
table salt (sodium chloride, NaCl) has equal parts of the ele-
ments sodium (Na) and chlorine (Cl). Pure sodium is a metal
and pure chlorine is a poisonous gas. Chemically combined,
however, they form an edible compound (Figure 2.1). The ele-
ments hydrogen (H) and oxygen (O) exist as gases. Combined
in a ratio of 2:1, they form the most abundant compound on
Earth—water (H,O). These are simple examples of organized
matter having emergent properties: A compound has charac-
teristics different from those of its elements.

Most of the compounds in living organisms contain at least
three or four elements. Sugar, for example, is formed of carbon
(C), hydrogen, and oxygen. Proteins are compounds containing
carbon, hydrogen, oxygen, nitrogen (N), and a small amount of
sulfur (S). Different arrangements of the atoms of these elements
give rise to the unique properties of each compound.

About 25 elements are essential to life. As you can see in
Table 2.1, four of these—oxygen, carbon, hydrogen, and
nitrogen—make up about 96% of the weight of the human
body, as well as that of most other living organisms. These four

TABLE 2.1 | ELEMENTS IN THE HUMAN BODY

Percentage of
Body Weight

Element Symbol (Including Water)
Oxygen 0 65.0% )
Carbon C 18.5% } 96.3%
Hydrogen H 9.5%

Nitrogen N 33% )
Calcium Ca 1.5% O
Phosphorus P 1.0%
Potassium K 0.4%

Sulfur S 0.3% p» 3.7%
Sodium Na 0.2%

Chlorine Cl 0.2%
Magnesium Mg 0.1% )

Trace elements, less than 0.01% of human body weight: Boron (B),
chromium (Cr), cobalt (Co), copper (Cu), fluorine (F), iodine (l), iron
(Fe), manganese (Mn), molybdenum (Mo), selenium (Se), silicon
(Si), tin (Sn), vanadium (V), zinc (Zn)

elements are the main ingredients of biological molecules such
as proteins, sugars, and fats. Calcium (Ca), phosphorus (P),
potassium (K), sulfur, sodium, chlorine, and magnesium (Mg)
account for most of the remaining 4% of the human body.
These elements are involved in such important functions as
bone formation (calcium and phosphorus) and nerve signaling
(potassium, sodium, calcium, and chlorine).

The trace elements listed at the bottom of the table are
essential, but only in minute quantities. We explore the
importance of trace elements to your health next.

“ Explain how table salt illustrates the theme of emergent
properties.
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Chlorine

Sodium

Sodium chloride

A Figure 2.1 The emergent properties of the edible compound sodium chloride
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CONNECTION

Some trace elements, such as iron (Fe), are needed by all forms
of life. Iron makes up only about 0.004% of your body weight
but is vital for energy processing and for transporting oxygen in
your blood. Other trace elements, such as iodine (I), are
required only by certain species. You need to ingest only a tiny
amount of iodine each day, about 0.15
milligram (mg). Iodine is an essential
ingredient of a hormone produced by
the thyroid gland, which is located in
the neck. An jodine deficiency in the
diet causes the thyroid gland to
grow to abnormal size, a condition
called goiter (Figure 2.2A). Iodine
deficiency is also linked to men-
tal retardation. Adding iodine to
table salt has reduced the inci-
dence of iodine deficiency in
many countries. Unfortu-
nately, iodized salt is not avail-
able everywhere, and an
estimated 2 billion people
worldwide have insufficient iodine intake. Seafood, kelp, straw-
berries, and dark, leafy greens are good natural sources. Thus,
deficiencies are often found in inland regions, especially in areas
where the soil is lacking in iodine. Although most common in
developing nations, iodine deficiencies may also result from ex-
cessive consumption of highly processed foods (which often use
non-iodized salt) and low-salt diets intended to lower the risk of
cardiovascular disease.

Iodine is just one example of a trace element
added to food or water to improve health. For more
than 50 years, the American Dental Association has
supported fluoridation of community drinking
water as a public health measure. Fluoride is a form
of fluorine (F), an element in Earth’s crust that is
found in small amounts in all water sources. In
many areas, fluoride is added during the municipal
water treatment process to raise levels to a concen-
tration that can reduce tooth decay. If you mostly
drink bottled water, your fluoride intake may be re-
duced, although some bottled water now contains
added fluoride. Fluoride is also frequently added to
dental products, such as toothpaste and mouth-
wash (Figure 2.2B).

Chemicals are added to food to help preserve it,
make it more nutritious, or simply make it look
better. Look at the nutrition facts label from the side
of the cereal box in Figure 2.2C to see a familiar ex-
ample of how foods are fortified with mineral elements. Iron,
for example, is a trace element commonly added to foods. (You
can actually see that iron has been added to a fortified cereal by
crushing the cereal and then stirring a magnet through it.)
Also note that the nutrition facts label lists numerous vitamins
that are added to improve the nutritional value of the cereal.
For instance, the cereal in this example supplies 10% of the

A Figure 2.2A Goiter, a
symptom of iodine deficiency,
in a Burmese woman

2.2 Trace elements are common additives to food and water

<« Figure 2.2B
Mouthwash and toothpaste
with added fluoride

recommended daily value for vitamin A. Vitamins consist of
more than one element and are examples of compounds.

In the next module, we explore the structure of an atom
and how this structure determines the chemical properties
of elements.

“ Inaddition to iron, what other trace elements are found in the
cereal in Figure 2.2C? Does Total provide the “total” amount
needed of these elements?
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2.3 Atoms consist of protons, neutrons, and electrons

Each element consists of one kind of atom, which is different
from the atoms of other elements. An atom, named from a
Greek word meaning “indivisible,” is the smallest unit of matter
that still retains the properties of an element. Atoms are so
small that it would take about a million of them to stretch
across the period printed at the end of this sentence.

Subatomic Particles  Physicists have split the atom into
more than a hundred types of subatomic particles. However,
only three kinds of particles are relevant here. A proton is a
subatomic particle with a single positive electrical charge (+).
An electron is a subatomic particle with a single negative
charge (—). A neutron, as its name implies, is electrically
neutral (has no charge).

Figure 2.3A shows two very simple models of an atom of the
element helium (He), the “lighter-than-air” gas that makes bal-
loons rise. Notice that two protons ((#) and two neutrons ()
are tightly packed in the atom’s central core, or nucleus. Two
electrons (&) move around the nucleus at nearly the speed of
light. The attraction between the negatively charged electrons
and the positively charged protons holds the electrons near the
nucleus. The left-hand model shows the number of electrons in
the atom. The right-hand model, slightly more realistic, shows a
spherical cloud of negative charge created by the rapidly moving
electrons. Neither model is drawn to scale. In real atoms, the
electrons are very much smaller than the protons and neutrons,
and the electron cloud is much bigger compared to the nucleus.
Imagine that this atom was the size of a baseball stadium: The nu-
cleus would be the size of a fly in center field, and the electrons
would be like two tiny gnats buzzing around the stadium.

Atomic Number and Atomic Mass  All atoms of a particular
element have the same unique number of protons. This num-
ber is the element’s atomic number. Thus, an atom of helium,
with 2 protons, has an atomic number of 2. Carbon, with 6
protons, has an atomic number of 6 (Figure 2.3B). Note that
in these atoms, the atomic number is also the number of

TABLE 2.3 | 1soToPES OF CARBON

Carbon-12 Carbon-13 Carbon-14
Protons 6 } Mass 6 } Mass 6 } Mass
number number number
Neutrons 6 12 7 13 8 14
Electrons 6 6 6

electrons. Unless otherwise indicated, an atom has an equal
number of protons and electrons, and thus its net electrical
charge is 0 (zero).

An atom’s mass number is the sum of the number of pro-
tons and neutrons in its nucleus. For helium, the mass number
is 4; for carbon, it is 12 (Figures 2.3A and 2.3B). The mass of a
proton and the mass of a neutron are almost identical and are
expressed in a unit of measurement called the dalton. Protons
and neutrons each have masses close to 1 dalton. An electron
has only about 1/2,000 the mass of a proton, so it contributes
very little to an atom’s mass. Thus, an atom’s atomic mass (or
weight) is approximately equal to its mass number—the sum of
its protons and neutrons.

Isotopes  All atoms of an element have the same atomic
number, but some atoms of that element may differ in mass
number. The different isotopes of an element have the same
number of protons and behave identically in chemical reac-
tions, but they have different numbers of neutrons. Table 2.3
shows the numbers of subatomic particles in the three isotopes
of carbon. Carbon-12 (also written '2C), with 6 neutrons,
accounts for about 99% of the carbon in nature. Most of the
remaining 1% consists of carbon-13 (*3C), with 7 neutrons.
A third isotope, carbon-14 (14C), with 8 neutrons, occurs
in minute quantities. Notice that all three isotopes have
6 protons—otherwise, they would not be carbon.

Both '2C and 13C are stable isotopes, meaning their nuclei re-
main intact more or less forever. The isotope
14C, on the other hand, is unstable, or radioac-

Helium Carbon
Nucleus Electron
cloud
2e™

Electron /

cloud Nucleus
2 @ Protons 6 (+) Protons

Mass number = 4

2 o Neutrons 6 @) Neutrons
2 @ Electrons 6 @ Electrons

6e™

&

} Mass number = 12

tive. A radioactive isotope is one in which the
nucleus decays spontaneously, giving off parti-
cles and energy. Radiation from decaying iso-
topes can damage cellular molecules and thus
can pose serious risks to living organisms. But
radioactive isotopes can be helpful, as in their
use in dating fossils (see Module 15.5). They are
also used in biological research and medicine,
as we see next.

‘9 Anitrogen atom has 7 protons, and its most
common isotope has 7 neutrons. A radioac-
tive isotope of nitrogen has 9 neutrons.
What is the atomic number and mass num-

A Figure 2.3A Two models of a helium atom A Figure 2.3B  Model of a carbon atom

CHAPTER 2 | The Chemical Basis of Life

ber of this radioactive nitrogen?
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Living cells cannot distinguish between isotopes of the same
element. Consequently, organisms take up and use compounds
containing radioactive isotopes in the usual way. Because radio-
activity is easily detected by instruments, radioactive isotopes
are useful as tracers—biological spies, in effect—for monitor-
ing the fate of atoms in living organisms.

Biologists often use radioactive tracers to fol-
low molecules as they undergo chemical changes in an organ-
ism. For example, researchers have used carbon dioxide (CO,)
containing the radioactive isotope C to study photosynthesis.
Using sunlight to power the conversion, plants take in CO, from
the air and use it to make sugar molecules. Radioactively labeled
CO; has enabled researchers to trace the sequence of molecules
made by plants in the chemical route from CO, to sugar.

Radioactive isotopes
may also be used to tag chemicals that accumulate in specific
areas of the body, such as phosphorus in bones. After injection
of such a tracer, a special camera produces an image of where
the radiation collects. In most diagnostic uses, the patient re-
ceives only a tiny amount of an isotope.

Sometimes radioactive isotopes are used for treatment. As
you learned in Module 2.2, the body uses iodine to make a thy-
roid hormone. Because radioactive iodine accumulates in the
thyroid, it can be used to kill cancer cells there.

Substances that the body metabolizes such as glucose or oxy-
gen, may also be labeled with a radioactive isotope. Figure 2.4A
shows a patient being examined by a PET (positron-emission
tomography) scanner, which can produce three-dimensional
images of areas of the body with high metabolic activity. PET is
useful for diagnosing certain heart disorders and cancers and
for basic research on the brain (see Module 28.17).

The early detection of Alzheimer’s disease may be a new use
for such techniques. This devastating illness gradually destroys a
person’s memory and ability to think. As the disease progresses,
the brain becomes riddled with deposits (plaques) of a protein

A Figure 2.4A Technician monitoring the output of a PET scanner

2.4 Radioactive isotopes can help or harm us

Alzheimer’s patient

Healthy person

A Figure 2.4B PET images of brains of a healthy person (left) and a
person with Alzheimer’s disease (right). Red and yellow colors indicate
high levels of PIB bound to beta-amyloid plaques.

called beta-amyloid. Researchers have identified a protein
molecule called PIB that binds to beta-amyloid. PIB contains

a radioactive isotope that can be detected on a PET scan.

Figure 2.4B shows PET images of the brains of a healthy person
(left) and a person with Alzheimer’s (right) injected with PIB.
Notice that the brain of the Alzheimer’s patient has high levels of
PIB (red and yellow areas), whereas the unaffected person’s brain
has lower levels (blue). New therapies are focused on limiting the
production of beta-amyloid or clearing it from the brain. A diag-
nostic test using PIB would allow researchers to monitor the ef-
fectiveness of new drugs in people living with the disease.

Although radioactive isotopes have many beneficial
uses, uncontrolled exposure to them can harm living organ-
isms by damaging molecules, especially DNA. The particles
and energy thrown off by radioactive atoms can break chemi-
cal bonds and also cause abnormal bonds to form. The explo-
sion of a nuclear reactor at Chernobyl, Ukraine, in 1986
released large amounts of radioactive isotopes into the envi-
ronment, which drifted over large areas of Russia, Belarus, and
Europe. A few dozen people died from acute radiation poison-
ing, and over 100,000 people were evacuated from the immedi-
ate area. Increased rates of thyroid cancer in children exposed
to the radiation have been reported, and many thousands may
be at increased risk of future cancers.

Natural sources of radiation can also pose a threat. Radon, a
radioactive gas, may be a cause of lung cancer. Radon can con-
taminate buildings in regions where underlying rocks naturally
contain uranium, a radioactive element. Homeowners can buy
a radon detector or hire a company to test their home to ensure
that radon levels are safe. If levels are found to be unsafe, tech-
nology exists to remove radon from homes.

‘9 Why are radioactive isotopes useful as tracers in research on
the chemistry of life?
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Chemical Bonds

2.5 The distribution of electrons determines an atom’s chemical properties

To understand how atoms interact with each other—the main
subject of this section—we need to explore atomic structure
further. Of the three subatomic particles—protons, neutrons,
and electrons—only electrons are directly involved in the chem-
ical activity of an atom. Electrons vary in the amount of energy
they possess. The farther an electron is from the positively
charged nucleus, the greater its energy. Electrons move around
the nucleus only at certain energy levels, called electron shells.
Depending on an element’s atomic number, an atom may have
one, two, or more electron shells surrounding the nucleus.
Figure 2.5 is an abbreviated version of the periodic table of
the elements (see Appendix 2). It shows the distribution of
electrons for the first 18 elements, arranged in rows according to
the number of electron shells (one, two, or three). Within each
shell, electrons travel in different orbitals, which are discrete vol-
umes of space in which electrons are most likely to be found.
Each orbital can hold a maximum of 2 electrons. The first

electron shell has only one orbital and can hold only 2 electrons.

Thus, hydrogen and helium are the only elements in the first
row. For the second and third rows, the outer shell has four
orbitals and can hold up to 8 electrons (four pairs). Note that
the number of electrons increases by one as you read from left
to right across each row in the table and that the electrons don't
pair up until all orbitals have at least one electron.

It is the number of electrons in the outermost shell, called
the valence shell, that determines the chemical properties of an

atom. Atoms whose outer shells are not full (have unpaired
electrons) tend to interact with other atoms—that is, to partici-
pate in chemical reactions.

Look at the electron shells of the atoms of the four ele-
ments that are the main components of biological molecules
(highlighted in green in Figure 2.5). Because their outer shells
are incomplete all these atoms react readily with other atoms.
The hydrogen atom has only 1 electron in its single electron
shell, which can accommodate 2 electrons. Atoms of carbon,
nitrogen, and oxygen also are reactive because their valence
shells, which can hold 8 electrons, are also incomplete. In con-
trast, the helium atom has a first-level shell that is full with 2
electrons. Neon and argon also have full outer electron shells.
As a result, these elements are chemically inert (unreactive).

How do chemical interactions between atoms enable them
to fill their outer electron shells? When two atoms with in-
complete outer shells react, each atom will share, donate, or
receive electrons, so that both partners end up with completed
outer shells. These interactions usually result in atoms staying
close together, held by attractions known as chemical bonds.
In the next two modules, we look at two important types of
chemical bonds.

‘9 How many electrons and electron shells does a sodium atom
have? How many electrons are in its valence shell?
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A Figure 2.5 The electron distribution diagrams of the first 18 elements in the periodic table

2.6 Covalent bonds join atoms into molecules through electron sharing

The strongest kind of chemical bond is the covalent bond, in
which two atoms share one or more pairs of outer-shell elec-
trons. Two or more atoms held together by covalent bonds
form a molecule. For example, a covalent bond connects two
hydrogen atoms in a molecule of the gas Hj.

CHAPTER 2 | The Chemical Basis of Life

Table 2.6, on the next page, shows four ways to represent
this molecule. The symbol H, called the molecular formula,
tells you that a hydrogen molecule consists of two atoms of hy-
drogen. The electron distribution diagram shows that the atoms
share two electrons; as a result, both atoms fill their outer (and



ALTERNATIVE WAYS TO REPRESENT FOUR

TABLE 2.6

COMMON MOLECULES

attraction for shared electrons is called its
electronegativity. The more electronegative
an atom, the more strongly it pulls shared
electrons toward its nucleus. In molecules of
only one element, such as O, and H, the two

Space-
Molecular Electron Distribution Structural Filling
Formula Diagram Formula Model
) C
Hydrogen A Single '
bond
0, o=
Oxygen Double
bond
H,0 AN
Water H H
|
CH, H—C—H
Methane |
H

identical atoms exert an equal pull on the elec-
trons. The bonds in such molecules are said to be
nonpolar covalent bonds because the electrons
are shared equally between the atoms. Com-
pounds such as methane also have nonpolar
bonds, because the atoms of carbon and
hydrogen are not substantially different in
electronegativity.

In contrast to O,, H,, and CH,, water is com-
posed of atoms with different electronegativities.
Oxygen is one of the most electronegative of the
elements. (Nitrogen is also highly electronega-
tive.) As indicated by the arrows in Figure 2.6,
oxygen attracts the shared electrons in H,O
much more strongly than does hydrogen, so
that the electrons spend more time near the
oxygen atom than near the hydrogen atoms.
This unequal sharing of electrons produces a
polar covalent bond. In a polar covalent bond,
the pulling of shared, negatively charged
electrons closer to the more electronegative
atom makes that atom partially negative and the
other atom partially positive. Thus, in H,O,
the oxygen atom actually has a slight nega-
tive charge and each hydrogen atom a slight
positive charge. Because of its polar covalent

only) shells. The third column shows a structural formula.
The line between the hydrogen atoms represents the single
covalent bond formed by the sharing of a pair of electrons

(1 electron from each atom). A space-filling model, shown in
the fourth column, uses color-coded balls to symbolize
atoms and comes closest to showing a molecule’s shape.

How many covalent bonds can an atom form? It depends
on the number of additional electrons needed to fill its outer,
or valence, shell. This number is called the valence, or bond-
ing capacity, of an atom. Looking back at the electron distri-
bution diagrams in Figure 2.5, we see that H can form one
bond; O can form two; N, three; and C, four.

In an oxygen molecule (O,), shown next in Table 2.6, the
two oxygen atoms share two pairs of electrons, forming a
double bond. A double bond is indicated by a pair of lines.

H, and O, are molecules composed of only one element.
The third example in the table is a compound. Water (H,0)
is a molecule in which two hydrogen atoms are joined to
oxygen by single bonds. And as shown at the bottom of
Table 2.6, it takes four hydrogen atoms, each with a valence
of 1, to satisfy carbon’s valence of 4. This compound,
methane (CH,), is a major component of natural gas.

Atoms in a molecule are in a constant tug-of-war for
the shared electrons of their covalent bonds. An atom’s

bonds and the wide V shape of the molecule,

water is a polar molecule—that is, it has an un-

equal distribution of charges. It is slightly nega-
tive at the oxygen end of the molecule (point of the V) and
slightly positive at each of the two hydrogen ends.

In some cases, two atoms are so unequal in their
attraction for electrons that the more electronegative atom
strips an electron completely away from its partner, as we
see next.

‘9 What is chemically nonsensical about this structure?

H—C=C—H
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A Figure 2.6 A water molecule, with polar covalent bonds
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2.7 lonic bonds are attractions between ions of opposite charge

Table salt is an example of how the transfer of electrons can
bond atoms together. Figure 2.7A shows how a sodium atom
and a chlorine atom can form the compound sodium chloride
(NaCl). Notice that sodium has only 1 electron in its outer
shell, whereas chlorine has 7. When these atoms interact, the
sodium atom donates its single outer electron to chlorine.
Sodium now has only two shells, the outer shell having a full
set of 8 electrons. When chlorine accepts sodium’s electron, its
own outer shell is now full with 8 electrons.

Remember that electrons are negatively charged particles.
The transfer of an electron between the two atoms moves
one unit of negative charge from one atom to the other. As
you can see on the right in Figure 2.7A, sodium, with 11
protons but now only 10 electrons, has a net electrical charge
of 1+. Chlorine, having gained an extra electron, now has 18
electrons but only 17 protons, giving it a net electrical charge
of 1—. In each case, an atom has become what is called an
ion. An ion is an atom or molecule with an electrical charge
resulting from a gain or loss of one or more electrons. (As
shown in the figure, the ion formed from chlorine is called a
chloride ion.) Two ions with opposite charges attract each
other. When the attraction holds them together, it is called

an ionic bond. The resulting compound, in this case NaCl, is
electrically neutral.

Sodium chloride is a familiar type of salt, a synonym for an
ionic compound. Salts often exist as crystals in nature. Figure
2.7B shows the ions Na' and € in a crystal of sodium chloride.
An NaCl crystal can be of any size (there is no fixed number of
ions), but sodium and chloride ions are always presentin a 1:1
ratio. The ratio of ions can differ in the various kinds of salts.

The environment affects the strength of ionic bonds. In a
dry salt crystal, the bonds are so strong that it takes a hammer
and chisel to break enough of them to crack the crystal. If the
same salt crystal is placed in water, however, the ionic bonds
break when the ions interact with water molecules and the salt
dissolves, as we'll discuss in Module 2.13. Most drugs are
manufactured as salts because they are quite stable when dry
but can dissolve easily in water.

‘9 Explain what holds together the atoms in a crystal of table
salt (NaCl).
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Transfer of electron
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Sodium atom

. Sodium ion
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Sodium chloride (NaCl)

A Figure 2.7A Formation of an ionic bond, producing sodium chloride

A Figure 2.7B A crystal of sodium chloride

2.8 Hydrogen bonds are weak bonds important in the chemistry of life

In living organisms, most of the strong chemical bonds are
covalent, linking atoms to form a cell’s molecules. But crucial
to the functioning of a cell are weaker bonds within and be-
tween molecules, such as the ionic bonds we just discussed.
Most large molecules are held in their three-dimensional shape
by weak bonds. In addition, molecules in a cell may be held
together briefly by weak bonds, respond to one another in
some way, and then separate.

As you saw in Module 2.6, a hydrogen atom that has
formed a polar covalent bond with an electronegative atom
(such as oxygen or nitrogen) has a partial positive charge.

CHAPTER 2 | The Chemical Basis of Life

This partial positive charge allows it to be attracted to a
nearby partially negative atom (often an oxygen or nitrogen)
of another molecule. These weak but important bonds are
best illustrated with water molecules, as shown in Figure 2.8.
The charged regions on each water molecule are electrically
attracted to oppositely charged regions on neighboring mol-
ecules. Because the positively charged region in this special
type of bond is always a hydrogen atom, the bond is called a
hydrogen bond. As Figure 2.8 shows, the negative (oxygen)
pole of a water molecule can form hydrogen bonds (dotted
lines) to two hydrogen atoms. And each hydrogen atom of
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Hydrogen bond { :

» Figure 2.8 Hydrogen
bonds between water
molecules

a water molecule can form a hydrogen bond with a nearby
partial negative oxygen atom of another water molecule.
Thus, each H,O molecule can hydrogen-bond to as many as
four partners.

You will learn in Chapter 3 how hydrogen bonds help to
create a protein’s shape (and thus its function) and hold the
two strands of a DNA molecule together. Later in this chap-
ter, we explore how water’s polarity and hydrogen bonds give
it unique, life-supporting properties. But first we discuss how
the making and breaking of bonds change the composition of
matter.

‘9 What enables neighboring water molecules to hydrogen-bond
to one another?
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2.9 Chemical reactions make and break chemical bonds

The basic chemistry of life has an overarching theme: The
structure of atoms and molecules determines the way they
behave. As we have seen, the chemical behavior of an atom is
determined by the number and arrangement of its subatomic
particles, particularly its electrons. Other properties emerge
when atoms combine to form molecules and when molecules
interact. Water is a good example, because its emergent
properties sustain all life on Earth.

Hydrogen and oxygen gases can react to form water:

2H2+ 02_>2H20

This is a chemical reaction, the breaking and making of
chemical bonds, leading to changes in the composition of
matter. In this case, two molecules of hydrogen (2 H,) react
with one molecule of oxygen (O,) to produce two molecules
of water (2 H,O). The arrow indicates the conversion of the
starting materials, called the reactants, to the product, the
material resulting from the chemical reaction. Notice that
the same numbers of hydrogen and oxygen atoms appear on
the left and right sides of the arrow, although they are
grouped differently. Chemical reactions do not create or
destroy matter; they only rearrange it in various ways. As

2H; + (o)) — 2H0
@ —
\ J \ J
Reactants Products

A Figure 2.9 Breaking and making of bonds in a
chemical reaction

shown in Figure 2.9, the covalent bonds (represented here
as white “sticks” between atoms) holding hydrogen atoms
together in H, and holding oxygen atoms together in O, are
broken, and new bonds are formed to yield the H,O product
molecules.

Organisms cannot make water from H, and O,, but they do
carry out a great number of chemical reactions that rearrange
matter in significant ways. Let's examine a chemical reaction that
is essential to life on Earth: photosynthesis. The raw materials of
photosynthesis are carbon dioxide (CO,), which is taken from
the air, and water (H,O), which plants absorb from the soil.
Within green plant cells, sunlight powers the conversion of these
reactants to the sugar product glucose (C4H;,04) and oxygen
(0,), aby-product that the plant releases into the air. The follow-
ing chemical shorthand summarizes the process:

6 CO, + 6 H,O — CgH ;06 + 6 O,

Although photosynthesis is actually a sequence of many
chemical reactions, we see that we end up with the same num-
ber and kinds of atoms we started with. Matter has simply been
rearranged, with an input of energy provided by sunlight.

The chemistry of life is dyna