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Scientific Literacy through Active
Learning before, during, and after Class

branch on the vast evolutionary tree of life. Seeking a cure for cancer. These

are but a few of the many reasons why biology is a gripping subject for us
and, we hope, for students using this book. These topics are simultaneously intensely
interesting and critically important. Because the scientific understanding of funda-
mental biological principles is growing by leaps and bounds, this is an exciting time
to write, teach, and learn about all areas of the biological sciences.

But the very things that make biology so interesting—the rapid pace of new
discoveries and the many applications of these discoveries by human societies—can
make it a difficult subject to teach and to learn. The problem is only made worse
by the wide variation in backgrounds and interests of the students who take this
course. When we set out to write the Sixth Edition of Discover Biology, we asked
ourselves, “How can we convey the excitement, breadth, and relevance of biology
to this varied group of students without burying them in an avalanche of informa-
tion?” Similarly, we asked ourselves, “How can we encourage the retention of core
concepts in biology by facilitating active learning inside and outside of the class-
room?”

We answered these questions in several ways. In considering which topics and de-
tails to include from the vast group of possibilities, we had the following goals:

l I sing stem cells to repair or replace damaged organs. Discovering every last

o To pique students’ interest with fascinating stories about life on Earth in all its
grandeur

o To take the feedback of the extensive reviews we received for every chapter to
present core biological concepts at just the right level of detail for nonscience
students

e To pair the textbook with instructor and student resources that enrich the learn-
ing process through applications, activities, and assessment

With this edition, we also welcome new author Gary Shin. Gary teaches hundreds
of students from very diverse backgrounds each term at California State University,
Long Beach, and at community colleges in southern California. He is truly a teacher
in the trenches with a keen eye for which topics most engage students and which
ones they struggle with. In addition, Gary’s background in evolutionary genetics and
wildlife ecology has resulted in a fresh perspective on the Evolution and Ecology units
(Units 3 and 4).



What’s New in the
Sixth Edition

NEW, MORE READABLE CHAPTERS. We recognize how important it is for any non-
majors biology textbook to strike a balance between including enough detail to
promote a true understanding of concepts and not overwhelming students with a
deluge of information. Reviewers, as well as adopters of the previous edition, praise
our chapters for clearly and accessibly guiding students toward a rich appreciation
for biological concepts and processes. But we are not ones to rest on our laurels.
The Sixth Edition narrative is more focused, more direct, and 10 percent shorter
overall.

NEW “EXTREME BIOLOGY” EXAMPLES. The inspiration to create this new feature
arose out of the popularity of the “Extreme Diversity” spreads in the Fifth Edition
of our book. These spreads have been retained in Chapters 17-19 in the Sixth
Edition (pages 386-387,410-411,418,423, and 456-457). But now, “Extreme Biol-
ogy” examples throughout every chapter highlight the amazing diversity of life on
Earth by providing examples of extreme traits, adaptations, and behaviors. Each
“Extreme Biology” example relates directly to the concept being covered in the text.
For example:

o EXTREME RUNNING provides a memorable example of the meaning of calo-
ries: The longest ultramarathon was 350 miles, lasting 80 hours and 44 minutes.
The runner burned a whopping 42,858 calories! (Chapter 5: Energy, Metabolism,
and Enzymes)

o EXTREME BUZZ explains how banana molecules mimic an alarm pheromone
that affects gene expression in bee brains. (Chapter 11: DNA and Genes)

o EXTREME DIMORPHISM uses elephant seals as an extraordinary example of
this evolutionary concept. Bulls can grow up to 20 feet long and weigh 4 tons,
while cows are typically only 10 feet long and weigh 1 ton. (Chapter 14: How
Evolution Works)

NEW “BIOLOGY IN THE NEWS” ARTICLES. For each edition, we select an entirely new
set of recent articles from the popular press and broadcast media for this unique
feature. News stories for the Sixth Edition hail from diverse sources, including the
Los Angeles Times, the Globe and Mail, CBS, National Public Radio, the Huffington



Post, and more. The most biologically relevant passages in each article are repro-
duced at the end of the chapter, along with a brief analysis and discussion ques-
tions geared specifically toward nonmajors biology students. For instructors who
would like to assign this feature to their students outside of class, short quizzes
for each article are included in Norton Smartwork and the accompanying course-
packs.

NEW ULTIMATE GUIDE TO TEACHING BIOLOGY. Inspired by efforts across the coun-
try to bring active, inquiry-based learning into the classroom, for the Sixth Edi-
tion we partnered with Julie Harless from Lone Star College to create this one-stop
resource. The Ultimate Guide is a curated collection of rich in-class activities from
dozens of biology instructors across the country. It provides instructors with group
activities designed to be used in a variety of classroom sizes and setups, think-pair-
share activities, video clip recommendations with discussion questions, clicker
questions, sample syllabi, and sample lecture plans to ease the transition to a new

book.

NEW ADAPTIVE SOFTWARE. InQuizitive recognizes the unique background of each
student to offer an individualized learning path. By providing deeper instruction
to students who need it, InQuizitive addresses the biomodality of students taking
nonmajors biology and ensures that all students come to class prepared. InQuizitive
includes a variety of question types that emphasize visual learning, gamelike ele-
ments that fuel student curiosity, and an easy-to-use interface that works on mobile
devices.



GUIDED TOUR

Fascinating Stories

A story on a contemporary topic, from the possibility of arsenic-based life-forms to
the reality of climate change, opens each chapter. The story is then revisited in more
depth at the end of the chapter, showing students how a mastery of the chapter’s

content makes them more scientifically literate.

Global Change

Is the Cupboard Bare?

Polar bears are in trouble. The big, white bears live by hunt-
ing seals on vast stretches of sea ice covering the Arctic
Ocean. Yet each summer a larger area of the ice cap melts,
leaving the bears stranded on land, often with hungry cubs.
Until the ice returns in winter, the giant bears fast or eat
garbage at Canadian and Russian garbage dumps. As
the planet heats up, the ice melts earlier each
spring and freezes later each fall, extending the
bears' months of fasting by weeks. Unless they
abandon the Arctic and begin migrating south
into Canada and Siberia to compete with grizzly
bears each summer, polar bears may go extinct.

Surprisingly, global warming could also
wallop the bears from a completely different direction.
In the summer of 2010, ecologists reported that global
populations of tiny but critically important organisms called

phytoplankton had declined by 40 percent since the 1950s.

Like plants, phytop
is, making sugar molecules from carbon dioxide and water

live by that

Floating at the surface of millions of square miles of
ocean, phytoplankton perform half of all the photosyn-
thesis on the planet and supply half of all the new oxygen

in Earth's F phytop are
the foundation for all the great marine food webs. Every

marine animal—from tiny shrimplike krill to fish, seals, and

What could cause such a decline in phytoplankton?
Could a shortage of phytoplankton lead to a collapse
of marine food chains?

polar bears—depends on the energy and building blocks
stored in phytoplankton. A 40 percent decline in phyto-
plankton would lead to a drastic decline in krill and marine

fish. Without fish, there would be no seals, to say nothing

using energy from the sun. On land, the big

ers are trees and other plants. But in the world’s oceans,

p is carried out by phytopl mix of

bacteria, algae, diatoms, and other protists.

of polar bears, poised precariously at the top of the energy
pyramid,
In 2010, reported that phytopl had

declined in 8 out of 10 regions of the ocean since 1950.1n
this chapter we'll learn how the expanding human popula-
tion is dramatically affecting the biosphere.

‘ APPLYING WHAT WE LEARNED ‘

Bye-Bye, Food Chain?

TOP OF THE FOOD CHAIN, TOP OF THE WORLD. As global warming melts the Arctic ice
cap, receding summer ice is increasingly leaving polar bears stranded on land or ice floes.
Some bears are moving south into Canada and Alaska, but global warming may also affect the
bears in a surprising way—by damaging marine food chains from the bottom up.
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Vast ocean populations of tiny phytoplankton are responsible
for about half of all the photosynthesis on Earth. These tiny
organisms supply all of the energy for marine food chains and
about half of all newly generated oxygen. Every organism on
Earth depends on the work of phytoplankton—not just polar
bears and fish, but humans too. Every time we take a breath,
some of the oxygen comes from phytoplankton. Earth's atmo-
sphere of 20 percent oxygen comes largely from the work of
photosynthetic ocean bacteria that lived 2.5 billon years ago.
And much of the oil that fuels our vehicles and industry comes
from phytoplankton that lived millions of years ago.

So, when researchers at Dalhousie University in Nova
Scotia reported in 2010 that marine phyloplankion were in
sharp decline, ecologists were shocked. Without phytoplank-
ton, life in the oceans would die and atmospheric oxygen lev-
els would begin to decline. Were things that bad?

Oceanographers have known for  long time that rising
temperatures hurt phytoplankion. As ocean waters warm up,
they become more “stratified” with warmer water sitting on
top of colder water. These static layers of water don't turn
over, so there's no upweling of nutrients from the seafloor.
And vithout nutrients, phytoplankton can't grow. Data collect-

ed from satellite images suggest that warming oceans have
caused a 6 percent drop in phytoplankton numbers since the
early 1980s.

How does global warming hurt phytoplankton? We know
that burning fossil fuels adds carbon dioxide to the atmo-
sphere and that a lot of the exira carbon dioxide is absorbed
by the oceans. Since carbon dioxide is a building block used
for making sugars during photosynthesis, you might think that
more carbon dioxide would be good for phytoplankion. And
in some parts of the ocean, populations of phytoplankton are
increasing. Unfortunately, carbon dioxide dissolved in water
also makes water acidic, and acidic water contains less iron,
an essential nutrient for phytoplankion.

Different parts of the ocean are warming up faster or
slower, and some parts are becoming more acidic while other
parts are not. Oceanographers aren't sure where all this is
going. To find out whether the changes they had observed
were short-term (and perhaps not serious) or long-term (and
serious), the Nova Scotia researchers looked at half a mil-
lion measurements of ocean clarity and color collected since
the late 1800s. In general, cloudier water and greener water
contain more phytoplankion. After analyzing the data, these
researchers concluded that phytoplankton had declined by
40 percent since 1950,

Not so fast, said researcher Mark Ohman, of the Scripps
Institution of Oceanography. Ohman didn't object to the data,
but he claimed that the other researchers' analysis contained
errors. For example, those researchers had reported that 59
percent of local ocean measurements had shown declines in
phytoplankton. But Ohman pointed out that only 38 percent
of those declines were statistically significant. The research-
ers had also used measurements from only the top 20 meters
of the ocean, but in some parts of the ocean, phytoplankion
live much deeper than that.

Although ocean scientists agree that phytoplankton have
declined in number, and that this decline is most liely related
to global warming and ocean acidification, just how exten-
sively phytoplankton populations have deciined is, for now,
unsettled. Marine fisheries are collapsing, but mostly because
of overfishing. That said, we need to halt ongoing declines
in phytoplankton. Otherwise, it will be bye-bye, marine food
chain and bye-bye, polar bears.

fo the observed rise In average global
emperature over the past century.

The warming of Earths climate has led to
nelting of polar and glacial ice, rising sea
levels, acidification of the oceans, and shifts
In where many species live,

Elimate models predict an increase in the
requency of severe weather and changes
I rainfall patterns.

any species are likely to become extinct
ver the next 100 years.
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Art That Promotes Understanding

A consistent system of banners, labels, and bubble captions is built into every figure,
helping students to better navigate the information hierarchy. First, banners and part
labels help students identify and understand the big picture of the concept being
illustrated. Then, extensive bubble captions guide students through the figure’s most
important elements, helping them to develop a more complete understanding of the

concept.

FIGURE 25.3
Human Activities
Alter the Global
Water Cycle

Water circulates
through Earth's
ecosystemsina
global cycle that
involves evaporation,
precipitation, and
runoff. Humans
influence the natural
water cycle in
significant ways.

Water Transformation

ersion projects
alter the natural
flow of water.

Condensing
water vapor

Evaporatio

Ocean contributes about §0%

of total water vapor in air.

may experience drought.

Pollutants contaminate groundwater
supplies, lakes, and the ocean.

4,000

North &
Central
America

Europe

Africa__ Oceania

South
America

World

Thousand hectares lost/gained per year

FIGURE 25.4 Disappearing Forests
This graph, based on data from the United Nations Food and Agricultur
(FAO), shows that forest cover has shrunk in most regions of the world,
Asia's relatively good standing is due largely to extensive reforestation
over the past few years. (Insef) Catle grazing on land previously covere
rainforest, in Para, Brazil
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density—more than 3.5 billion people—puts most
of the world’s coastline under siege today from ur-
ban development, sewage, runoff from farm fields,
chemical pollution, and unsustainable harvesting of
marine life

Land and water transformation
have important consequences

As we alter the land and water in the service of an
ever-increasing number of people, we use a large
share of the world’s resources. Estimates suggest

The Greenhouse Effect

g9 About a third of the incoming
solar radiation s reflected back
into space by the atmosphere
and Earth's surface.

{3 Some of the incoming Solar
radiation is absorbed by
Earth's surface, thereby

FIGURE 25.8
How Greenhouse
Gases Warm
Earth's Surface

(9 Some of the infrared radiation is lost
to outer space. When the concentration
of greenhouse gases increases, more of
the infrared radiation is absorbed by these
gases and therefore less is lost at his step.

[3 The reemitted radiation s
effectively trapped on Earth

warming the planet.
KD Avsorbed energy i reemitted
o the atmosph frared
(long-wavelength) radiation.

radi

aresule of human activities. Since the 1960s, scientists
have predicted that the ongoing increases in atmo-
spheric CO, i
on Earth to rise. This aspect of global change, known
as global warming, has provoked controversy in both
the media and the political arena.

Although year-to-year variation in the weather can

ould cause

A portion of the infrared radiation is absorbed
by and

in
some s reemitted. The reemitted infrared
jon further warms the atmosphere and
Earth's surface.

because it has less energy
and cannot pass through
the atmosphere into space

Global Temperature Change
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Global temperatures have tended to
58 increase from 100 to the present.

perature (°F)

Because predators consume large quantities of prey,
and lose little if any of the chemical, its concentra-
tion builds up in their tissues over time. This is why
top predators—those that feed at the end of a food
chain—usually have the highest tissue concentration
of biomagnified chemicals. FIGURE 25.5 illustrates
the 25-million-fold biomagnification of PCBs that
has been recorded in some northern lakes. An im-
portant aspect of biomagnification is that pol-
lutants that are present in minuscule amounts
in the abiotic environment, such as the water
in a lake, can build up to damaging, even le-
thal, concentrations in the top predators of a
food chain.

The pesticide DDT is an example of a POP
that is bioaccumulated and biomagnified
along a food chain. Until its use was banned
in 1972, DDT was extensively sprayed in the

United States to control mosquitoes and pro-
tect crops from insect pests. The pesticide end-
ed up in lakes and streams, where it was taken
up by phytoplankton, such as algae, which were
in turn ingested by zooplankton. As the pesticide
moved up the food chain, from zooplankton to
shellfish to birds of prey such as ospreys and bald ea-
gles, its tissue concentrations increased by hundreds
of thousands of times. DDT distupts reproduction in

Helpful

to Know

The FDA's advisory
concerning mercury
consumption extends to
women of reproductive age
as well as nursing moth-
ers. While methylmercury
does break down in the
body, the process takes sev-
eral months, so women who
plan to become pregnant
should abstain from fish with
high mercury content well
before pregnancy. Nursing
mothers similarly should
avoid these fish in order
to avoid the possibility
that their breast milk will
become contaminated
with methylmercury.

Biomagnification

Osprey
(25,000,000

Phytoplankton
0X)

Crustaceans
(45,000%)

Zooplankton
(500%)

FIGURE 25.5 PCB Levels Become More Concentrated in Consumers
Higher in the Food Chain
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avariety of animals, but predarory birds were hit espe-
cially hard. The chemical incerferes with calcium de-
position in the developing egg, producing thin, fragile
eggshells that break easily. The result was huge losses
in the populations of peregrine falcons, California
condors, and bald cagles,

doctine di R

1921 1931 1941 1951 1961 1971 1981 1991 2001

1881 1891 1901 1911
1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
Year

25.9 Global Temperatures Are on the Rise

DDT is an example of an
chemical that interferes with hormone function, re-
sulting in reduced fertility, developmental abnormali-
ties, immune system dysfunction, and increased risk
of cancer. Bisphenol A (found in many plastic water
bottles) and phehalates (found in everything from
Soft toys to cosmetics) are examples of endocrine dis-
rupters that can be readily detected in the tissues of
most Americans. In laboratory animals, bisphenol
increases the risk of diabetes, obesity, reproductive
problems, and various cancers. Phthalate exposure is
associated with lowered sperm counts and defects in
development of the male reproductive system. There
is much to be learned about endocrine disrupters, but
for now there is no assurance that long-term exposure
to multiple endocrine disrupters, even at low doses, is
safe for us.

Many pollutants cause
changes in the biosphere

The effects of POPs extend beyond the organisms of
Earch; some POPs have also been shown to affect the
physical environment itself. CFCs, chlorofluoro-
carbons (kLoHR-oh-FLONR-oh-KaHR-bun), are chemi-
cals used as refrigerants or propellants. The addition
of CECs to the atmosphere is one of the most wide-
ranging changes that humans have made to the
chemistry of Earth. CFCs have eroded the thickness
of the atmospheric ozone layer across the globe, and
contributed to the ozone hole above Antarctica. Be-
cause the ozone layer shields the planet from harmful
uleraviolet light (which can cause murations in DNA),
damage to the ozone layer poses a serious threat to
all life.

Fortunately, the international community respond-
ed quickly to this threat by phasing out the use of CFCs,
and the ozone layer has recently begun to show signs of
a recovery. Clearly, in some cases we have succeeded in
slowing down or undoing the harm caused by chemical
pollution or the alteration of nutrient cycles (the miti-
gation of acid rain, discussed in Chaper 24, is another
example). But in other cases, such as the global nitrogen
and carbon cycles, great challenges lie ahead.

r are plotted relative to the average
ure between 1961 and 1990 (dashed line). The
e decades have seen significantly higher-than-
ltemperatures, ith the last decade recording the
femperatures since recording began in the 1850s

CLIMATE CHANGE
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Unique Pedagogy

Distinctive pedagogical features throughout each chapter promote long-term
retention of key concepts and a deeper understanding of new terminology. In the
Sixth Edition, every major chapter section includes a Concept Check with answers.

PRONUNCIATION GUIDES are provided
alongside new and unfamiliar terms in the
chapter text, with the expectation that if
students can pronounce key terms, they will
be more likely to speak up in class.

HELPFUL TO
KNOW boxes
demystify new
concepts and
terms, making
it more likely
that students
will retain them
for the test and
beyond.

CONCEPT CHECKS at the end of every ma-
jor chapter section ask students to identify
and think about important concepts. The
answers are provided, but upside down,
striking the perfect balance between chal-
lenging students and making sure they get
the answer.

Because predators consume large quantities of prey, avariety of animals, but predatory birds were hit espe-
and lose little if any of the chemical, its concentra-  cially hard. The chemical interferes with calcium de-
tion builds up in cheir tissues over time. This is why  position in the defeloping egg, producing thin, fragile
top predators—those that feed at the end of a food  eggshells that brefk easily. The result was huge losses
chain—usually have the highest tissue concentration  in the populatiofs of peregrine falcons, California
of biomagnified chemicals. FIGURE 25.5 illustrates  condors, and bald|eagles.
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ers. While methylmercury  in a lake, can build up to damaging, even le-  bottles) and phehalates (found in everything from
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The effects of POPs extend beyond the organisms of
Biomagnification Earth; some POP{ have also been shown to affect the
physical itself. CFCs, chlorofluoro-
carbons (kLomR-oh-FLOHR-0h-KAHR-bun), are chemi-
cals used as refrigerants or propellants. The addition
of CFCs to the atmosphere is one of the most wide-
ranging changes that humans have made to the
chemistry of Earth. CFCs have eroded the thickness
of the atmospheric ozone layer across the globe, and
contributed to the ozone hole above Antarctica. Be-
cause the ozone layer shields the planet from harmful
uleraviolet light (which can cause mutations in DNA),
damage to the ozone layer poses a serious threat to
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FIGURE 25.5 PCB Levels Become More Concentrated in Consumers
Higher in the Food Chain
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Concept Check

1. Compare and contrast bioaccumulation and biomagnifi-
cation. What are some distinctive characteristics of
chemicals that tend to bioaccumulate?

2. In a food chain, which organisms are most affected by
biomagnification?

253) Human Impacts on the
Global Carbon Cycle

Nearlyall of us have had a hand in changing the world’s
nutrient cycles, at least a tiny bit. We affect nutrienc
cyeles when we sprinkle fertilizer on our lawns and gar-
dens, and when we send our waste to landfills, sewage
plants, or sepric tanks. The cheap and abundant food
that people in rich countries take for granted comes for
the most part from incensive farming, with its heavy in-
put of fertilizer and energy from nonrenewable sources.
We add huge amounts of carbon dioxide, nitrogen,
phosphorus, and sulfur to our environment. Of par-
ticular concern in the context of climate change is our
disruption of the global carbon cycle.

Atmospheric carbon dioxide
levels have risen dramatically

Although CO, makes up less than 0.04 percent of
Earth’s acmosphere, it is far more important than its
low concentration might suggest. As we saw in earlier
chapters, CO, is an essential raw material for photo-
synchesis, on which most life depends. CO, is also the
most important of the armospheric gases that con-
tribute to global warming, Therefore, scientists took
notice in the early 1960s when new measurements
showed that the concentration of CO, in the atmo-
sphere was rising rapidly.

Scientists have been measuring the concentration
of CO, in the atmosphere since 1958. By also measur-
ing CO, concentrations in air bubbles trapped in ice,
scientists have been able to estimate the concentra-
tion of CO, in the atmosphere over the last several
hundred thousand years (FIGURE 25.6). Both types of
measurements show that CO, levels have risen dra-
matically during the past two centuries. Overall, of
the current yearly increase in atmospheric CO, lev-
els, about 75 percent is due to the burning of fossil
fuels. Logging and burning of forests are responsible
for most of the remaining 25 percent, but industrial

processes such as cement manufacturing also make

a significant contribution. Helpful

The recent increase in CO, levels is striking for to Know
two reasons. First, the increase happened quick- The FDA banned the use
ly: the concentration of CO, increased from of bisphenol A (BPA) in

280 to 380 parts per million (ppm) in roughly ~ children’s "°"':5f and S‘fPP{
cups in 2012, and from infan

200 years. Measurements from ice bubbles T [ERREC 7 26rS,
show that this rate of increase is greater than  pgwever, BPA is stil found in
even the most sudden increase that occurred  a wide variety of products, in-
naturally during the past 420,000 years. Sec-  cluding children’s toys, canned
ond, CO, levels are higher than those esti- ~ 00ds, and register receipts.
mated for any time during that same period, 'S Use in everyday productsis

he middle of 2013, global carbon dioxid 50 widespread that the CDC
In the middle of 2013, global carbon dioxide “}.Ctoind getectable levels
concentrations stood at 397 ppm, with the levels of BPA in 93 percent of
increasing at the rate of about 3 ppm per year. the Americans it tested.

LN ]
Increased carbon dioxide
concentrations have many
biological effects
An increase in the concentration of CO, in the air can Concept Check
have large effects on plants (FIGURE 25.7). Many plants Answers
increase their rate of photosynthesis and use water more o

2iydos yoea usamjaq
efficiently, and therefore grow more rapidly, When more o mmass ey oo

€O, is available. When CO, levels remain high, some 20 sioppaud doy 7

lant species keep growing at higher rates, but others sie} 1o suajoxd o)
plant species keep growing at higher rates, buc others S0 i)
drop their growth rates over time. As CO, concentra- 'poiais fyeea o0 pi
tions in the atmosphere rise, species that maintain rapid o901 25 nund
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60, concentration
began to increase
rapidly in the 1800s.

Atmospheric CO, concentrati
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FIGURE 25.6 Atmospheric CO, Levels Are Rising Rapidly
Atmospheric CO; levels (measured in parts per million, or
ppm) have increased greatly in the past 200 years. The

red circles are direct measurements at the Mauna Loa
Observatory in Hawail, at 11,135 feet above sea level. The
green circles indicate CO, levels measured from bubbles of
air rapped in ice that formed many hundreds of years ago,
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Extreme Biology

EXTREME BIOLOGY features help students
remember key concepts by highlighting
engaging examples from the amazing diversity
of the living world.

the concentration of CO,
and other greenhouse gas-
es in the atmosphere—a
conclusion that has been
supported by hundreds
E of studies published since
E)(TREN:cE CORE 1995.
Scientists are able to deduce global pre-
historic climate patterns and CO, levels
by collecting ice core samples from
around the world and analyzing
tiny air bubbles trapped within
the ice. Cores are removed
from ice sheets—some as
much as 11,000 feet Long-term and large-scale changes in the
deep. state of Earth’s climate are broadly known as
climate change. Global warming is one component
of climate change, and some of its effects on the bio-
sphere are now evident (TABLE 25.1). Consistent with
the warming trend, satellite images show that
Arctic sea ice has been declining by 2.7 percent
per decade since 1978 (FIGURE 25.10). Sea lev-
els rose by an average of 1.8 millimeters per
Bete O rortovaes it Year becween 1961 and 1993, and they have
water to form carbonic acia  been tising by an average of 3.1 millimeters
(H.CO,) which iswhyexcessive  per year since then. Thermal expansion-—the
consumption of carbonated  increase in volume as water warms up—has
beverages leads to erosion of - contributed to sea level rise, as has the melt-
tooth enamel. On a global g o glaciers (FIGURE 25.11) and polar ice. As
scale, as CO, levels rise, lev-
ol of carbonle ack[n the armospheric carbon dioxide levels rise, more
T, of the gas is absorbed by the oceans, leading
to ocean acidification. Since the industrial revo-

Some predicted

consequences of

climate change are
now being seen

Helpful
to Know

Ocean acidification oc-
curs with higher CO, levels

Decline of the Arctic Ice Cap

FIGURE 25.10 The Extent of Polar Sea Ice Has
Declined Sharply

Summer sea ice in the Arctic has declined by almost 25
percent compared to preindustrial levels. Climate change has
affected wind and ocean currents in different ways across the
globe, explaining why the Antarctic ice sheet s relatively stable.

humidity may decrease, since the lack of trees ex-
poses the ground to direct sunlight and leads to an
increase in evaporation rates. Such climatic changes
can make it less likely that the forest will regrow
even if the logging stops. In addition, as we will see
shorely, che cutting and burning of forests increases

classified as persistent or-
ganic pollutants (POPs).
Some of the most damag-
ing POPs that are wide-
spread in our biosphere
include different  types

EXTREME

the amount of carbon dioxide in the atmospl
an aspect of global change that can alter the climare
worldwide.

Concept Check

1. Give some examples of human activities that lead to land
transformation.

2. Describe some causes of the degradation of coastal
ecosystems.

252/ Changes in the
Chemistry of Earth

In Chapter 24 we learned that life on Earch depends
on and participates in the cycling of nutrients in eco-
systems. Net primary productivity often depends on
the amount of nitrogen and phosphorus available to
producers, for example, and an overabundance of sul-
furic acid in rainfall lowers the pH of lakes and rivers,
destroying fish populations. In the next two sections
we look at how human activities, like manufacturing,
motorized transportation, and overpopulation, have
altered the natural nutrient cycles (see also Figures
24.10,24.11, 24.13, and 24.14)

Bioaccumulation concentrates
pollutants up the food chain
Humans release many synthetic chemicals and pollut-

ants into the air, water, and soil that then cycle through
ecosystems. These human-made chemicals can be in-

RESTATION

of PCBs (polychl

biphenyls, used in the
production of electronics)
and dioxins (a by-product
of many industrial processes,
such as the bleaching of paper
pulp). Because many of these pol-

lutants have an atmospheric cycle,

they can be transported over vast dis-
tances across the globe to contaminate
food chains in remote places where the chemi-

cals have never been used.

Heavy metals such as mercury, cadmium, andlead  concept Check
can also bioaccumulate in a wide variety of organisms. Answers
Mercury enters the food chain when bacteria absorb it Buisyeno pue wopnjiod
from soil or water and convert it to an organic form \w“‘euv)‘»?;% Lﬂ:n:s
known as methylmercury. Methylmercury is much  agones suswdoprop
more toxic than inorganic forms of mercury, in part ueqin Aq poioaye are

sweisfso0a 15800 T
because the organic form bioaccumulates more read- g%
ily, being stored in muscle tissues of shellfish, fish, o0 0 onp srengey 10
and humans. Methylmercury bioaccumulated by bac- suonessyfe finjinoue
! 1o se0un0sa) 1o} Sjeugey
teria is passed on to consumers, such as zooplankton Jo uononseq L
(microscopic aquatic animals), that feed on mercury-
accumulating bacteria. In this way, the methylmer-
cury is progressively transferred to other consumers
throughout the food web. The FDA has issued an ad-
visory suggesting that pregnant women, in particular,
abstain from eating mackerel, shark, swordfish, and
tilefish, because these predatory fishes tend to accu-
mulate higher levels of mercury.

The increase in the tissue concentrations of a bio-
accumulated chemical ac successively higher trophic
levels in a food chain is known as biomagnification.

i and ification might seem
similar at first glance. Bioaccumulation is the ac-
cumulation of a substance in an individual within a

DEFO!

The Amazon rainforest has been par-
ticularly influenced by human activities.
Since 1970, 270,000 square miles of
the forest has been destroyed—an
area roughly the size of Texas.
Deforestation in the Amazon

in some years has exceeded
10,000 square miles.

eoe The satelite-based ilustrations show the extent of the polar gested, inhaled, or absotbed by organisms. Ifa chemical  trophic level, and biomagnification is the increase in
lution, the pH of the world's oceans has declined  ice cap n the Arctic and the ice sheet on Greenland in 1980 binds to cells or tissues and stays there, then we say it tissue concentrations of a chemical as organic matter
from an average value of about 8.25 to 8.14. (@)and 2012 (b), bicaccumulates in an individual. As a substance bio- s passed from one trophic level to the next in a food
accumulates, its concentration within an organism ex-  chain.

- . = = in the
lexample, are
in farty tis-

ABIOTIC CHANGES SOME BIOTIC CONSEQUENCE A Melting Glacier Climate Change has bTought acqu.u'e the
& Increase in near-surface and ocean temperatures  m Ecosystem disruption, loss of e many species to the brink of their prey.
= Melting of glaciers = Spring floods, summer drought
= Loss of summer sea ice  Species extinction, loss of cultul Recent temperature increases have also changed RY OF EARTH 573
u Rise in sealevels (from melting ice, thermal & Loss of habitat, human habitati the biotic (living) component of ecosystems. Many
expansion) northern ecosystems are shifting their range pole-
 Ocean acidification a Loss of marine organisms with ward at a rate of about 0.42 kilometer (a quarter of
damage to fisheries a mile) per year, as species migrate north in an ar-
u Increased frequency of severe weather u Habitat destruction; oss of hu tempt to find their “comfort zone.” For example, as
u Change in rainfall pattern, drought in some u Ecosystem degradation; severe temperacures increased in Europe during the twen-
regions tieth century, dozens of bird and butterfly species
shifted their geographic ranges to the north (see
Figure 1.3). Similarly, the length of the growing sea-
578 CHAPTER 25 GLOBAL CHANGE son has increased for plants in northern latitudes

as temperatures have warmed since 1980. However,
some species—Arctic and alpine plants and ani-
mals, for example—have nowhere else to go (FIGURE
25.12). Canadian researchers have recorded a 60 per-
cent decline in caribou and reindeer populations
worldwide. There is higher calf mortality among the
herds, and the animals suffer more from atcacks by
biting insects, whose populations have climbed.

In tropical waters, high temperatures combined
with lower pH result in coral bleaching, caused by a loss
of the algal symbiotic partner and often resulting in
the death of the coral animal as well. About a third of
the tropical coral reefs have been destroyed in the last
few decades, succumbing to the collective onslaught
of coral bleaching, pollution, and physical damage
from an increase in severe storms.

FIGURE 25.11 Many Glaciers Are in Retreat

The extent of Shepard Glacier in Glacier National Park, Montana,

in 1913 (a) versus 2009 (b). Most of the world's glaciers are in
retreat, although some, especially in parts of South America and
Central Asia, are either stable or growing slightly

The additional heat energy that warmer tempera-
tures generate, especially over the tropical oceans,
is increasing cthe frequency of severe weather and
lengchening the storm season. Since the middle of
the twentiech century, the number of tropical storms
sweeping into North America has not changed sig-
nificancly, bue the number of class 3 and class 4
hurricanes has nearly tripled. Rainfall patterns have
changed: there is more rain in the eastern Uniced
States and northern Europe, and less in parts of the
Mediterranean, northeastern and southern Africa,
and parts of South Asia. Some recent climate simula-
tions predict that global warming will worsen ozone
depletion—with the highest increase in UV radia-
tion in tropical rather than polar regions—because
of alterations in wind flow patterns in the upper
atmosphere.

Although the magnitude of warming is much larg-
er in the northern latitudes, scientists expect a more
severe impact on tropical ecosystems. Plants
and animals in the moist tropics are adapt-
ed to a stable habitat and therefore live
very close to the limits of their toler-
ance. Any change in that previous-
ly stable environment—increased
temperature and reduced mois-
ture, for example—puts them
in jeopardy. In general, spe-
cies with specialized habitat =
requirements are the most EM
vulnerable. Experts study- EXTR! sHORTcuT
ing species vulnerability
watn that only 18-45 per-
cent of the plants and ani-
mals native to the moist
tropics are likely to survive
beyond 2100, According
to the International Union
for Conservation of Nature

The receding Arctic ice cap is bad news
for polar bears but good news for trans-
port companies. Climate scientists an-
ticipate that within the next few de-
cades, ships will be able to ferry goods
between Asia and Europe by sailing
through the Arctic Ocean, rather than
making the long transit around
Africa or through the Suez Canal.
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Applied Features

BIOLOGY MATTERS boxes in nearly every chapter
connect biology to real-life relevant topics that

students care about: their health, society, and the
environment.

\/

Toward a Sustainable Society

Many different lines of evidence suggest that
the current human impact on the biosphere
is not sustainable (see Figure 1). An action
or process is sustainable if it can be contin-
ued indefinitely without serious damage being
caused to the environment. Consider our use of
fossil fuels. Although fossil fuels provide abun-
dant energy now, our use of these fuels is not
sustainable: they are not renewable, and hence
supplies will run out, perhaps sooner rather
than later (see Figure 2). Already, the volume
of new sources of oil discovered worldwide has
dropped steadily from over 200 billion barrels
during the period from 1960 to 1965, to less
than 30 billion barrels during 1995-2000. In
2007, the world used about 31 billion barrels
of oil, but only 5 billion barrels of new oil was
discovered in that year.

Actions that cause serious damage to the
environment are also considered unsustain-
able, in part because our economies depend on
clean air, clean water, and healthy soils. People
currently use over 50 percent of the world's an-
nual supply of available freshwater, and demand
is expected to rise as populations increase.
Many regions of the world already experience
problems with either the amount of water avail-
able or its quality and safety. Declining water

FIGURE 1 The Most Inconvenient Truth: Climate Change Is
Caused by Overpopulation and Overconsumption

resources are a serious issue today, and experts
are worried that matters may get much worse.

To illustrate the problem, let's look at water
pumped from underground sources, or ground-
water. How does the rate at which people use
groundwater compare with the rate at which it is
replenished by rainfall? The answer is that we of-
ten use water in an unsustainable way: we pump
it from aquifers (underground bodies of water,
sometimes bounded by impermeable layers of
rock) much more rapidly than it is renewed.

In Texas, for example, for 100 years water
has been pumped from the vast Ogallala aquifer
faster than it has been replenished, causing the
Texan portion of the aquifer to lose half its origi-
nal volume. If that rate of use were to continue, in
another 100 years the water would be gone, and
many of the farms and industries that depend on
it would collapse. Texas is not alone. Rapid drops
in groundwater levels (about 1 meter per year) in
China pose a severe threat to its recent agricul-
tural and economic gains; and at current rates of
use, large agricultural regions in India will com-
pletely run out of water in 5-10 years. In Mexico
City, pumping has caused land within the city to
sink by an average of 75 meters (more than 24
feet) since 1900, damaging buildings, destroying
sewers, and causing floods.
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BIOLOGYMATTERS

Sustainability is one aspect of ecology
where each of us has a role. We can build a
more sustainable society by supporting legisla-
tion that fosters less destructive and more ef-
ficient use of natural resources; by patronizing
businesses that take measures to lessen their
negative impact on the planet; by supporting
sustainable agriculture; and by modifying our
own lifestyle to reduce our Ecological Footprint
(see the “Biology Matters” box in Chapter 21,
page 497). For example, we can:

m Increase our use of renewable energy and

energy-efficient appliances;

Reduce all unnecessary use of fossil fuels

(for instance, by biking to work or using

public transportation);

= Support organic farming; buy seafood from
sustainable fisheries;

m Use “green” building materials; and reduce,
reuse, and recycle waste.

= Support aid efforts that provide education,
health care, and family-planning services in
poor countries.

Experts estimate that more than 200 million
women around the world wish to limit their family
size but have no access to family planning.

Global Oil Production Projection

Forecast
production

0
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

FIGURE 2 Running Out of Oil
Many experts predict that the annual global production of oil will peak,

and then decline, sometime before 2020.
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BIOLOGY IN THE NEWS features serve as a capstone
to each chapter, reinforcing the chapter opening and
closing story by providing students with an example
of how they might encounter a related issue in their
own lives—by reading about it in the news. The news
article excerpts are accompanied by author analysis
and discussion questions.

BIOLOGY IN THE NEWS

Blind, Starving Cheetahs: The New Symbol of

Climate Change?

BY ADAM WELZ e Guardian, June 21, 2013

The world’s fastest land animal is in trou-
ble. The cheetah, formerly found across
much of Africa, the Middle East and the
Indian subcontinent, has been extirpated
from at least 27 countries and is now on
the Red List of threatened species.

Namibia holds by far the largest
remaining population of the speedy cat.
Between 3,500 and 5,000 cheetahs roam
national parks, communal rangelands
and private commercial ranches of this
vast, arid country in south-western Africa,
where they face threats like gun-toting
livestock farmers and woody plants.

Yes, woody plants. Namibia is under
invasion by multiplying armies of thorny
trees and bushes, which are spreading

across its landscape and smothering its
grasslands.

So-called bush encroachment has
transformed millions of hectares of
Namibia’s open rangeland into nearly
impenetrable thicket and hammered its
carttle industry . ...

Bush encroachment can also be bad
news for cheetahs, which evolved to use
bursts of extreme speed to run down
prey in open areas. Low-slung thorns
and the locked-open eyes of predators
in “kill mode” are a nasty combination.
Conservationists have found starving
cheetahs that lost their sight after streak-
ing through bush encroached habitats in
pursuit of fleet footed food.

... An emerging body of science indi-
cates that rapidly increasing atmospheric
carbon dioxide may be boosting the
onrushing waves of woody vegetation.

Savanna ecosystems, such as those that
cover much of Africa, can be seen as battle-
grounds between trees and grasses, each
trying to take territory from the other. The
outcomes of these battles are determined
by many factors including periodic fire, an
integral part of African savannas.

In simple terms, fire kills small trees
and therefore helps fire-resilient grasses
occupy territory. Trees have to have a
long-enough break from fire to grow to a
sufficient size—about four metres high—to
be fireproof and establish themselves in
the landscape. The faster trees grow, the
more likely they are to reach four metres
before the next fire.

Lab research shows that many savanna
trees grow significantly faster as atmo-
spheric CO, rises, and a new analysis of
satellite images indicates that so-called
“CO, fertilisation” has caused a large
increase in plant growth in warm, arid
areas worldwide.

... Increased atmospheric CO, seems
to be upsetting many savanna ecosystems’
vegetal balance of power in favour of trees
and shrubs.

If increasing atmospheric carbon
dioxide is causing climate change and also
driving bush encroachment that results
in blind cheetahs, should blind, starv-
ing cheetahs be a new symbol of climate
change?

The astounding predatory behavior of cheetahs is well known among
the general public. Incredible bursts that propel the cheetah to speeds
of 60 miles per hour have been captured by videographers for decades.
This speed, however, is becoming a liability as climate change alters the
savanna landscape. Woody vegetation is encroaching on once open
plains and presents dangerous obstacles to the famously fleet African
cat. Trying to negotiate dense vegetation at high speed has led many
cheetahs to become blinded by woody growth.

This study illustrates the practical consequences of a changing cli-
mate. The issue of climate change is largely discussed on a global scale
by climatologists, but biologists are gaining more insight into the direct
effects of such changes on organisms and ecosystems. For example,
the melting Arctic sea ice has significantly affected populations of polar
bears, which need the ice sheets for hunting grounds. Tropical frogs are
experiencing increased fungal infections as temperatures warm. Coral
reefs have been decimated by bleaching events, in which corals eject
their photosynthetic symbionts as ocean temperatures warm.

Just as climate scientists are unable to predict the exact effects of
global climate change, biologists are unable to deduce the impact of
climate change on species. However, these examples of how warming
temperatures are affecting biological organisms and communities illus-
trate that the effects of global climate change resonate throughout all
levels of biological organization.

Evaluating the News

1. From your reading of this chapter, what factors do you think are influ-
encing the distribution of woody vegetation, and therefore the cheetahs?

2. While the expansion of woody vegetation is bad for the cheetah, some
species may benefit from the change in vegetative structure. How might
the savanna community change in the face of global climate change?

3. Do you think studies such as the one reported in this article or the
numerous studies on the impact of warming on polar bear populations
may motivate people to address global climate change?
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The Ultimate Guide to Teaching
Biology: Discover Biology

More and more, instructors want to spend class time engag-
ing in inquiry-based activities that build students’ science
skills while teaching them the science facts. The Ultimate Guide
helps instructors spend class time enriching students’ appre-
ciation for biology through resources including activities that
can be carried out in a variety of classroom sizes and setups,
think-pair-share activities, video clip recommendations with
discussion questions, clicker questions, sample syllabi, and
sample lecture plans.

NEW! InQuizitive

Norton’s new formative and adaptive quizzing program,
InQuizitive, preserves valuable lecture and lab time by
personalizing quiz questions for each student and building
knowledge outside of class.

A variety of question types test student knowledge in dif-
ferent ways: matching, ranking, drag-and-drop, point-and-
click, drag-and-fill, images, and more.

Engaging, gamelike elements built into InQuizitive fuel
student curiosity and motivate students as they learn. Stu-
dents set their confidence level on each question to reflect
their knowledge, track their own progress easily, earn
point bonuses for high performance, and review learning
objectives they might not have mastered.

Quizzes are structured in sections that build knowledge
through levels of Bloom’s taxonomy, and across all the
learning objectives of each chapter.

Links to the ebook make it easy for students to reference
their textbook as they work.

The program is easy to use. InQuizitive works on mobile
devices, and premade assignments are ready to go out of
the box.

xii

RESOURCES FOR STUDENTS AND INSTRUCTORS

Norton Smartwork

Norton Smartwork includes high-quality questions and
answer-specific feedback that help students apply, analyze,
and evaluate key concepts. Norton Smartwork is device
agnostic and not Flash based, so it can be used on tablets
and smartphones. New author Gary Shin has selected the
two most difficult concepts for students in each chapter in
the textbook and authored extensive feedback for all the
questions in Norton Smartwork about those concepts. This
feedback is designed to direct students back to the sections
in the book or ebook that they should review before try-
ing the question again. Every question has benefited from
the careful eyes of authors who are also Norton Smartwork
power users; they have reviewed every question and revised
many for accuracy, accessibility, and efficacy.

Ebook

An affordable and convenient alternative, the enhanced
ebook can be viewed on any device—laptop, tablet, phone,
even a public computer—and will stay synced between devices.
Art expands for a closer look, pop-up key terms provide a
quick vocabulary check, and direct links from Norton
Smartwork make sure that students see the connection be-
tween their assessment and their reading. Further, it’s easy to
highlight and take notes, print chapters, and search the text.

Coursepacks

Free and easy-to-use coursepacks include review and study
materials such as animations, flashcards, chapter quizzes
with feedback, “Biology in the News” quizzes, and test banks.
Coursepacks are available in Blackboard, Desire2Learn (D2L),
ANGEL, Canvas, and Moodle.



Presentation Tools

Lecture Slides. These slides feature selected art from the
text with detailed lecture outlines and links to the anima-
tions on DiscoverBiology.com.

Art Slides. These PowerPoint sets contain all the art from

the book.

Unlabeled Art Slides. The figure labels are removed in
these sets so that students can fill in the blanks.

Active Art Slides. These slides feature complex pieces of
artwork broken down into movable, editable components.
This function allows instructors to customize figures
within PowerPoint, choosing exactly what their students
will see during a lecture.

Animations

Key figures in the book are presented as HTMLS animations,
which are embedded in the PowerPoint lecture outlines for
projection in class, and available for students in the ebook
and coursepacks. Questions in Norton Smartwork and
InQuizitive incorporate the animations either as the basis for
a question or in the solution feedback.

RESOURCES FOR STUDENTS AND INSTRUCTORS

Test Bank

The Test Bank for Discover Biology is based on an evidence-
centered design that was collaboratively developed by some
of the brightest minds in educational testing—including lead-
ing academic researchers and advisers with the Educational
Testing Service (ETS). The result is an assessment resource
that (1) defines expected student competencies, (2) evenly
distributes concepts and topics, and (3) ensures specific links
to topics.

Each chapter of the Test Bank is structured around the
Key Concepts from the textbook and evaluates students
according to the first five levels of Bloom’s taxonomy of
knowledge types: Remembering, Understanding, Applying,
Analyzing, and Evaluating. Questions are further classified
by section and difficulty, and they are provided in multiple-
choice, fill-in-the-blank (completion), and true/false formats.
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1 The Nature of Science and
the Characteristics of Life

ARSENIC BACTERIA. Geomicrobiologist Felisa
Wolfe-Simon collects mud from the bottom of
Mono Lake, California. Bacteria from the lake
tolerate high concentrations of salt and arsenic.




Earthbound Extraterrestrial? Or Just Another

Microbe in the Mud?

A few years ago, NASA made an announcement that put
the national science news media on a roller-coaster ride
of excitement. The press release launched a
debate that spilled from the sedate pages of

most basic elemental building blocks.” But wait. Don't start
erasing just yet.

scientific journals to the world of social media. Does this bizarre bacterium really build arsenic into its
NASA-funded researchers had discovered a DNA? Why was NASA’s announcement met with both
bacterium that could grow in high concentra- excitement and skepticism?

tions of poisonous arsenic. Not only that, but

this bizarre bacterium builds arsenic right into

its DNA, according to the researchers. The chemical build-
ing blocks of DNA are the same in all organisms, as far as
anyone knew. But NASA's announcement suggested that
this one bacterium was replacing the phosphorus in DNA
with arsenic. It was comparable, they said, to something you'd
find on another planet.

The news media ran with the story. The Huffington Post
wrote, “In a bombshell that upends long-held assumptions
about the basic building blocks of life, scientists have dis-
covered a whole new type of creature: a microbe that lives
on arsenic.” And NASA's breathless press release—titled
“Get Your Biology Textbook ... and an Eraser!"—said that
the discovery “begs a rewrite of biology textbooks by
changing our understanding of how life is formed from its

We will return to this story toward the end of the chapter.
We will see that back-and-forth arguments are common at
the cutting edge of science. Radical scientific claims invite
intense scrutiny and vigorous debate—as they should.
Far from being a weakness, skeptical inquiry—and the
insistence on sound evidence—is the greatest strength
of science.

We begin this chapter with a focus on what science is
and what it is not. As we proceed, you'll see that the process
of science—also known as the scientific method—is what
distinguishes science from other ways of understanding
the world around us. Next, we'll turn our attention to the
subject that is at the heart of the rest of the book: biology,
the scientific study of the living world.

The scientific method is an evidence-based system for understanding our world, including living organisms.

Because of their common evolutionary origin, all living organisms share certain key characteristics.

KEY CONCEPTS e In an experiment, investigators manipulate e All living organisms are composed of one or

e Science is a body of knowledge about the
natural world and an evidence-based process
for generating that knowledge. Biology is the

scientific study of the living world. o A scientific fact is a direct and repeatable
observation of a particular aspect of the e Biological evolution is a change in the
natural world. overall genetic characteristics of a group of

e Scientific inquiry begins with observations
of nature. The scientific method involves

generating and testing hypotheses about o A scientific theory is a major explanation

one aspect of nature (independent variable) more cells, reproduce using DNA, acquire
and study how that action affects another energy from their environment, sense and
aspect of nature (dependent variable). respond to their environment, maintain their

internal state, and evolve.

organisms over successive generations.

those observations. about the natural world that has been e Life on Earth can be studied on many

e Hypotheses can be tested with
observational studies, experiments, or both.

repeatedly confirmed in diverse ways and is levels, from atom to biosphere.
accepted as part of scientific knowledge.

3
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Researchers Wrangle over Bacteria

THIS BOOK IS ABOUT YOU, the rest of the living
world around you, and the intricate web that connects
living beings to one another and to their surround-
ings. As you explore the story of life, you will develop
an appreciation of how science works and a deeper
understanding of how life works.

Science is at the heart of many of the big issues
we face as a society. A few examples are genetic testing
and the confidentiality of personal genetic data, re-
search on embryonic stem cells, and what to do about
climate change. Then there are issues that are not as
urgent but that also stir up controversy; for example,

FIGURE 1.1 Is De-Extinction a Good Idea?

Woolly mammoths, like these characters from the film /ce Age: Continental Drift,
were hunted to extinction toward the end of the last ice age. The last of them
survived until about 3,000 years ago on an island off Siberia. It is theoretically
possible to take DNA from cells preserved in the permafrost and bring these
ancient behemoths back to life. Is “resurrection” of extinct life-forms a good idea?
Should public funds be spent on these projects? Come back to this figure toward
the end of your biology class and see if you want to revise your answers.

should we use DNA technology to bring back prehis-
toric beasts that became extinct many thousands of
years ago (FIGURE 1.1)? What do you think?

Opinions on these issues are often influenced by per-
sonal values and individual concerns. Commercial and
political interests also have an impact on the application
of scientific knowledge. But a shared understanding of
the underlying science offers the hope of rational debate
and constructive social action on these complex issues.

We begin this chapter with a look at science as a
way of knowing and as a body of knowledge about the
natural world. Next we turn our attention to biology,
the scientific study of life, by asking what, exactly, is
meant by that powerful word: “life.” As you will see, all
living things, diverse though they are, are related and
have certain characteristics in common. Furthermore,
all living organisms are part of an interlinked pattern

we call the hierarchy of life.

11| The Nature of Science

You probably asked a lot of questions when you were a
child: What is that? How does it work? Why does it do
that? We are driven by a deep-seated curiosity about
the world around us, a tendency to ask questions that
we seem to express most freely when we are children
(FIGURE 1.2). Through the centuries, that spirit of in-
quiry has been the main driving force behind science.

Beyond the universal thirst for understanding, sci-
ence offers many practical benefits. Technology refers
to the practical application of scientific techniques
and principles. Science is behind technologies like sat-
ellites and the TV receivers that use them, lifesaving
medical procedures and drugs, microwave ovens, and
every text, tweet, and image we send over the Internet.
But beyond being a provider of technologies, science
is a way of understanding the world.

The scientific way of looking at the world—let’s call
it scientific thinking—is logical, strives for objectivity, and
values evidence over all other ways of discovering the
truth. Scientific thinking is one of the most democratic
of human endeavors because it is not owned by any
group, tribe, or nation, nor is it presided over by any hu-
man authority that is elevated above ordinary humans.

People like you are contributing
to the advance of science
In recent years, hundreds of Citizen Science projects

have been undertaken. In these projects, people from
all walks of life partner with professional researchers

CHAPTER 1 THE NATURE OF SCIENCE AND THE CHARACTERISTICS OF LIFE



to advance scientific knowledge (TABLE 1.1). Citizen
scientists have volunteered their DNA, tracked bees, re-
corded the blooming and fruiting of local plants, mon-
itored invasive species, cataloged roadkills, donated
their gaming skills to help predict protein structure, or
simply loaned the computing capacity of their worksta-
tions to scientists over the Internet.

Crowdsourcing using the services of the online
community to create content and solve problems—has
made large contributions to understanding genetic
variation in humans.

The Christmas Bird Count, organized by the Nation-
al Audubon Society since 1900, is the longest-running
Citizen Science project. Data gathered by hundreds of
thousands of volunteers have contributed to over 200
technical papers and helped scientists understand how
climate change is affecting bird migration (FIGURE 1.3).

Science is a body of
knowledge and a process for
generating that knowledge

Science takes its name from scientia, a Latin word for
“knowledge.” Science is a particular kind of knowl-
edge, one that deals with the natural world. By “natu-
ral world” we mean the observable universe around
us—that which can be seen or measured or detected in
some way by humans. We can define science as a body
of knowledge about the natural world and an evidence-
based process for acquiring that knowledge (TABLE 1.2).

As implied in the definition, science is much more
than a mountain of knowledge. Science is a particular
system for generating knowledge. The processes that
generate scientific knowledge have traditionally been

TABLE 1.1

Professional Scientists

PROJECT NAME ROLE OF CITIZEN SCIENTIST

FIGURE 1.2 Curiosity Is at the Heart of Scientific Inquiry

Do you recall any questions about nature that you asked when you were little?

called the scientific method, a label that originated with
nineteenth-century philosophers of science. Although
“method” is singular, the scientific method is not one
single sequence of steps or a set recipe that all scientists
follow in a rigid manner. Instead, the term represents
the core logic of how science works. Some people prefer
to speak of the “process of science,” rather than the sci-
entific method. Whatever we call it, the procedures that
generate scientific knowledge can be applied in a broad
range of disciplines—from social psychology to forensics.

The scientific method can be illustrated in a concept
map like the one in FIGURE 1.4. A concept map is a dia-
gram illustrating how the components of a particular
structure, organization, or process relate to each other.
Concept maps help us visualize how parts fit together
and flow from one another. Keep this in mind as we
explore the process of science in this chapter.

Citizen Science Projects: Collaborations between Citizens and

PROJECT HOST

Cell Slider Classify images of cancer cells, to help accelerate cancer research. Cancer Research UK

uBiome Donate samples of microbes (microscopic organisms) from your own  Research lab, Oxford University, UK
body, to help catalog diversity of microbes that make their home on
the human body. Note: Participants are asked to make a donation.

Tag a Tiny Catch, measure, and release juvenile Atlantic bluefin tuna after Large Pelagics Research Center,

attaching ID tags. Gloucester, MA

Mastodon Matrix
Project

Analyze samples of fossil dirt (found around mastodon bones)
mailed to your home by the researchers.

Paleontological Research
Institution, Ithaca, NY

Play with Your Dog Send video of you playing with your dog, to help dissect the human- ~ Horowitz Dog Cognition Lab, NYC

canine relationship.
NOTE: For more examples of such projects, and information on how to participate, visit scistarter.com.

THE NATURE OF SCIENCE 5
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FIGURE 1.3 The Winter Range of Many Migratory Birds Has Shifted Northward

This range map (a) is based on data collected by volunteers participating in the Christmas Bird Count, the longest-running
Citizen Science project. It shows that many migratory birds in North America are not going as far south in the nonbreeding
season as they did just 40 years ago. The graph (b) shows the change in average January temperature in the United States
over the same period. Globally, the average surface temperature of Earth has increased by about 1°C in the last 100 years—a

phenomenon known as global warming.

TABLE 1.2 Characteristics of Science

SCIENCE

m deals with the natural world, which can be detected,
observed, and measured.

m is based on evidence from observations and/or
experiments.

m is subject to independent validation and peer review.

m is open to challenge by anyone at any time on the basis of
evidence.

m is a self-correcting endeavor.

CHAPTER 1

Scientific hypotheses must
be testable

A scientific hypothesis (plural “hypotheses”) is an edu-
cated guess that seeks to explain observations of nature.
In science, a hypothesis is useless unless it is testable.
The tests could be observational studies or experiments
or both. Who conducts these tests? No matter how cre-
ative and plausible the hypothesis is, the burden of test-
ing it rests on the person proposing the hypothesis.
When a hypothesis is tested and upheld, it is said to
be supported. A supported hypothesis is one in which we
can be relatively confident. If the tests show the hypoth-
esis to be wrong, then the hypothesis has been refuted
(shown to be false). Sometimes a test neither supports

THE NATURE OF SCIENCE AND THE CHARACTERISTICS OF LIFE
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The Scientific Method

| Observations

| Hypothesis I
Predictions
(“If...then...”)
New or
Test revised _
(observations, hypothesis
experiments)
Further
tests
Hypothesis supported Hypothesis refuted

nor refutes a hypothesis, in which case the test is de-
clared inconclusive and the investigators must find a
better test.

The scientific method
requires objectivity

An absolute requirement of the scientific method is
that evidence must be based on observations or experi-
ments or both. Furthermore, the observations and ex-
periments that furnish the evidence must be subject to
testing by others; independent researchers should be
able to make the same observations, or obtain the same
experimental results if they use the same conditions. In
addition, the evidence must be collected in an objective
fashion—that s, as free of bias as possible. As you might
imagine, freedom from bias is more an ideal than some-
thing we can depend on. However, modern science has
safeguards in place to ensure that scientific knowledge
will come closer to meeting that ideal over time.

The main protection against bias, and even outright
fraud, is the requirement for peer-reviewed publication.
Claims of evidence that are confined to a scientist’s note-
book or the blogosphere do not meet the criterion of
peer-reviewed publication. A peer is someone at an equal
level—in this case, another scientist who is recognized
as expert in the field. Peer-reviewed publications are sci-
entific journals that publish original research only after

it has passed the scrutiny of experts who have no direct
involvement in the research under review (FIGURE 1.5).

Concept Check

1. What characteristics of the process of science set it
apart from other ways of knowing?

2. What mechanisms help bring objectivity to the process of
science?

FIGURE 1.5 Some Peer-Reviewed Science Journals

The criterion of peer-reviewed publication is one means
of enforcing rigor and objectivity in the application of the
scientific method.

THE NATURE OF SCIENCE

FIGURE 1.4
Scientific
Hypotheses Must
Be Testable
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Science and the Citizen

The public is not simply a consumer of science
and its spin-offs. Nonscientists can shape the
course of science and influence what, where, and
how technology is used. Before we examine the
many ways in which the relationship between sci-
ence and the citizen promotes social well-being,
let's first consider what science cannot do.

The Scientific Method Has Limits

As powerful as the scientific method is, it is re-
stricted to seeking natural causes to explain the
workings of our world. For this reason, there are
areas of inquiry that science cannot address. The
scientific method cannot tell us, for example, what
is morally right or wrong. Science cannot speak
to the existence of God or any other supernatural
being. Nor can science tell us what is beautiful or
ugly, which poems are lyrical, or which paintings
most inspiring. So although science can exist
comfortably alongside different belief systems—
religious, political, and personal—it cannot answer
all their questions.

According to a 2010 poll by the Pew Re-
search Center, 61 percent of the American
public sees no conflict between science and
their own beliefs. The same poll shows that 85
percent of the American public views science
as having a mostly positive effect on society.

Public-Funded Research Contributes
to the Advancement of Science

In North America, the vast majority of basic
research in science is funded by the fed-
eral government—that is, by taxpayers. Basic
research is intended to expand the fundamen-
tal knowledge base of science. Many industries
and businesses spend a great deal of money on
applied research, which seeks to commercialize
the knowledge gained from basic research. The
new drugs, diagnostic tests, and medical tech-
nology that biomedical companies introduce
each year are, ultimately, the fruit of the public
investment in basic research.

In the United States, the federal govern-
ment appropriates about $40 billion each year

8 CHAPTER 1

for basic research in the life sciences, including
biomedicine and agriculture. These funds are

disbursed mainly to four federal agencies: the
National Institutes of Health (NIH), the National
Science Foundation (NSF), the U.S. Department
of Energy (DOE), and the U.S. Department of Ag-
riculture (USDA). Some of these agencies have
their own research institutes and laboratories,

BIOLOGYMATTERS

but each of them also awards funds to university
researchers, who conduct the bulk of the basic
research. Researchers must compete vigorously
for the limited funds, and this competition helps
ensure that the public money goes toward
supporting high-quality science. How much
money is allocated, as well as how the funding
priorities are set, is strongly influenced by public
opinion and even by social activism (as has been
the case with HIV-AIDS research, breast cancer
research, and, with more limited success, embry-
onic stem cell research).

Scientific Literacy Strengthens
Democracy

We are often called upon to vote on issues
that have a scientific underpinning. The table
below lists some of the science-related ballot
measures that have been put to the vote during
state and local elections in the United States in
recent years. Although our personal values and
political leanings are likely to influence how we
vote, most would agree that the underlying sci-
ence should be taken into consideration.

Some Statewide Ballot Measures on Science-Related Issues

INTENT OF

PROPOSED YEAR

INITIATIVE/ INTRODUCED/

REFERENDUM STATE OUTCOME INITIATIVE OR REFERENDUM

Proposal 2012-03  Michigan 2012/passed To require that at least 25% of the state's
energy is from renewable sources

Medical Marijuana ~ Massachusetts ~ 2012/passed To legalize the sale of limited amounts

Initiative of marijuana to patients with a doctor’s
prescription

Proposition 37 California 2012/failed To require labeling of foods containing parts
of genetically modified organisms (GMOs)

Initiative 1107 Washington 2010/failed To repeal the 2-cent sales tax on candy,

soda pop, and bottled water, legislated ini-
tially for health and environmental reasons

NOTE: A ballot measure is a referendum or initiative that is put to the vote in state or local elections. A refer-
endum originates with the state legislature, whereas an initiative is brought forward by a petition from citizens
(who could be backed by special interests). Citizen initiatives are given different names in different states

(“proposition;

proposal? or “measure; for example), and not all states have a system of citizen initiatives.

THE NATURE OF SCIENCE AND THE CHARACTERISTICS OF LIFE



12| The Process of Science

Scientific inquiry generally begins as an attempt to
explain observations about the natural world. For ex-
ample, since the 1970s, nutritionists have noticed that
death from heart disease is less common in communi-
ties that eat a lot of fish and other seafood. In science,
just as in everyday life, observations lead to questions,
and questions lead to potential explanations. Why is fish
consumption linked to better heart health? Could it be
that a particular nutrient in fish protects people from
heart disease? In the next section we see how the scien-
tific method can be used to solve riddles of this sort.

Observations are the
wellspring of science

Science aims to explain observations about the natu-
ral world. An observation is a description, measure-
ment, or record of any object or phenomenon. We
can study nature in many different ways: by look-
ing through a microscope, diving to the ocean floor,
walking through a meadow, studying satellite images
of forest cover, running chemical tests with sophisti-
cated instruments, or using remote cameras to photo-
graph a secretive animal (FIGURE 1.6).

To be of any use in science, an observation must be
reproducible: independent observers should be able to
see or detect the object or phenomenon at least some
of the time. Sightings of Sasquatch (“Big Foot”), for
example, lack credibility precisely because fans of

The Scientific Method in Action

The observations

Native Alaskans and Greenland Inuits
have high per capita fish consumption.
These populations have some of the
lowest rates of heart disease in the
world.

&,

LN

The hypothesis

Fish oils in the diet reduce
the risk of death from
heart disease.

“cryptobiology” have failed to produce samples or re-
corded images or sounds that stand up to scrutiny by
independent observers.

Observations of nature can be purely descriptive,
reporting information (data) about what is found in
nature: where, when, how much. Mapping the types of
sea creatures found in different zones on a rocky shore,
listing the flowers in bloom through the growing sea-
son in an alpine meadow, counting how many birds
of prey and how many perching birds are found on an
island—all these are examples of descriptive studies.

Observations take an analytical turn when they
identify patterns in nature and ask what causes those
patterns. As examples, people who eat a lot of fish
seem to have better heart health than those who do
not each much fish (FIGURE 1.7). One species of small
barnacles is always found above the high-tide mark,

The predictions

If the hypothesis is true, then . . .
(1) Those who eat more fish will have a
lower risk of death from heart disease.
(2) In people at risk for heart attacks,
mortality will be lower in individuals
who take fish oil supplements
compared to those who don't.

FIGURE 1.7 The Scientific Method Begins with Observations, Hypothesis, and Predictions

THE PROCESS OF SCIENCE

FIGURE 1.6
Through
Observations, We
Collect Descriptive
Data and Find
Patterns in Natural
Phenomena
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but a related species is seen only low on the shore-
line. Yellow-flowered plants bloom earlier than red-
flowered ones in a particular alpine meadow. Perching
birds always outnumber birds of prey.

Scientific hypotheses make
clear-cut predictions

A scientific hypothesis is an informed, logical, and
plausible explanation for observations of the natural
world. Investigators know what is plausible, or pos-
sible, if they have a good understanding of what is al-
ready known; that is why a new scientific hypothesis
is often called an educated guess. Keeping established
knowledge in mind helps researchers to avoid “re-
inventing the wheel” and to choose among alterna-
tive, arriving at one that is most probable.

A well-constructed hypothesis should be stated
clearly and should avoid vagueness or ambiguity. For
example, “Fish is good for you” is too vague. What
is meant by “good”? How would someone test for
“goodness”? Now consider a more precisely worded
hypothesis: “In a large and representative population
of humans, individuals who eat fish regularly are less
likely to die of heart disease than those who consume
lictle or no fish.”

A precisely stated hypothesis enables clear-
cut predictions, which are essential for testing
that hypothesis. Predictions made by scientific
hypothesis can be cast as “If . . . then” statements.
To frame these predictions, the investigator asks, “If
my hypothesis is correct, then what else can I expect
to happen?” For the hypothesis shown in Figure 1.7,
we can make this prediction: If it is true that fish
consumption is good for heart health, then in a large
population of humans, individuals who consume
more fish will have a lower risk of death from heart
disease than will individuals who consume little or
no fish.

Scientific hypotheses must
be refutable but cannot be
proved beyond all doubt

It should be possible—at least in principle—to show
that a scientific hypothesis is false. A classic example
of a refutable hypothesis is the statement “All swans
are white.” Finding a single black swan would show
this hypothesis to be false (as it happens, there is a spe-
cies of swan in Australia that is black).

TABLE 1.3 Criteria for Scientific
Hypotheses

A SCIENTIFIC HYPOTHESIS

m is an educated guess that seeks to explain observed
phenomena.

m makes clear predictions that can be arranged in “if ...
then” statements.

m must be testable repeatedly and independently.
m must be potentially refutable.

m can never be proved, but only supported or refuted.

Irrefutable hypotheses are common in pseudosci-
ence, which is the practice of using arguments that
sound vaguely scientific without actually using the
scientific method. Consider this claim: space aliens
are among us, but because of their advanced extra-
terrestrial technology, humans cannot detect them.
There is no way to test this hypothesis, and there is no
way to show it to be false either.

The hypothesis about the heart benefits of fish
consumption is both testable and refutable. What if
observational tests show that people who eat fish have
higher odds of dying from heart disease than those
who eat no fish at all, all other aspects of their lifestyle
being equal? In this case, not only would the hypoth-
esis lack supporting evidence, but we would know it
to be false.

An experiment can provide strong support for a
hypothesis, increasing our confidence that it is cor-
rect, but no hypothesis can be proved beyond all
doubt (TABLE 1.3). One would have to know every-
thing about everything to be certain that every test
that could ever be devised would always support a
certain hypothesis. Such certainty, of course, is
not possible. Albert Einstein famously said,
“No amount of experimentation can ever
prove me right; a single experiment
can prove me wrong.”

What if the original experi-
menter failed to take into ac-
count an important factor

affect.ing the outcome of an EXTREME
experiment simply because REFUTAT|ON
he or she was unaware of

its importance? For ex- A single black swan
ample, what if those who d|§proves the hypoth-
eat a lot of fish also eac  ©51S that all swans are

less saturated fat, and it Whlt,e' This Aaliss e
native to Australia.
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is lower fat consumption that protects against fatal
heart disease rather than fish consumption per se?

Good researchers try to be alert to alternative ex-
planations, but there is no guarantee that any and all
complexities have been anticipated and accounted for
by the investigator. In fact, unforeseen complexities,
together with the limits imposed by the technologies
of the day, are the most common reason that accept-
ed ideas in science are sometimes overturned. How-
ever, our confidence in a hypothesis grows as many
researchers—perhaps testing the same hypothesis in
different ways and in different contexts—add their in-
dependent support.

Hypotheses can be tested
with observational studies

We can test a hypothesis through observational stud-
ies or experiments or both. In studying nature, no
matter what the approach, we focus on variables.
A variable is any aspect of nature that is capable of
changing. Fish consumption is a variable, as is death
(mortality) from heart disease. Observations help us
identify variables that are potentially interesting or
that could potentially explain the patterns we might
observe in nature. We can then design observational
studies or experiments to tease out the relationship
between any two variables.

The graph in FIGURE 1.8 is based on data pooled
from several observational studies. The data show an
association between fish consumption and the risk of
dying from heart disease. But a question arises: Could
this association be a coincidence? That is, could the
link be a matter of chance? The researchers used the
tools of statistics—a mathematical science that uses
probability theory to estimate the reliability of data—
to show it was very unlikely that the link between
fish consumption and lower risk of death from heart
disease was just random.

Correlation is not causation

The statistical analysis showed that fish consumption
and heart disease mortality were correlated. Correla-
tion means that two or more aspects of the natural
world behave in an interrelated manner: if we know
the value of one variable (fish consumption per week),
we can predict a particular value for the other variable
(risk of mortality from heart disease). Does the statis-
tical correlation mean that fish consumption was the
cause of better heart health among the study subjects?

The answer is: no, not neces-
sarily!

What if fish consump-
tion and heart disease
were separately linked to
a third variable—higher in-
come, for example? It could
be that wealthier people
eat more fish because they
can afford to, and they are
less likely to die of heart dis-
ease because they have better ac-
cess to high-quality health care. In
that case, higher income is the cause
of both the higher fish intake and the
lower risk of death from heart disease. If
so, the apparent link between fish intake and
heart health is termed spurious. In statistics, the word
“spurious” means doubtful, inaccurate, or false. A
classic example of a spurious correlation is the strong
link between the crowing of a rooster and daybreak.
Does that correlation mean that the rooster’s crowing
caused the dawning of the day?

Observational studies thatindicate alink between
two variables cannot demonstrate causation; that
is, they cannot show that change in one variable
causes change in the other. However, such studies

ExTREl\g%RRELAﬂou

Is global warming driving young people
to college? In the last 50 years,college
enrollment has gone from 46% to
70% of high school grads, and Earth

has warmed by 0.62°C. A third
variable—modernization—is
the best explanation for

this correlation.

Hypothesis Testing through
Observational Studies
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FIGURE 1.8 An Observational Test of the Hypothesis
That Fish Consumption Reduces the Risk of Death from
Heart Disease

The data plotted in the graph are based on aggregate studies
of about 200,000 people over 20 years. The data support the
hypothesis but do not demonstrate that fish consumption is
the cause of the better heart health enjoyed by those who eat
fish often.
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are very useful in showing the possibility of a causal
connection. By identifying variables that are linked,
observational studies become the basis for additional
research. For example, researchers can try to tease
out the possibility that a third variable is the cause.
In the case of fish consumption, the heart benefit was
seen even when researchers compared people in the
same income group. By eliminating other variables
as possible causes, observational studies can build a
persuasive case for causation. However, experiments
are the most effective for showing causation.

Experiments are the gold standard
for establishing causation

An experiment is a repeatable manipulation of one
or more aspects of the natural world. In conduct-
ing a scientific experiment, an investigator typically
manipulates a single variable, known as the inde-
pendent variable or manipulated variable. Any vari-
able that responds, or could potentially respond,
to the changes in the independent variable is called
the dependent variable or responding variable. If we
think of the independent variable as the cause, then
the dependent variable is the effect. In the simplest
experimental design, a single independent variable is
changed, and its effects upon a presumed dependent
variable are measured.

The controlled experiment is a common and par-
ticularly useful experimental design. In a controlled
experiment, a researcher measures the value of the de-
pendent variable for at least two groups of study sub-
jects. The groups must be comparable in all respects

except that one group is exposed to a change in the

independent variable, while the other group is
not. Typically, the researcher obtains a suffi-
ciently large number of study subjects and as-
signs them randomly to at least two groups.
Randomization helps ensure that the
groups are comparable to start with. One
group, the control group, is maintained un-
der a standard set of conditions with no change
in the independent variable. The other group,
known as the experimental or treatment group, is
maintained under the same standard set of conditions
as the control group, but is manipulated in a way that
changes the independent variable. In a well-designed
experiment, the control and treatment groups are as
similar to each other as possible and all variables, oth-
er than the independent variable, are held constant.

Helpful

to Know

If you find independent
and dependent variables
too confusingly similar,
remember that the inde-
pendent variable is the one
that the investigator ma-
nipulates.

12 CHAPTER 1

Hypothesis Testing through Experimental
Studies
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FIGURE 1.9 Effect of Fish Oil Supplements on Mortality
from Heart Attacks in an At-Risk Population of Males

In an experimental study of over 2,000 men who had been
diagnosed with heart disease, researchers randomly assigned
about half to a control group and the other half to a treatment
group. The men in the treatment group were asked to take
900 milligrams of fish oils daily, whereas the men in the
control group were not directed to alter their diet in any way.

Observational studies had shown that eating cold-
water fish such as salmon, trout, and sardines was even
more strongly linked to heart health than was eating
warm-water fish. Cold-water fish have higher levels of
omega-3 oils, which have a particular chemical struc-
ture. Researchers designed randomized controlled
experiments to test the hypothesis that moderate con-
sumption of fish oils reduces heart disease mortality.
They recruited about 2,000 men who had been diag-
nosed with heart problems, and asked roughly half of
them to take 900 milligrams of fish oils daily; the rest
of the men, who were not directed to alter their diet in
any way, served as the control group.

At the end of the 2-year study period, there were
62 percent fewer deaths in the treatment group com-
pared to the control group (FIGURE 1.9). The experi-
mental test therefore supported the hypothesis that
fish oils reduced heart disease mortality. However, a
potential drawback of the experimental design was
that study subjects knew whether or not they were re-
ceiving fish oil supplements.

» In a single-blind experiment, the study subjects
do not know whether they belong to the control
group or the treatment group. Instead of the
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treatment, the control group receives a placebo,
which is a dummy pill or sham treatment

that mimics the actual treatment. This type of
experiment avoids the possibility of a placebo
effect, the sense among study participants that
they are feeling better because they have received
a beneficial treatment.

= In a double-blind experiment, neither the
study subjects nor the researchers know which
participants are receiving the treatment and which
are controls. A double-blind experiment avoids
conscious or unconscious bias on the part of the
experimenter. FIGURE 1.10 shows the results of a
double-blind experiment conducted on U.S. Navy
SEAL trainees to test the hypothesis that caffeine
enables sleep-deprived cadets to react more quickly
in demanding situations than they could oth-
erwise. All participants ate snack bars—with or
without caffeine—that tasted the same.

Concept Check

1. Which type of test would you use to investigate a causal
link between two variables: an observational study or an
experiment?

2. How is a control group different from the treatment
(experimental) group?

1.3] Scientific Facts and
Theories

What are “facts”? In casual conversation, we typical-
ly use the term to mean things that are known to be
true, as opposed to things that are simply guesses. A
scientific fact is a direct and repeatable observation of
any aspect of the natural world. An example of such an
observation might be that an apple, when dropped, falls
to the ground—not up into the sky. Figure 1.3 noted a
fact: the average temperature of Earth has increased by
about 1°Cin the last 100 years—a phenomenon known
as global warming. We noted another fact in Figure 1.7:
in the 1970s, Greenland Inuits consumed more fish
than the average North American.

What does the word “theory” mean to you? Out-
side of science, people often use the word to mean an
unproven explanation. If something unusual occurs,
someone might say, “I have a theory about how that

Experimental Design: A Double-Blind Study

100 mg 200 mg

2.5
~&— Dependent variable
This is the effect.
2
15 Placebo

Reaction time (seconds)

1
0.5
0 0mg

This is the cause.

Independent variable

300 mg

=z

Amount of caffeine consumed 1 hour prior to test

FIGURE 1.10 Effect of Caffeine Consumption on
Reaction Time

Reaction time was tested in Navy SEAL trainees who had
been sleep deprived for two days. Cadets in the three
treatment groups ate a snack bar containing 100, 200, or
300 milligrams of caffeine. Those in the control group ate a
snack bar that tasted the same but contained no caffeine. At
the time of the test, neither the trainees nor the investigators
knew whether a test taker belonged to the treatment group or
the control group.

happened.” The theory could be anything from a wild
guess to a well-considered explanation, but either way
it is “just a theory.”

Scientists use the term “theory” to mean
something very different. If an idea is merely one of
many explanations, it is a hypothesis. In contrast, a
scientific theory is a major explanation about the
natural world that has been confirmed through
extensive testing in diverse ways by independent
researchers. Furthermore, competing hypotheses
are ruled out. When experts in the field recognize
the validity of one hypothesis, or a set of related
hypotheses, these explanations of nature become
accepted as a scientific theory.

Scientific theories are not “iffy” ideas. They have
such power to predict outcomes that we can base
our everyday actions on them. Just one example is
the germ theory of disease, experimentally tested and
verified by Robert Koch in 1890. The germ theory
of disease holds that some diseases are caused by

SCIENTIFIC FACTS AND THEORIES
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microbes, minute organisms visible only with a mi-
croscope. This theory is the basis for treating infec-
tions and maintaining hygiene (cleanliness) in the
modern world (FIGURE 1.11).

Anthropogenic climate change is another example of
a scientific theory. According to this theory, Earth’s
climate has warmed over the past century and that
warming is caused mainly by human activities (anthro-
po, “human”; genic, “generated by”). The great majority
of scientists agree that this theory is well supported

Applying the Germ Theory

(b)

FIGURE 1.11 The Germ Theory of Disease Is a
Scientific Theory

According to the germ theory, invisible microorganisms can
cause diseases. Application of this theory, through such
measures as scrupulous hand washing (a), cut death rates

in hospital wards by half in the late nineteenth century.

(b) Subway commuters in Mexico City attempted to protect
themselves from infection during a swine flu outbreak in 2009
by wearing surgical masks.

CHAPTER 1

by many observations and scientific experiments from
fields as diverse as climatology, geology, and ecology.

Some of the predictions of this theory have been
borne out. Climate models had predicted the melting
of glaciers in many parts of the world, as well as a re-
duction in the summer sea ice in the Arctic Ocean, well
before these predictions could be reliably measured.
Citizen scientists participating in the Christmas Bird
Count have brought to light evidence supporting
another prediction: that some migratory species will
shift their range northward in response to climate
change (see Figure 1.3).

Concept Check

1. How is a scientific hypothesis different from a scientific
theory?

2. Is anthropogenic climate change an example of a
scientific hypothesis, fact, or theory?

14| The Characteristics of
Living Organisms

The science that we focus on in the rest of this book is
biology, the science of life. But what is life? Although
many have tried, no one has produced a simple defi-
nition of life that encompasses the great diversity of
living forms—from massive redwoods to microscopic
bacteria and everything in between. But according
to the theory of evolution, all living organisms are
descendants of a common ancestor that arose bil-
lions of years ago. The theory predicts that as a con-
sequence of their common origin, all living things
share some important characteristics (TABLE 1.4). We
consider each of these characteristics in the sections
that follow.

TABLE 1.4 | Characteristics of Living

Organisms

LIVING ORGANISMS

m are composed of one or more cells.
m reproduce using DNA.

m obtain energy from their environment to support
metabolism.

m sense their environment and respond to it.
m maintain a constant internal environment (homeostasis).

m can evolve as groups.
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Cellular Organization and DNA Living organisms reproduce
themselves via DNA

Cytoplasm
Plasma membrane One of the key characteristics of living organisms
= is reproduction, the ability to produce offspring.

Single-celled organisms, such as bacteria, can re-
produce by dividing into two cells that are virtually
identical copies of the original cell.

Multicellular organisms can reproduce in avariety of
ways. Most plants and animals use sexual reproduction
to produce offspring, which is the next generation of the
organism. In sexual reproduction, male cells (sperm)
fuse with female cells (eggs) to produce a single cell
(zygote) in the process known as fertilization (FIGURE
1.13). The zygote divides many times to produce a
juvenile (young) offspring that maturesinto an adult—a
process known as development.

Some organisms—including many plants and
some animals—can multiply themselves through
asexual reproduction—that is, without the involve-
ment of specialized reproductive cells such as sperm
and eggs. Sponges can bud off new individuals, and
FIGURE 1.12 The Cell Is the Smallest Unit of Life many plants can produce side shoots that can break

Each cell has a plasma membrane that acts as a barrier off and develop into new individuals.
between its contents and the surrounding environment.
Cells contain DNA, which carries genetic information from
one generation to the next.

Sexual Reproduction

Living organisms are
composed of cells

7 Bl
il i

The first organisms were single cells that existed

about 3.8 billion years ago. The cell is the smallest /

Juvenile
Spawning
and most basic unit of life, the fundamental build- adult female

ing block of all living things (FIGURE 1.12). Every

cell is bounded by an oily layer called the plasma m:(
\ Fry

Spawning

membrane. The interior of a cell-known as the
cytoplasm—is a thick, aqueous (water-based) fluid
studded with a number of structures that have spe- adult male
cialized functions.

All organisms are made up of one or more cells. A m ”
bacterium (plural “bacteria”) consists of a single cell. Eggs -
In contrast, large organisms, such as orangutans &0 ’,’f
and oak trees, are made up of many different kinds Oe,) Zygote (4 CReT
C . (A (fertilized egg) P
of specialized cells and are known as multicellular /’b;enf o i
organisms. The human body, for example, is T

composed of about 10 trillion cells of 220 different Fertilization

types, including skig cells, @uscle cells, brain cells,  FJGURE 1.13 In Sexual Reproduction, Offspring Receive
and cells that fight disease (immune cells). Genetic Information from Two Different Individuals
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their environment. The capture, storage, and use of
energy by living organisms is known as metabolism.

Organisms that obtain metabolic energy from the
nonliving part of their environment are called producers
orautotrophs (FIGURE 1.14a). Plants, algae, and certain
bacteria are examples of producers that capture light
energy in a metabolic process called photosynthesis.

Producers and Consumers

(@) A producer

Plants, algae, and certain ! i ‘z
bacteria use light energy
to manufacture food

through photosynthesis.

i nimals acquire energy
by eating plants and/or
animals that eat plants.

16

Secondary
consumer

Primary
consumer

FIGURE 1.14 Energy Capture by Organisms

Whereas plants can capture energy from sunlight through
photosynthesis (a), animals must get their energy by eating
other organisms (b). The green tree python pictured in (b) is
ingesting a source of energy (a rat) that itself derived energy
from eating plants.

Why do offspring resemble their parents? Why do
little acorns grow into mighty oaks, not into frogs?
The reason is that parents transmit information to
their offspring that specifies how to build an indi-
vidual very like the parents themselves. That genetic
information is carried in the form of a large chemical
called DNA, or deoxyribonucleic acid (dee-ox-ee-
RYE-boh-noo-cLay-ic). DNA is made up of many at-
oms held together in a ladderlike pattern and twisted
into a spiral along its length—a structure known
as the double helix (see Figure 1.12). In the cells of
plants and animals, DNA is housed inside a special
structure, called the nucleus (noo-klee-us; plural
“nuclei”), bounded by its own membranes. DNA
stores the genetic code that spells out the structure,
function, and behavior of an organism, and it is
passed on from parents to offspring.

Living organisms obtain energy
from their environment

All organisms need energy to persist. Organisms use
awide variety of methods to capture this energy from

Photosynthetic organisms use the captured light en-
ergy to manufacture food, such as sugars.

Consumers (also called heterotrophs) are organ-
isms that acquire food from the living part of their envi-
ronment (FIGURE 1.14b). They do so by eating produc-
ers, or by eating other consumers that feed on producers.
Animals are a familiar example of consumers.

Living organisms sense their
environment and respond to it

To survive and reproduce in their local environment,
also called their habitat, living organisms should be
able to gather information from their surroundings
and react to it in ways that are beneficial to them.
Living organisms sense many aspects of their external
environment, from the direction of sunlight (as the
sunflowers in Figure 1.144 illustrate) to the presence
of food and the suitability of a potential mate. In
biology, sensing and responding to external cues is
termed behavior. Behavior is most obvious—often
dramatically so—in animals; however, all kinds of
organisms, from bacteria to plants, exhibit behavior.

Like humans, many animals can smell, hear, taste,
touch, and see the environment around them. Some
organisms can sense things that humans are not good
at perceiving, such as ultraviolet light, electrical fields,
and ultrasonic sounds. Plants can sense gravity and
ensure that their roots grow toward it, while their
shoots grow away from it. Some bacteria have mag-
netic particles inside that act like a miniature com-
pass; they direct the migration of the cell by signaling
which way is north or south, up or down.

Living organisms actively maintain
their internal conditions

Living organisms sense and respond not only to ex-
ternal conditions, but also to their internal state.
Most cells, and many multicellular organisms as well,
maintain remarkably constant internal conditions—
a process known as homeostasis. For example, the
internal temperature of the human body is held at
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Change in Change in
internal external
temperature temperature
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mechanisms B 4
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FIGURE 1.15 Homeostatic Mechanisms Enable
Organisms to Maintain a Relatively Constant Internal
State

Core body temperature varies slightly from person to person, and
over the course of the day in a healthy individual. The average
daily oral temperature for most people is 37°C or 98.6°F.

98.6°F (37°C) on average. When heat or cold threat-
ens to alter the core body temperature, our bodies
quickly respond—for example, by sweating to cool us
(FIGURE 1.15) or by shivering to warm us.

Groups of living organisms
can evolve

Biological evolution refers to a change in the overall genet-
ic characteristics of a group of organisms from one gen-
eration to the next. Biological evolution is considered
a fact because scientists can demonstrate evolutionary
change through repeatable experiments—in a matter of
days using bacteria growing in a lab dish, for example.
The process by which humans cause evolutionary
change in other organisms is known as artificial selection
(FIGURE 1.16). The dramatic changes brought about
by artificial selection in domesticated plants and ani-
mals inspired nineteenth-century biologists to wonder
whether nature—instead of human intervention—could
cause new forms of life to evolve from ancestral forms.
Today, a great deal of evidence shows that groups
of organisms evolve in their natural environment.
An ancestral group can give rise to one or more de-
scendant groups that are genetically unique. If the
groups become so different from each other that
they can no longer interbreed, we recognize them as
different species. Why do groups of organisms evolve
in their natural environment? We discuss one of the
mechanisms—natural selection—in Section 1.5.

An Example of Artificial Selection

Broccoli Cauliflower

Selection for

leaves

Wild mustard

Kohlrabi

Turnips

FIGURE 1.16 Evolution of Wild Mustard through
Domestication

In artificial selection, humans are the selective agents. All the
crops shown here were created by Mediterranean gardeners
through selective breeding of genetically varied wild mustard
plants over the course of about 200 years.

Concept Check

1. What is the role of DNA in reproduction?

Concept Check
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2. Are humans producers or consumers in the food web?
Why?

1.5/ Biological Evolution
and the Unity and
Diversity of Life

The fact of biological evolution, and the theories that
explain the mechanisms by which it occurs, are cen-
tral to our modern understanding of life. Evolution
explains the unity of life: why all living organisms are
like each other in certain key aspects (see Table 1.4).
Evolution also explains the diversity of life: how life-
forms, from arsenic bacteria to woolly mammoths,
became different from each other.
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Natural selection favors
individuals with adaptive traits

Natural selection is an evolutionary mechanism that
changes the overall genetic composition of a popula-
tion from one generation to the next by favoring the
survival and reproduction of individuals best suited to
their environment. Which individuals are favored by
natural selection? In a genetically diverse population,
individuals that have certain advantageous character-
istics, known as adaptive traits, are favored to survive
and reproduce. For a prey species such as pronghorn,
being fleet of foot is an adaptive trait. In a pronghorn
population, speedy animals have greater reproductive
success compared to slower animals (see Figure 1.17).

Natural selection adapts a
population to its habitat

Natural selection causes the population as whole to
become better adapted to its habitat. Adaptation
refers to a good match between a population and its
particular habitat. By favoring individuals with adap-
tive traits over those with maladaptive ones, natural
selection drives the evolution of the whole population
so that the adaptive traits become common in the
population.

Pronghorn, which live on the dry plains and
grasslands of western North America, are exquisitely
adapted to their environment (TABLE 1.5). The origi-
nal population of pronghorn must have been geneti-
cally varied with respect to the traits listed in the table.
The presence of predators led to differential survival
and reproduction. For example, swifter individuals
were more likely to outrace their predators, whereas
slower individuals were more likely to be eaten. More
of the swift pronghorn survived to have offspring, and
the trait consequently became more common in the
descendant population (see Figure 1.17).

Darwin and Wallace explained
how natural selection
produces new species

British naturalists Charles Darwin (1809-1882)
and Alfred Wallace (1823-1913) independently
recognized that if two populations of a single
species come to occupy very different habitats, they
could become very different from one another. The

reason is that over time, natural selection would
drive the two populations along very different
paths of adaptation. Eventually, these populations
could become so different that they would lose the
ability to interbreed and produce fertile offspring.
The two newly evolved populations would then be
recognized as different species, descended from a
common ancestor.

This insight led Darwin to the conclusion that all
present-day species are descended “with modification”
from ancestral species: humans and all other mam-
mals are descended from a common ancestor that lived
many millions of years ago, all animals are descended
from a common ancestor that lived even further back
in time, and all animals and plants have a common
ancestor yet further back in the history of life.

We can categorize all known
species into three domains of life

To date, scientists have described about 1.7 mil-
lion species, but this is only the tip of the diversity
iceberg. A vast number of species remain to be dis-
covered and cataloged. Even so, by comparing the
similarities and dissimilarities among the known
species—especially in the information encoded in
their DNA—biologists have succeeded in placing
most of the major life-forms into an elaborate “tree

I Adaptive Traits in Pronghorn

m Camouflage coloration
= High running speed

m Large eyes set high on the
head for 320-degree field
of vision

= Very large lungs and heart
for sustained running

m Hollow hair for insulation
against winter cold

m Strong grinding teeth (molars) for
breaking up tough plant food

m Four-chambered stomach for
digesting plant food with the help
of bacteria

m Long intestines for digesting and
absorbing nutrient-poor plant
material

BIOLOGICAL EVOLUTION AND THE UNITY AND DIVERSITY OF LIFE

Kingdom:
Phylum:
Class:
Order:
Family:
Genus and species name:
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on its own. An organ has a discrete boundary and a

specific location in the body. The heart and brain

are examples of organs in vertebrate animals,
those that have a backbone.

In animals, groups of organs are net-
worked into organ systems, which extend
through large regions of the body instead of
being confined to a particular region. An or-
gan system performs a greater range of func-

tions than a single organ does. The stomach,
liver, and intestines are organs within the organ
system known as the digestive system. All the or-
gan systems come together to work as a well-knit
whole that we recognize as a single individual.

Each individual is a member of a population. As
noted earlier,a population is composed of individuals of
a single species that interact and interbreed in a shared
environment. Populations of different species that live
in a shared environment form a biological community.
Together, a particular physical environment and all
the communities in it make up an ecosystem. For
example, a subalpine ecosystem includes boulder fields,

Helpful

to Know

There are many academic
disciplines within biology.
Physiology is the study of
how organisms function.
Anatomy is the study of body
structures. Biochemistry fo-
cuses on the chemistry of
life. Ecology studies inter-
actions among organisms
and their surroundings.

Concept Check
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avalanche tracks, glacial streams, and thin air, together
with a variety of hardy organisms adapted for life at
high altitude (FIGURE 1.20).

At the next level are biomes, which are large regions
of the world defined by shared physical characteris-
tics, especially climate, and a distinctive community
of organisms. The Arctic tundra is an example of a
land-based (terrestrial) biome, and coral reefs are an
example of an aquatic (in this case, marine or oceanic)
biome. Finally, at the highest level of the biological
hierarchy, all biomes become part of the biosphere,
which is defined as all the world’s living organisms
and the places where they live.

Concept Check

1. How is a population different from a biological
community?

2. Unscramble this scrambled biological hierarchy: com-
munity, organ system, ecosystem, atom, tissue, individual,
biosphere, organ, cell, biome, population, molecule.

FIGURE 1.20 An Ecosystem Includes All Living Organisms in a Habitat Plus the Nonliving World around Them

The photo shows a subalpine ecosystem in North Cascades National Park in Washington state. An ecosystem is composed of
communities of living organisms and their environment functioning as a distinct ecological unit. Environmental characteristics—
short growing season, bitter cold, avalanches, thin air, and intense UV radiation, for example—govern the communities that

are found in an ecosystem. There are several distinct communities in this ecosystem, including forest clumps dominated by
subalpine fir (Abies lasiocarpa), wet seeps dominated by sedges, and drier meadows dominated by heather. Animal life includes
mountain goats and rodents such as pikas and mountain marmots.
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APPLYING WHAT WE LEARNED

Researchers Wrangle over Bacteria

NASA's announcement about the arsenic-loving bacterium
was the science sensation of the year. Felisa Wolfe-Simon
and her colleagues at the U.S. Geological Survey had found a
bacterium that could survive what for most organisms would
be deadly amounts of toxic arsenic. In the lab, Wolfe-Simon
grew the bacteria in increasing amounts of arsenic with almost
no phosphorus. Without phosphorus, cells cannot make new
DNA,; and without new DNA, cells cannot divide and multiply.
Yet despite being deprived of phosphorus, these particular
bacterial cells continued to multiply. How were they doing it?

Arsenic has chemical properties like those of phosphorus,
and Wolfe-Simon hypothesized that the bacteria were simply
substituting arsenic for phosphorus. And if bacteria on Earth
could pull off such a switch, there was no telling what life on
other planets might do. Biologists say that all life on Earth
requires six major elements: carbon, hydrogen, nitrogen, oxy-
gen, sulfur, and phosphorus. If a bacterium could do without
phosphorus, maybe none of the six were absolutely required
for life. Such a conclusion meant that life might flourish on
many more planets than previously thought.

It seemed like an eye-opening discovery, and the media
played it up (despite the lack of actual extraterrestrials). But
a number of scientists challenged Wolfe-Simon’s conclusions,
which were published at the same time in a peer-reviewed sci-
entific journal. They wanted more evidence and wrote letters,
tweets, and blogs that openly criticized Wolfe-Simon’s work.

FIGURE 1.21 Mono Lake at Sunset

The Rim Fire lights up the horizon in this 2013 photo. The
wildfire consumed more than 250,000 acres, including parts
of Yosemite National Park. Despite the severity of such
wildfires, some burrowing animals and the seeds and roots of
many plants survive the scorching temperatures, highlighting
the toughness and tenacity of life.

Critics argued that
Wolfe-Simon's  team
had not ruled out the
possibility that the bac-
teria still had enough
phosphorus to  build
new DNA. For example,
they pointed out that
the “phosphorus-free”
test tubes actually con-
tained small amounts
of phosphorus from
dying bacteria and
other sources. Wolfe-
Simon’s team needed
to determine whether that was enough phosphorus for the
bacteria to multiply, they said. Mono Lake, the lake where the
bacteria live, contains large amounts of phosphorus (FIGURE
1.21). With such a rich supply of phosphorus, some scientists
said, there could be no evolutionary advantage to evolving the
unique ability to live without it.

In 2012, Rosie Redfield at the University of British Colum-
bia claimed that careful analysis by her team showed there
wasn't a trace of arsenic in the DNA of this strange bacterium.
The arsenic monster has typical DNA, she said: it contains
phosphorus, not arsenic. The dust did not settle right away,
because Redfield and her colleagues chose to present their
findings in an online research blog instead of a peer-reviewed
journal. But studies by other microbiologists published later
that year also refuted the claim that the bacterium contains
arsenic, not phosphorus, in its DNA. As for growing in a com-
pletely phosphorus-free test tube, none of these microbiolo-
gists could coax the bacterium to do that. Repeatability of the
test, as you have seen, is a crucial criterion in showing that a
hypothesis is valid.

Science is a process of asking questions and trying to
answer those questions through hypothesis testing. Wolfe-
Simon and her colleagues took a chance on an interesting
question: What do organisms actually need to live? Although
the DNA chemistry of these bacteria turned out to be ordi-
nary, their strategies for flourishing in an arsenic-rich habitat
continue to boggle the mind. How do they manage to extract
phosphorus from their environment to build into their DNA,
when they are awash in great quantities of a very similar
chemical, arsenic? Wolfe-Simon has the last word when she
points out that many questions about this Mono Lake inhabit-
ant have yet to be answered.
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trial cited in the news story used standard brand-name multivitamins.
This trial avoided some of the common pitfalls of long-term studies by
concentrating on a well-educated group—physicians—who are likely to
follow directions and give accurate reports. It was a double-blind study in
which participants were randomly assigned to take either a multivitamin
or a placebo.

A limitation of this study is that all the participants were older white
males. Therefore, study results may not apply to younger people, women,
and nonwhites. The participants also had a healthier lifestyle than the av-
erage person; most ate four servings of fruits and vegetables every day
and consumed little red meat. Would the beneficial effects of multivitamin
supplementation be more pronounced in the average person, who may
not eat as healthy a diet? We don't know. But the study suggests that
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Summary

11 The Nature of Science

e Science is both a body of knowledge about the natural world and an
evidence-based process for generating that knowledge.

e The scientific method represents the core logic of the process by
which scientific knowledge is generated. The scientific method re-
quires that we (1) make observations,

(2) devise a hypothesis to explain the observations,
(3) generate predictions from that hypothesis, and
(4) test those predictions.

1.2 The Process of Science

e We can test hypotheses by making additional observations or by per-
forming experiments (controlled, repeated manipulations of nature)
that will either uphold the predictions or show them to be incorrect.

e A hypothesis cannot be proved true; it can only be
upheld or not upheld. If the predictions of a hypothesis
are not upheld, the hypothesis is rejected or modified.

If the predictions are upheld, the hypothesis is
supported.

e Correlation means that two or more aspects of the natural world be-
have in an interrelated manner: if we know a particular value for one
aspect, we can predict a particular value for the other aspect. However,
correlation between two variables does not necessarily mean that one
is the cause of the other.

e In ascientific experiment, the independent variable
is the one that is manipulated by the investigator. Any variable that
can potentially respond to the changes
in the independent variable is called a dependent
variable.

1.3 Scientific Facts and Theories

e A scientific fact is a direct and repeatable observation of any aspect of
the natural world.

e A scientific theory is a major idea that has been supported by many
different observations and experiments.
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1.4 The Characteristics of Living Organisms

e Because of their common evolutionary origins, all
living organisms have certain key characteristics in common.

e Allliving organisms (1) are built of cells; (2) reproduce, using DNA to
pass genetic information from parent to offspring; (3) take in energy
from their environment;

(4) sense and respond to their environment; (5) maintain constant
internal conditions; and (6) evolve as groups.

1.5 Biological Evolution and the
Unity and Diversity of Life

e Biological evolution is a change in the overall genetic characteristics
of a population across generations, from parent to offspring.

e Natural selection is a key evolutionary mechanism: it
causes evolution by favoring the survival and
reproduction of individuals that are best suited to
their environment.

e Natural selection makes a population or species better adapted to its
environment.

e All life on Earth can be classified into three domains: Bacteria, Ar-
chaea, and Eukarya.

1.6 The Biological Hierarchy

e The term “biological hierarchy” refers to the many levels at which life
can be studied: atom, molecule, cell, tissue, organ, organ system, indi-
vidual, population, community, ecosystem, biome, biosphere.

e The individuals of a given species in a particular area
constitute a population. Populations of different
species in an area make up a community. Communities, along with
the physical habitat they live in, constitute ecosystems.

e Ecosystems make up biomes, large regions of the world
that are defined by the climate and the distinctive communities found
there. All the biomes on Earth make
up our one single biosphere.
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a. an educated guess explaining an observation.

b. a prediction based on an observation.

c. ascientific theory.

d. anidea that can be proved beyond all doubt through experimen-
tation.

A scientific theory

a. is so well established that it is not open to challenge on the basis
of new evidence.

b. isa major explanation that has been supported by many and
diverse lines of evidence.

c. is considered a scientific fact in that it is a direct and repeatable
observation of nature.

d. is a scientific hypothesis that can be tested
through experimental but not observational studies.

For an investigator who is following the scientific method, which one
of the steps listed here would come immediately before rejecting a
hypothesis?

a. making a prediction

b. developing a new or revised hypothesis

c. making observations of nature

d. conducting controlled, repeated manipulations of nature

Which of the following questions could not be used to develop a test-
able hypothesis?
a. Can arsenic replace phosphorus in the DNA of a bacterium?
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b. Is there a relationship between high consumption of soda pop
and obesity?

c. Should smokers pay the same premium for medical insurance as
nonsmokers?

d. Do imported grapes have higher levels of pesticides than grapes
grown in the United States?

. Which of the following is manipulated by the experimenter in a con-

trolled experiment?

a. confounding variable
b. control group

c. dependent variable

d. independent variable

. Which of the following is a property shared by all life-forms on Earth?

a. use of DNA for reproduction

b. presence of a cell wall composed of long chains of sugars

c. storing of genetic information in the nucleus

d. ability to capture energy from the nonliving environment for all
metabolic needs

. Natural selection

a. isarandom process in which some individuals survive and others
die off over time.

b. is readily observed within a single generation of individuals.

c. tends to make a whole population better adapted to its surround-
ings.

d. occurs at the level of populations but not at the level of species.

THE NATURE OF SCIENCE AND THE CHARACTERISTICS OF LIFE



8. An organ in the human body

a. is the basic unit of life.

b. has a discrete shape and specific location in the body.
c. consists of a single tissue type.

d. is composed of two or more organ systems.

9. The biome

a. consists of two or more tissues conducting specialized functions
in an integrated manner.

Analysis and Application

Describe three characteristics of science as a way of knowing. Can sci-
ence answer all types of questions that humans might raise? Explain.

What does the statement “Correlation is not causation” mean? Give
an example of two variables for which you know the two are corre-
lated but neither one is likely to be the cause of the other. (Hint: For
an example, think back on what else was going on when you last came
down with a cold.)

Describe one observation, one hypothesis, and one experiment that
led researchers to the conclusion that something in cold-water fish
might be beneficial for those at risk from heart disease.

What are the key characteristics of a scientific hypothesis?
What is a scientific fact? How does it differ from a scientific theory?

Consider a biological community that includes grasses, lions, sun-
shine, wildebeest (even-hoofed antelope), and ticks (small bloodsuck-
ing animals related to spiders). Identify the producers and consumers,
and arrange them in a chain that describes who eats whom (a food
chain).

What are the levels of the biological hierarchy? Arrange them in their
proper relationship with respect to one another, from smallest to
largest. Give an example for each level that you know from your own
experience.

b. encompasses all organisms on Earth plus their
environment.

c. extends over large regions of Earth that share similar climate and
plant communities.

d. consists of members of one species that share the same habitat.

The manufacturers of toning shoes make a variety of fitness claims
for their products, most promising that you will burn more calories
and improve muscle function if you wear the shoes regularly. Study
the advertising for a toning-shoe brand, and then design an experi-
ment to test the claims made by the manufacturer.

(a) State a hypothesis that you might be able to test for this shoe. Is
your hypothesis stated in terms you can
measure?

(b) Devise a test for your hypothesis. What would be your indepen-
dent variable? Your dependent variable? What controls would be
appropriate? What size and composition would the groups you
study have?

(c) How would you measure the dependent variables?

(d) State how the results you might obtain would either verify your
hypothesis or refute it.

Now compare your experimental design with one conducted by pro-
fessional researchers sponsored by the American Council on Exercise
(available free at www.acefitness.org) or by Consumer Reports.
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The Chemistry of Life

AN ANTI-TRANS FAT RALLY. A young protestor makes her
views known as the New York City Board of Health holds public
hearings on a plan to ban trans fats from city restaurants.
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How the “Cookie Monster” Tackled Trans Fats

In 2011, California became the first state to ban trans fats
in restaurants, bakeries, hospitals, and other places that
prepare food. Although for years the restaurant industry
had argued that such laws would keep them from making
the foods that customers wanted and even put some res-
taurants out of business, the date the law went into effect
passed with barely a ripple. Restaurants didn't

go out of business, and nobody went without

hot, salty fries.

Five years earlier, New York City's Board of
Health had stunned and horrified restaurant
owners by banning trans fats from the city’s
famous restaurants, giving restaurateurs just 6
months to stop frying in trans fat-laden cooking oils, and
18 months to eliminate trans fats from all food. An outraged
spokesman for the National Restaurant Association argued
that the city had “no business banning a product the Food
and Drug Administration has already approved.”

The restaurant association had a point: the momen-
tum for banning trans fats hadn't come from the federal
government or even from the prestigious American Heart
Association, but from a California public interest attorney
named Stephen Joseph. Joseph'’s father had died of heart
disease, and as Joseph learned how important trans fats

KEY CONCEPTS

e Understanding the chemistry of life helps
us understand life itself.

are in the development of heart disease, he decided to take
action. In 2003 he filed a lawsuit against Nabisco, asking
the company to stop selling Oreo cookies containing trans
fats to children. Nabisco's parent company, Kraft Foods,
told CNN, “We stand behind Oreo, a wholesome snack

people have known and loved for more than 90 years.”

Joseph—dubbed the “Cookie Monster” by the San
Francisco Chronicle—argued that Oreo cookies made with
trans fats were literally dangerous. Talk show hosts called
the suit “ridiculous” and suggested banning lawyers instead.
Within days, Joseph withdrew his lawsuit. But, as we'll see,
the Cookie Monster attorney had the last laugh.

In this chapter you'll learn about atoms and how they
combine to form molecules. You'll also learn about the
molecules that serve as building blocks of living things. One
group of these building blocks is the lipids, which includes
trans fats.
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Compounds consisting of charged atoms that are held
exclusively through ionic bonds are known as salts.

In ionic solids such as crystals of table salt (NaCl),
ions are closely packed in an orderly pattern known
as a crystal lattice (FIGURE 2.7). When salt is added
to water, the ionic bonds between the ions are dis-
rupted. For reasons we will explore in the next section,
water molecules surround both types of charged ions
in NaCl. This interaction with water breaks up and
dissolves the salt crystals, weakening the ionic bond
and scattering both positive sodium ions and negative
chloride ions throughout the liquid.

CHAPTER 2 THE CHEMISTRY OF LIFE

any other known substance, and water’s ability to
sustain life is based on these qualities.

Water is a polar molecule

We noted earlier that each molecule of water is made
up of two hydrogen atoms and one oxygen atom held
together by covalent bonds. In some covalent bonds,
however, electrons are not equally shared by the two
atoms. In these molecules, one atom has greater
electron-grabbing power (technically known as elec-
tronegativity). The more electronegative atom exerts a
stronger pull on the shared electrons, resulting in a
polar covalent bond. “Polar” means the two ends are
the opposite of each other, like the two poles of Earth.
The uneven distribution of electrical charge in a
polar molecule makes one end of the molecule slightly
negative and the opposite end slightly positive. Water
is a polar molecule because the electrical charge is dis-
tributed unevenly over its boomerang shape. The nu-
cleus of the oxygen atom pulls on the shared electrons
more powerfully than do the nuclei of the two hydro-
gen atoms. The oxygen end of the molecule therefore
has a slightly negative charge, while the two hydrogen
atoms have a slightly positive charge. In the following
schematic representation of the water molecule, the
two polar regions are shown in green and blue:

Slightly positive ~
g) Polarity of
. . water (H,O)
Slightly negative
Because opposite electrical charges attract, the
slightly positive hydrogen atoms of one water mol-
ecule are drawn toward the slightly negative oxygen
atom of a neighboring water molecule. A hydrogen
bond is the weak electrical attraction between a hy-
drogen atom that has a slight positive charge and a
neighboring atom with a slight negative charge. Inter-

molecular hydrogen bonds develop readily between
adjacent water molecules:

Slightly
negative

Slightly
positive

Hydrogen
bonds










The evaporation of water molecules removes
heat from a surface, cooling it in the process. Evapo-
rative cooling is the lowering of temperature associ-
ated with the evaporation of liquids. The fastest
molecules evaporate first because they alone have
enough energy to break loose from the surface of the
liquid. The departure of the high-speed molecules
causes the average temperature of the remaining liq-

Surface Tension

The weight of
a water spider,
with its long,
water-repellent
legs, dimples
the water
surface.

Surface tension

FIGURE
2.10 Hydrogen
Bonding betwe

en

Water Molecules

Contributes to

the High Surface
Tension of Water

The cohesion of
water molecules

gives rise to surface
tension, a force that
resists the stretching
of the water surface

uid to drop, because the molecules that stay behind
are slower and therefore cooler. Sweaty humans and
panting dogs are cooled when their body heat goes

opposes the
spider’s weight,

toward disrupting hydrogen bonds and increasing
the speed of water molecules in human sweat or
canine slobber.

Hydrogen bonding accounts for
the cohesion of water molecules

Cohesion is the attractive force that holds atoms
or molecules of the same kind to one another. Sub-
stances with high cohesion tend to stick together. The
tendency of water molecules to cling to each other
through hydrogen bonding generates strong cohe-
sion. You can experience cohesion when you use a
straw to drink water or soda: the liquid is pulled up
in one continuous stream because all the water mol-
ecules are linked together by hydrogen bonds. This co-
hesive strength is also critical for the ascent of water
into the canopy of tall trees.

Surface tension is an important property of water
resulting from the cohesiveness of water molecules.
This force tends to minimize the surface area of water
at its boundary with air. Water has the highest sur-
face tension of any liquid except mercury. The pull of
hydrogen bonds generates surface tension, and this
force holds the water surface taut, resisting stretching
or breaking. Water’s surface tension is strong enough
to support very light objects: aquatic organisms like
water spiders, or a paper clip sitting on top of water
in a cup filled to the brim. In the case of the spider,
its long legs distribute its weight, and hydrophobic
material on its legs repels water; the legs dimple the
water surface without breaking through the air-water
boundary (FIGURE 2.10).

You do not feel the surface tension of water in a
swimming pool if you dive in neatly, with your fin-
gertips leading the way. But if you expose more of
your body surface, as you do when you belly flop into
the pool, you might feel the collective smack of the

preventing the
spider from
breaking through

the sheet of
hydrogen-bonded
water molecules
at the air-water
boundary.

interlinked water molecules under tension at the air-
water boundary.

Concept Check

1. Why don't oil and water mix?

2. New York City and Pittsburgh are at the same latitude
(about 40° north), but Pittsburgh is farther inland. Which
one has a more moderate climate, with less difference
between average midwinter and midsummer tempera-
tures? Why?

2.4/ Chemical Reactions

Many biological processes require atoms to break exist-
ing connections or form new ones. The process of break-
ing or creating chemical bonds is known as a chemical
reaction. A reactant is a substance that undergoes a
chemical reaction, either alone or in conjunction with
other reactants. The alteration of electron-sharing pat-
terns through a chemical reaction yields at least one
chemical substance that is different from the reactants,
and any newly formed substances are called the prod-
ucts of the chemical reaction.

The standard notation for chemical reactions,
the chemical equation, displays reactants to the left
of an arrow and products to the right of that arrow.
Hydrogen and oxygen, for example, can combine to

CHEMICAL REACTIONS

at any air-water
boundary.

Concept Check
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and ammonia cleaners. In all these substances, what
makes them acids or bases is the concentration of
hydrogen ions that are free in the solution.

Hydrogen ion concentration is commonly ex-
pressed on a scale from 0 to 14, where O represents an
extremely high concentration of free hydrogen ions,
and 14 represents the lowest concentration. On this
scale, called the pH scale, each number represents a
10-fold increase or decrease in the concentration of
hydrogen ions (FIGURE 2.11). In pure water, the con-
centrations of free hydrogen ions and hydroxide ions
are equal, and the pH is said to be neutral, or in the
middle of the scale, at pH 7.

Our stomach juices are able to break down food
because they are very acidic (about pH 2). At this low

Concept Check

1. What is the difference between an acid and a base?

2. Which has a higher concentration of free hydrogen ions:
vinegar, pH 3.0; or tomato juice, pH 6.0?

THE CHEMICAL BUILDING BLOCKS OF LIFE

Concept Check
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Simple Carbohydrates: Sugars

CH,OH
CH,OH
Two monosaccharides H O H 2”0 H
are joined by a covalent H +
bond to form a OH H Mo H HO
disaccharide. HO CH,OH
H OH OH H
Glucose Fructose

Dehydration reactions
link monomers, with

the release of a water
molecule.

Dehydration

Hydrolytic reactions
break covalent bonds,

Hydrolysis

-

with the addition of a
water molecule.

[H,0 g

Sucrose (table sugar)

FIGURE 2.13 Monosaccharides Can Bond Together to Form Disaccharides

Glucose and fructose are sugar monomers that, when linked by a covalent bond, form
the disaccharide sucrose, or table sugar.

same molecular formula as glucose (C¢H;,0g), but
the atoms are connected in a different pattern, re-
sulting in very different physical and chemical
properties. Fructose is nearly twice as sweet as
glucose, and it is widely used as a sweetener
in processed foods because corn is a cheap
source of the sugar.

Scientists often use a shorthand nota-
tion to represent the ring form of carbon-
containing molecules: the symbols for the
carbon atoms, and most of the hydrogen
and oxygen atoms, are left out. Here are the
structural formula and shorthand notation
for glucose:

Humans have only
~200-500 grams of glyco-
gen, stored mainly in the
liver and muscles. That’s
worth 800-2,000 Calories of
stored energy. About 14 hours
without food, or a couple of
hours of intense exercise, will
use up most of the glycogen
stored in a typical adult. The
fatigue that results is called
“hitting the wall” in the world
of long-distance runners and
bikers. When glycogen runs
low, the body switches to
“burning” stored lipids, but

5CH,OH

5C—0_  H
I L D |

gnergy from lipid reserves 4C ondl C1
is released more slowly H(l)\c'; é/(le
than from glycogen 3 |2
reserves. H OH
Glucose

Monosaccharides can combine to form larger,
more complex molecules. Two covalently joined
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monosaccharides form a disaccharide (di, “two”).
Our familiar table sugar, sucrose, is a disaccharide
built by linking a molecule of glucose and a molecule
of fructose, with the removal of a water molecule
(FIGURE 2.13).

The chemical reaction in which a water molecule
is removed as a covalent bond forms is known as a de-
hydration reaction. The reverse reaction, in which
a water molecule is added to break a covalent bond,
is called a hydrolytic reaction. Sucrose is broken
down in our digestive system through hydrolytic
reactions, and the released monomers are absorbed
by the intestinal wall and eventually delivered to the
bloodstream.

Polysaccharides are large polymers built by
linking many monosaccharides. Polysaccharides
perform a variety of functions in living organisms
(FIGURE 2.14). Cellulose, for example, is a polysac-
charide that is bundled into strong parallel fibers
that help support the plant body (FIGURE 2.14a).
Cotton fabric, made from special cells on the sur-
face of cotton seeds, is mostly cellulose. Carbohy-
drates are polysaccharides that provide metabolic
energy, as we have already seen in the case of glu-
cose. Starch—abundant in a dish of mashed pota-
toes or steamed rice—is a polysaccharide that serves
as an energy storage molecule inside plant cells
(FIGURE 2.14b).

@ O OO0

Monosaccharide Disaccharide Polysaccharide
(e.g., glucose, (e.g., lactose, (e.g., glycogen,
fructose) sucrose) starch, cellulose)

Cellulose and starch are both built from glu-
cose, but they differ in how the monosaccharides
are linked. Starch is water-soluble and easily bro-
ken down in our digestive system. Cellulose, on the
other hand, is not water-soluble, which is fortunate
for owners of 100 percent cotton clothes, who would
literally lose their shirts in the wash otherwise. Un-
like starch, cellulose cannot be broken down in the
human digestive system, and only some bacteria and
fungi can use it for energy.

Glycogen is the main storage polysaccharide in
animal cells (FIGURE 2.14c), although, as we will see
later, most of the surplus energy ingested by animals
is stockpiled in the form of storage lipids (“fat”) rather
than carbohydrate. The majority of the glycogen
reserve in our bodies is stored inside liver cells and
skeletal muscle cells.
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m Storage. Bird eggs and plant seeds contain stor-
age proteins, whose function is to supply the
building blocks that offspring need for growth
and development.

m Structure. Our own bodies contain thousands
of different types of proteins. Some of these
form anatomical structures and are classified as
structural proteins, such as those found in bones,
cartilage, hair, and nails.

n Transport. Some proteins ferry nutrients and other
materials within the body. The protein hemo-
globin, abundant in our red blood cells, binds
oxygen and helps move it throughout the body.

n Catalysis. Substances that speed up chemical
reactions are called catalysts. Almost all chemi-
cal reactions in living organisms are catalyzed by
proteins known as enzymes.

Proteins are built from
amino acids

Amino acids are the monomers from which proteins
are built. Twenty different amino acid monomers can
be arranged in a huge number of ways to construct an
enormous variety of proteins.

The chemical “anatomy” of these 20 amino acids
is similar. As shown in FIGURE 2.15, all amino acids
consist of an “alpha” carbon attached to a hydrogen
atom, a chemical side chain called the R group, and
two functional groups: an amino group (—NH,) and a
carboxyl group (—COOH)).

One amino acid differs from another only with re-
spect to the type of R group present, and each of the
20 possible R groups is unique to one amino acid. R
groups vary in terms of size, acidic or basic properties,

and whether they are hydrophobic or hydrophilic.

Amino Acid Structure

...has an amino
functional group,...

An amino
acid...

...a carboxyl

functional group,...

...a hydrogen
atom,...

...and a side chain
(R group), all bonded to
a central (alpha) carbon.

Alpha
carbon
atom

FIGURE 2.15 The General Structure of an Amino Acid
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The R groups found in amino acids range from just
one hydrogen atom (in glycine), to longer chains
(in lysine, for example) and ring structures (such as
in tryptophan), as depicted in FIGURE 2.16.

Amino acids are covalently linked in a linear chain
to create a polymer known as a polypeptide. Every
protein consists of one or more polypeptides. In a
polypeptide chain, the amino group of one amino
acid is covalently linked to the carboxyl group of an-
other via a covalent linkage called a peptide bond
(FIGURE 2.17). A polypeptide may contain hundreds
to thousands of amino acids held together by peptide
bonds. These polypeptides are built from the same
pool of 20 possible amino acids, so the crucial dif-
ference between one polypeptide and another is the
sequence in which the amino acids are linked.

Two polypeptides may differ in the amounts of
various amino acids found in the chain; for instance,
lysine may be absent in one polypeptide but extremely
abundant in another. The thousands of different
polypeptides found in the average cell also vary enor-
mously in overall length—that is, in the total number
of amino acids in each.

How can just 20 amino acids generate the millions
of different proteins found in nature? To see how this
is possible, consider the number of different sentences
that can be written using the 26 letters of the English al-
phabet. If we think of the protein alphabet as having 20
amino acid “letters,” it is easy to see that this alphabet
can produce an enormous number of different protein
“sentences.” Life’s complexity and diversity depends on
this variety in protein structure and function.

A protein must be correctly
folded to be functional

We can distinguish four different levels in the struc-
ture of a protein. These levels are termed primary, sec-
ondary, tertiary, and quaternary. The structure at each
of these levels affects the protein’s function.

The primary structure of a polypeptide is its se-
quence of amino acids (FIGURE 2.18a). A polypeptide
must acquire a higher level of organization, beyond its
primary structure, before it can function as a protein
or part of a protein.

The secondary structure of a protein is created by
the local folding of the amino acid chain into specific
three-dimensional patterns (FIGURE 2.18b). Alpha ()
helices and beta (3) sheets are two of the most com-
mon types of secondary structure. An alpha helix is a
spiral pattern, like curled ribbon on a gift package. A
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» In unsaturated fatty acids (FIGURE 2.19b), one
or more pairs of carbon atoms are linked by
double covalent bonds. Each of these carbons is
bonded to only one hydrogen atom, so the chain
is not “saturated” with hydrogen.

The significance of the double bonds in unsatu-
rated fatty acids goes beyond the difference in the
number of hydrogen atoms. Saturated hydrocarbon
chains tend to be straight, but the presence of double
bonds in unsaturated chains can introduce kinks.
The straight-chain fatty acids can pack together very
tightly, forming solids or semisolids at room tem-
perature. Unsaturated fatty acids with kinks cannot
pack tightly, so these lipids tend to be liquid at room
temperature.

Animals store surplus
energy as triglycerides

Familiar foods such as butter and olive oil are actu-
ally complex mixtures of different types of lipids, with
small amounts of other substances, such as milk pro-
tein in butter and vitamin E in most vegetable oils.
The lipids in butter and olive oil include fatty acids of
different types and a class of lipids called glycerides.
A glyceride contains one to three fatty acids covalently
bonded to a three-carbon molecule called glycerol.
Triglycerides, which consist of three fatty ac-
ids bonded to a glycerol (FIGURE 2.20), are the most
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FIGURE 2.20 Triglycerides Contain Three Fatty Acids
Bound to a Glycerol

Glycerides consist of a three-carbon sugar alcohol called
glycerol bound to one, two, or three fatty acids. Triglycerides
have three fatty acids, one linked to each of the three
carbons of glycerol. The triglyceride depicted here is glyceryl
tristearate, the most common storage lipid in animal cells.
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common glyceride in our diet. Triglycerides built
largely from saturated fatty acids tend to be solid at
room temperature and are informally known as fats.
Butter and lard are rich in triglycerides containing
saturated fatty acids. In contrast, triglycerides rich
in unsaturated fatty acids tend to be liquid at room
temperature and are informally known as oils. Canola
oil, olive oil, and flaxseed oil are examples, which is
why all of these lipids are liquid at room temperature.
Some tropical “oils,” such as those derived from coco-
nut and palm kernels, are solid at room temperature
because they also contain saturated lipids—as much
as in butter and lard, or even more.

A wide variety of organisms store surplus energy
in the form of triglycerides, usually deposited in the
cytoplasm of cells as lipid droplets. Lipids are effi-
cient as storage reserves because they contain slightly
more than twice the energy found in an equal weight
of carbohydrate or protein, while occupying only
one-sixth the volume. Carbohydrates and proteins
take up more space inside a cell because they are
hydrophilic; these macromolecules are extensively
associated with water molecules, and all these extra

molecules add bulk.

Phospholipids are important
components of cell membranes

Phospholipids are glyceride molecules consisting of
two fatty acids joined to a glycerol that bears a phos-
phate group. Phospholipids are major components
of the plasma membrane, the outermost boundary
of acell, as well as internal cell membranes. All phos-
pholipids have a hydrophilic “head” containing a
negatively charged phosphate group, and a hydro-
phobic “tail” consisting of two long fatty acid chains
(FIGURE 2.21a). The head group may also include
other functional groups (choline in Figure 2.21a)
that differ from one type of phospholipid to another.

Because of their dual character, phospholipids ex-
posed to water spontaneously arrange themselves in a
double-layer sheet known as a phospholipid bilayer
(FIGURE 2.21b). The double layers are arranged so that
the hydrophilic head groups are exposed to the wa-
tery world on either side, while the hydrophobic tails
are tucked inward, away from the water. Nearly all cell
membranes are organized as lipid bilayers. Cell mem-
branes control the exchange of ions and molecules
between the cells and their external environment,
and also between various compartments within a cell
(see Chapter 3).
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Dietary Lipids: The Good, the Bad, and the Truly Ugly

Our bodies can make nearly all the lipids we
need from the organic molecules we consume
as food. However, a moderate intake of lipids,
especially certain types of lipids, is an important
part of a healthy diet. Nutritionists recommend
that we consume modest amounts of unsatu-
rated fatty acids, such as those found in olive
oil and canola oil.

One class of unsaturated fatty acids,
known as omega-3 fatty acids, is known for its
health benefits. Flaxseed and walnuts, certain
algae, and cold-water fish are good sources of
omega-3 fatty acids. Ample evidence shows
that EPA (eicosapentaenoic acid) and DHA
(docosahexaenoic acid), the main omega-3
fatty acids in fish oil, have anti-inflammatory

effects in the human body and protect against
heart disease (see Chapter 1).

How saturated lipids affect human health
is a complex and contentious subject. Harm-
ful effects are seen in laboratory rats fed a
diet rich in saturated lipids; the effects include
increased occurrence of heart disease and
some types of cancer. Studies of human popu-
lations, however, present a confusing picture,
in part because human subjects are difficult
to study. Some populations, such as Amish
farmers and South Pacific island communities,
have low rates of heart disease despite a very
high intake of saturated lipids. It is possible
that these populations are protected from
potential negative effects because their total

calorie consumption is lower or because they
exercise more.

A recent analysis, which pooled data from
multiple studies, suggests that the ratio of
saturated to unsaturated lipids in our diet has
a significant influence on disease risk. Accord-
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Sterols play vital roles in a
variety of life processes

Cholesterol, testosterone, estrogen, vitamin D—all of
these are lipids with enough star quality, or medical
notoriety, that they turn up on the evening news on
a regular basis. Although they are widely divergent
in the functions they perform, all four molecules are
classified in a group of lipids known as sterols (also
called steroids). All sterols have the same fundamental
structure: four hydrocarbon rings fused to each other.
They differ in the number, type, and position of func-
tional groups, and in the carbon side chains linked to
the four hydrocarbon rings (FIGURE 2.22).
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Outside of cell

Every phospholipid has a
hydrophilic head group,
containing a glycerol and
a phosphate...

.. and two hydrophobic
fatty acid tails.

Fatty acid tails

The formation of a double-layer
sheet allows the hydrophobic fatty
acid tails to remain together and
away from water...

Heads
(hydrophilic)

...while the hydrophilic
phosphate heads are
exposed to water.

Cholesterol is the “starting” molecule for the
manufacture of many other sterols, including vita-
min D and bile salts; cholesterol is also a necessary
component in the cell membranes of many animals.
Vitamin D is important in the growth and mainte-
nance of many tissues, especially bone and muscle. It
is partially manufactured by the skin. The process is
completed in the liver and kidneys. Bile salts are green,
bitter-tasting lipids made by the liver and stored in
the gallbladder. Bile salts aid in the digestion of fats.

Cholesterol is also the “starting” molecule in the
production of steroid hormones, including sex hor-
mones such as estrogen and testosterone. Hormones
are signaling molecules that are active in very small



Sterols

Four fused hydrocarbon Testosterone
rings, basic structure of

all sterols

FIGURE 2.22 Sterols Are Lipids Built from Four Fused Hydrocarbon Rings

All sterols share the same basic four-ring structure but have different functional groups
attached to these rings. Testosterone is a hormone that controls male sexual characteristics in
many animals, including the male wood duck (photo). Cholesterol is an important constituent of
the cell membranes of all birds and mammals, and of many other animals as well.

amounts and control a great variety of processes in
plants and animals. The sex hormones, such as estro-
gen and testosterone, promote the development and
maintenance of the reproductive system in animals.
Testosterone, in its several natural forms and numer-
ous synthetic forms, is an anabolic steroid (anabolic,
“putting together”). Among its many effects is the
promotion of muscle growth.

The use of anabolic steroids by competitive ath-
letes is seen as unfair advantage, and the drugs are
banned by all major sports organizations. The regular
use of anabolic steroids is associated with significant
health risks, including higher odds of heart attack,

stroke, liver damage, and liver and kidney cancer.

Concept Check

1. What is the single biggest difference between
carbohydrates and lipids?

2. How are saturated and unsaturated fatty acids different
in terms of chemical structure?

2.10. Nucleotides and
Nucleic Acids

Nucleotides are important monomers in all organ-
isms because they are the building blocks of the he-
reditary material. A nucleotide is a small organic
molecule with three chemical components: (1) a
nitrogenous base (nitrogen-containing base) that is
covalently bonded to (2) a five-carbon sugar, which in
turn is covalently bonded to (3) a phosphate group, a

functional group consisting of a phosphate atom and
four oxygen atoms (FIGURE 2.23).

Five different nucleotides—each containing one
of the nitrogenous bases adenine, cytosine, guanine,
thymine, or uracil (see Figure 2.23)—serve as the
components for a class of polymers called nucleic
acids. Nucleic acids in living cells are of two kinds:
deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA). DNA is distinguished from RNA both by the
type of sugar in its nucleotides and by two of the ni-
trogenous bases that bond with that sugar. Ribose,
the sugar in RNA, differs from deoxyribose, the sug-
ar in DNA, in that it has one more oxygen atom (see
Figure 2.23).

Of the five different kinds of nitrogenous bases,
thymine is found only in DNA, and uracil is found only
in RNA. The nucleotides in RNA and DNA are bonded
through covalent linkages known as phosphodiester bonds
between the sugar and phosphate groups of each suc-
cessive nucleotide. The result is a chain of nucleotides,
or polynucleotide. RNA consists of a single polynucleo-
tide chain (or “strand”); DNA is composed of two poly-
nucleotide chains (it is “double-stranded”), which are
twisted in a spiral pattern to form the DNA double helix.

Nucleotides perform two essential functions in
the cell: genetic information storage, and energy
transfer. Every organism has nucleic acid “software”
dictating how that organism will live, grow, repro-
duce, and respond to the external world around it.
DNA can be copied in a way that preserves its se-
quence of nucleotides, and therefore the informa-
tion coded in it.

Some types of nucleotides function as energy de-
livery molecules, or energy carriers. The most univer-
sal of these energy carriers is the nucleotide known as

NUCLEOTIDES AND NUCLEIC ACIDS
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APPLYING WHAT WE LEARNED

How Bad Are Trans Fats?

Back in 2003, attorney Stephen Joseph sued Kraft Foods,
demanding that the food conglomerate stop selling Oreo
cookies containing trans fats. At the time, most people had
never heard of trans fats. But they'd heard of Oreo cookies,
and Joseph's suit was an instant sensation. Joseph didn't care

if everyone laughed at him. What mattered was that people
wanted to know what trans fats were; and when they found
out, they took a second, doubtful look at their Oreos.

Just days after filing the lawsuit, however, Joseph with-
drew it. Media coverage of his lawsuit and of trans fats was so
widespread, he said, that he could no longer argue in court that
consumers didn't know the cookies contained dangerous trans
fats. Just as important, within a day of the first major news sto-
ries, Kraft reversed itself and announced it would phase out the
dangerous fats. Since the “Cookie Monster” lawyer had won
his point through publicity alone, he had no reason to pursue an
expensive lawsuit. In fact, by the end of 2005, just 31 months
later, Kraft said it had voluntarily eliminated or reduced trans
fats in Oreo cookies and all of its other products.

Because saturated animal fats were thought to contribute
to cardiovascular disease, most people’s grandparents and
great grandparents were told that margarine and other arti-
ficial “spreads” were healthier for the heart than butter. But
until recently, nearly all margarines were made from partially
hydrogenated vegetable oils, which virtually always contain
high levels of trans fats.

Trans fats change the ratio of two forms of cholesterol
in our blood, increasing the risk of heart disease. As a re-
sult, trans fats are much worse for us than the saturated
fats in butter. Experts estimate that trans fats contribute
to 30,000-100,000 deaths from heart disease per year.

In fact, a tiny increase in the con-
sumption of industrial trans fats—2
percent, as measured
ries—results in a 20-30 percent
increase in the risk of death from
heart disease.

The US. Food and Drug Ad-
(FDA)
that Americans consume minimal
amounts of trans fats—as little
as possible. Animal fats—includ-
ing those in butter, ice cream, milk,
cheese, and yogurt—contain small
amounts of naturally occurring trans
fats, but researchers are not yet sure if these are as danger-
ous as the industrial trans fats in partially hydrogenated oils.

Today, nutrition labels in the United States must list how
many grams of trans fats a “serving” contains. But don't as-
sume that “zero” means zero. If a food contains less than
0.5 gram of trans fats per serving, the manufacturer is al-
lowed to list that as “O g"—even if the food contains up to
0.49 gram of trans fats per serving. If a “serving” is small
enough, almost any food can be listed as having “O grams
of trans fats” As a result, it's easy to consume enough trans
fats to affect your health without knowing it. A person who
ate five servings of something that contained 0.49 gram of
trans fat would exceed the 2-gram daily maximum recom-
mended by the American Heart Association. In general, it's
safe to assume that any food containing partially hydroge-
nated oils contains trans fats—even if the package says
“Zero Trans Fats!

in calo-

ministration recommends
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FIGURE 2.24
The Nucleotide
ATP Serves as an
Energy Carrier in
Every Living Cell

The phosphate

55






CHAPTER REVIEW
Summary

2.1 Matter, Elements, and Atomic Structure

e The physical world is composed of matter, which is anything that
has mass and occupies space. Matter consists of 92 different types of
chemical elements, each with unique properties.

e An atom is the smallest unit of an element that has the chemical
properties of that element. Atoms contain positively charged protons,
uncharged neutrons, and negatively charged electrons. The number
and arrangement of electrons in the atom of an element determines
the chemical properties of that element.

e The atomic number of an element is the number of protons in its
nucleus, and its atomic mass number is the sum of the number of
protons and neutrons.

e Isotopes of an element have different numbers of neutrons but the same
number of protons. Radioisotopes are isotopes that give off radiation.

2.2 The Bonds That Link Atoms

e® The chemical interactions that cause atoms to associate with each
other are known as chemical bonds.

e Covalent bonds are formed by the sharing of electrons between atoms.
Atoms share electrons with other atoms to fill their outermost electron
shells to capacity. The bonding properties of an atom are determined
by the number of electrons in its outermost shell. A molecule contains
at least two atoms that are held together by covalent bonds.

e When an atom loses or gains electrons, it becomes a positively or
negatively charged ion, respectively. Ions of opposite charge are
held together by ionic bonds, and atoms that are bound exclusively
through such bonds are known as salts.

e Chemical compounds contain atoms from at least two different ele-
ments. All salts are compounds, but a molecule is a compound only if
it contains atoms from at least two different elements.

2.3 The Special Properties of Water

e Hydrogen bonds are weak associations between two molecules such
that a partially positive hydrogen atom within one molecule is at-
tracted to a partially negative region of the other molecule. Partial
electrical charges result from the unequal sharing of electrons be-
tween atoms, giving rise to polar molecules.

e Water is a polar molecule. Hydrogen bonding between water molecules
accounts for the special properties of water, including its high heat
capacity and high heat of vaporization, properties that enable water to
moderate temperature swings.

e Water is a universal solvent for ions and polar molecules, which are hy-
drophilic and therefore readily dissolve in water. Nonpolar molecules
cannot associate with water and are therefore hydrophobic. Nonpolar
molecules are excluded by water, causing them to clump together.

e Water has the highest surface tension of any liquid except mercury. Sut-
face tension is a force that tends to minimize the surface area of water
at an air-water boundary, and it influences many biological phenomena.

2.4 Chemical Reactions

e In chemical reactions, bonds between atoms are formed or broken.
Although the participants in a chemical reaction (reactants) are

modified to give rise to new ions or molecules (products), atoms are
neither created nor destroyed in the process.

e Some chemical reactions release energy; others cannot proceed with-
out an input of energy.

2.5 The pH Scale

e The life-supporting chemical reactions of a cell are conducted in a
watery medium. Acids donate hydrogen ions in a solution; bases ac-
cept hydrogen ions.

e The concentration of free hydrogen ions in water is expressed by the
pH scale.

e Buffers help maintain a constant pH in an aqueous solution.

2.6 The Chemical Building Blocks of Life

e Carbon atoms can link with each other and with other atoms to gen-
erate a great diversity of compounds.

e The four main biomolecules are carbohydrates, proteins, lipids, and
nucleic acids.

2.7 Carbohydrates

e Carbohydrates include simple sugars (monosaccharides), as well as
disaccharides and more complex polymers (polysaccharides).
e Carbohydrates provide energy and physical support for living organisms.

2.8 Proteins

e Amino acids are the building blocks of proteins. A chain of amino
acids linked together makes a polypeptide, which constitutes the
primary structure of a protein.

e The three-dimensional shape of a protein is critical for its biological
function.

2.9 Lipids

e Lipids are hydrophobic substances containing one or more rings or
chains of hydrocarbons. Fatty acids, the building blocks of most lipids,
are saturated or unsaturated, depending on the absence or presence,
respectively, of double covalent bonds in their hydrocarbon chains.

e Triglycerides are important for energy storage.

e Phospholipids are the basic components of biological membranes.

e Sterols include cholesterol and sex hormones.

2.10 Nucleotides and Nucleic Acids

e Each nucleotide consists of a five-carbon sugar, one of five nitrog-
enous bases (adenine, cytosine, guanine, thymine, or uracil), and a
phosphate group.

e Nucleotides are the building blocks of the nucleic acids DNA and
RNA. DNA polymers, made up of four types of nucleotides, form the
blueprint for life and govern the anatomical features and chemical
reactions of a living organism.

e ATP is an energy-rich molecule that delivers energy for a great variety
of cellular processes.
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Key Terms

acid (p. 40)

amino acid (p. 46)

atom (p. 30)

atomic mass number (p. 31)
atomic number (p. 31)

ATP (adenosine triphosphate) (p. 54)
base (p. 40)

biomolecule (p. 30)

buffer (p. 41)

carbohydrate (p. 43)
cellulose (p. 44)

chemical bond (p. 33)
chemical compound (p. 33)
chemical formula (p. 33)
chemical reaction (p. 39)
cohesion (p. 39)

covalent bond (p. 33)
dehydration reaction (p. 44)
denaturation (p. 47)
disaccharide (p. 44)

DNA (p. 53)

electron (p. 30)

electron shell (p. 31)
element (p. 30)

enzyme (p. 46)

evaporation (p. 38)

fatty acid (p. 49)

Self-Quiz

1. The neutral atoms of a single element
a. all have the same number of electrons.

functional group (p. 43)
glucose (p. 43)

glycogen (p. 44)
hormone (p. 52)
hydrogen bond (p. 36)
hydrolytic reaction (p. 44)
hydrophilic (p. 37)
hydrophobic (p. 37)

ion (p. 33)

ionic bond (p. 33)
isotope (p. 32)

lipid (p. 49)
macromolecule (p. 42)
matter (p. 30)

molecule (p. 33)
monomer (p. 42)
monosaccharide (p. 43)
neutron (p. 30)
nitrogenous base (p. 53)
nonpolar molecule (p. 37)
nucleic acid (p. 53)
nucleotide (p. 53)
nucleus (p. 30)

organic molecule (p. 42)
peptide bond (p. 46)

pH scale (p. 41)
phosphate group (p. 53)

b. can form linkages only with other atoms of the same element.

c. can have different numbers of electrons.
d. can never be part of a chemical compound.

2. Two atoms can form a covalent bond by
a. sharing protons.
b. swapping nuclei.
c. sharing electrons.

d. sticking together because they have opposite electrical charges.

3. Which of the following statements about molecules is true?
a. Asingle molecule cannot have atoms from two different elements.
b. Atoms in a molecule are linked only via ionic bonds.
c. Molecules are found only in living organisms.

d. Molecules can contain as few as two atoms.

4. Which of the following statements about ionic bonds is 7ot true?

a. They cannot exist without water molecules.
b. They are not the same as hydrogen bonds.

c. They involve electrical attraction between atoms with opposite charge.
d. They are known to exist in crystals of table salt, NaCl.

5. Hydrogen bonds are especially important for living organisms because

a. they occur only inside of organisms.

b. they are stronger than covalent bonds and maintain the physical

stability of molecules.
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. An alpha helix is an example of’

phospholipid (p. 50)
phospholipid bilayer (p. 50)
plasma membrane (p. 50)
polar molecule (p. 36)
polymer (p. 42)
polypeptide (p. 46)
polysaccharide (p. 44)
primary structure (p. 46)
product (p. 39)

protein (p. 45)

proton (p. 30)

quaternary structure (p. 47)
radioisotope (p. 32)
reactant (p. 39)

RNA (p. 53)

sale (p. 33)

saturated fatty acid (p. 49)
secondary structure (p. 46)
solute (p. 37)

solution (p. 37)

solvent (p. 37)

starch (p. 44)

sterol (p. 52)

surface tension (p. 39)
tertiary structure (p. 47)
triglyceride (p. 50)
unsaturated fatty acid (p. 50)

c. they enable polar molecules to dissolve in water, which is the univer-

sal medium for life processes.
d. once formed, they never break.

. Glucose is an important example of a

a. protein.
b. carbohydrate.
c. lipid.

d. nucleic acid.

. Peptide bonds in proteins

a. connect amino acids to sugar monomers.

b. bind phosphate groups to adenine.

c. connect amino acids together.

d. connect nitrogenous bases to ribose monomers.

protein structure.
a. primary

b. secondary

c. tertiary

d. quaternary

. Sterols are classified as

sugars.
amino acids.
nucleotides.

lipids.
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10. Unlike saturated fatty acids, unsaturated fatty acids
a. aresolid at room temperature.
b. pack more tightly because they have straight chains.
c. have one or more double bonds in their hydrocarbon chain.
d. have the full complement (maximum number) of hydrogen atoms
covalently bonded to each carbon atom in the hydrocarbon chain.

11. Which of the following statements about the nature of matter is not
true?
a. Anything that is matter must occupy space.
b. Anything that is matter must have mass.
c. About 92 different elements and 20 types of matter occur natu-
rally in our universe.
d. The smallest unit of matter that has all the properties of a par-
ticular element is the atom.

12. Lactase is a protein whose function is to break apart a milk sugar
called lactose. RNA polymerase is a protein whose function is to join
nucleotides together to create RNA molecules. The structure and
function of these two proteins are different most likely because

a. there are different amounts of monosaccharides in the backbone
of the two proteins.

Analysis and Application

1. What is a monomer, and what is its relationship to a polymer? Should
lipids be regarded as polymers? Why or why not?

2. A sample of pure water contains no added acids or bases. Predict the
pH of the water and explain your reasoning.

3. What are hydrogen bonds? Explain how the polarity of water mol-
ecules contributes to their tendency to form hydrogen bonds.

4. Describe the chemical properties of carbon atoms that make them
especially suitable for forming so many different molecules of life.

5. Describe one function that is relevant to biological processes for each of
the following compounds: carbohydrates, nucleic acids, proteins, lipids.

6. Take a look at the photo of the hamburger on page 56. Identify one
macromolecule that is especially abundant in each of the main ingre-
dients of the hamburger. Name the building blocks that each macro-
molecule is composed of, and name at least one important function it
performs in the human body.

7. The photo below shows a lone boulder in Joshua Tree National Park.
In what way is the chemistry of your body different from the chemis-
try of this rock? Name two elements that are abundant in your body
but scarce in the rock. Name a small organic molecule that contains
both of these elements. What type of polymer, if any, can be formed
by this organic molecule?

b. the two proteins differ in their sensitivity to pH.
c. one protein is more abundant in the cytoplasm than the other.
d. the two proteins differ in their amino acid sequence.

13. Hydrogen cyanide (HCN), which has the structure
H—C=N,
a. isan organic molecule.
b. isasalt.
c. contains a carbon atom that shares all the electrons in its outer-
most electron shell with one atom of nitrogen.
d. contains a carbon atom that shares two pairs of electrons with a
hydrogen atom.

14. The water molecule (H,O)

a. isnonpolar.

b. can form a network around both negatively charged ions and
positively charged ions.

c. can form hydrogen bonds with hydrophobic as well as hydrophil-
ic chemicals.

d. has symmetrical sharing of electrons between the oxygen atom and
each of the two hydrogen atoms.

8. Name the solvent, and some of the solutes, we might find in a cup of
sweetened black coffee topped with whipped cream. Which of these
substances are hydrophilic? Which are hydrophobic?

9. The photo shows an Inuit fisherman with Arctic char that he has
pulled from his ice-fishing hole. Explain how fish can thrive under the
ice covering this lake. Why has the lake not frozen solid from the bot-
tom up? Compare the arrangement of water molecules in the lake ice
and the liquid water below it.
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Of the hundreds of trillions of cells in your body, only a
fraction are actually you. The rest are mostly bacteria
inhabiting different parts of your body. Although most of
these fellow travelers are an important part of who we
are, not all of them are benign or helpful. Parasites, which
grow and multiply at our expense, include not
only animals such as worms, but also disease-
causing microbes. Our bodies have defensive
immune cells that attack these invaders, but
some parasitic microbes actually hide inside
our cells and take over their internal machinery.

Consider Listeria monocytogenes, a
bacterium that can lurk in raw milk, meat, and fish.
In the United States, this bacterium causes nearly

2,000 cases of severe food poisoning each year, kill-
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Cellular Organization

(a) A prokaryotic cell Pili
™ The nucleus

. is absent in
prokaryotes.

DNA
(nucleoid)
Cytosol Plasma
Prokaryotic membrane

flagellum Ribosomes Capsule  Cell wall

(b) Eukaryotic cells

Nucleus /
DNA

Nucleolus
Lysosome //
Rough endoplasmic
m reticulum
(rough ER)
Ribosome
/ Smooth
/ endoplasmic
reticulum
(smooth ER)
Golgi

/ apparatus

/ Cytosol
. Vesicle

Vacuole

_ — Mitochondrion

Cytoskeleton

Chloroplast Plasma membrane

Plant cells are distinguished from animal cells
Plasmodesmata by the presence of chloroplasts, one or more
vacuoles, and an extracellular cell wall.

Cell wall
FIGURE 3.8 Prokaryotic and Eukaryotic Cells Compared
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How Microfilaments Enable Cell Crawling

Direction of
movement

Disorganized

actin monomers
and short
filaments

Microfilaments

Pseudopodia

FIGURE 3.19 Microfilaments Drive Some Types of
Whole-Cell Movement

At the leading edge, microfilaments lengthen in

parallel arrays, pushing the plasma membrane out to

form the pseudopodia (literally, “false feet”; singular
“pseudopodium”). At the same time, microfilaments at the
trailing end disassemble altogether. The plasma membrane
at the trailing end detaches from the solid surface, while
motor proteins generate forces that pull the rear of the cell
forward.

enables cancer cells to invade other tissues and even

spread through the body.

Cilia and flagella enable
whole-cell movement

Many protists and animals have cells covered in a
large number of hairlike projections, called cilia (sin-
gular “cilium”), that can be moved back and forth, like
the oars of a rowboat, to move the whole cell through
aliquid or to move a liquid over the cell surface. Inside

each cilium is a flexible cytoskeletal apparatus created
by bundles of microtubules. This apparatus consists
of nine pairs (“doublets”) of microtubules arranged in
aring around a central pair. Motor proteins interlink-
ing the microtubules use the energy of ATP to flex the
microtubules against each other, causing the whole
cilium to bend.

Many aquatic protists, like the Paramecium shown
in Figure 3.1b, use cilia to move about in the waters
they inhabit. Other cells, such as those that line our
respiratory passages, use cilia to move an overlying
fluid layer (FIGURE 3.20a). The cilia propel unwanted
material, caught in a layer of mucus, out of the lungs
and into the throat for elimination by coughing or
swallowing.

Many bacteria, archaeans, and protists, as well as
the sperm cells of some plants and all animals, can
propel themselves through a fluid using one or more
whiplike structures called flagella (fluh-jELL-uh;
singular “flagellum”). Eukaryotic flagella are lashed
about in a pattern that resembles the movement of
a circus ringmaster’s whip (FIGURE 3.20b). They are
much longer than cilia, but the internal structure of
the two is very similar, and both are covered by a lipid
bilayer that is an extension of the plasma membrane.
Prokaryotic flagella, however, lack a membrane
covering, have a very different internal structure, and

Concept Check

1. List three important functions performed by the
cytoskeleton.

2. Compare eukaryotic cilia and flagella.
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BIOLOGY IN THE NEWS

New Technology

with Serious Mitochondrial Diseases

CBS NEW YORK e March 29, 2013

New technology could bring babies into
the world with three biological parents.
The procedure is close to being legalized
in the United Kingdom, and is aimed at
preventing a genetic disorder.

But some people argue that more
attention needs to be paid to the ethics
behind the process.

Doctors at Pacific Fertility Center
recently told CBS 2 Kristine Johnson that
they are now able to use technology to
screen and select embryos that are free of
genetic diseases.

“The goal is always the same: iden-
tify embryos that are unaffected, and
are going to produce normal children
and only transfer those back,” explained
Dr. Rusty Herbert.

Now, in Britain, technology is about
to take a huge leap, and create babies
using the DNA from three different
people in an effort to prevent mitochon-
drial disorders.

Mitochondria [are] the main power
generator|s] inside of human cells. If [they
are] defective, mothers could pass on dev-
astating diseases to their children.

A three-person biological baby involves
two fertilized eggs.

An egg is taken from a woman with
mitochondrial problem and a sperm is
taken from the father. A second egg is
taken from another woman with healthy
mitochondria.

DNA from the donor egg is replaced
with DNA from the first egg, which is then
implanted in the first woman. The baby is
born with less than 1 percent of the DNA
from the donor mother.

Not everyone is thrilled about the new
advance.

“People have characterized this as
sliding down a slippery slope. This one
actually throws us off a cliff,” said Marcy
Darnovsky, a spokesperson for the Center
for Genetics and Society.

Can Make It So 1 Baby Has 3 Parents:
And Prevent That Child from Being Born

Darnovsky claims that the technology
violates international treaties and opens
the door to a new world of genetically
enhanced “super babies.”

“We may find ourselves in that kind of
world before we know it and I think most
us don’t want to be there,” she said.

However, others say “regulate,” don’t
deny.

“For a disease situation, for mito-
chondrial disease, this should be strongly
explored,” Dr. Herbert said.

The technology has received support
from the British public, according to pub-
lished reports, but lawmakers have yet to
make a decision on whether doctors can
move forward.

The average human cell contains hundreds of mitochondria. If a few were
abnormal, we'd hardly know. But roughly one in 4,000 babies in the United
States is born with a large proportion of unhealthy mitochondria. The symp-
toms of mitochondrial disease range from relatively mild muscle weakness
to hearing and vision loss and severe muscle and nerve impairment.

Some patients have mistakes in one of the nearly 3,000 nuclear
genes that code for mitochondrial proteins. In about 15 percent of those
afflicted with mitochondrial disease, the error lies in the mitochondrial
DNA, not the nuclear DNA. Mitochondria, as you learned in this chapter,
have their own DNA and make many copies of themselves. Mitochon-
drial DNA carries information for 37 proteins crucial for the normal func-
tion, especially the copying, of this organelle.

Although the DNA in your nucleus is a half-and-half blend of genetic
information from your mother and father, all of your mitochondria are
descended from those that were in the egg cell that became you. That is,
children inherit their mitochondria from their mothers. A woman with de-
fective mitochondrial DNA faces the agony that any children she bears
will almost certainly inherit her disease.

If Parliament approves, the United Kingdom is likely to see the first
attempts to make test-tube babies using mitochondrial replacement.

Women with defective mitochondrial DNA could bear healthy babies if
nuclear DNA from their eggs could be transplanted into “empty” eggs
that have healthy mitochondria. In experiments with lab animals, the tech-
nique has successfully produced babies with cytoplasm of one individual
and nuclear information from two other individuals, the male and female
parents. Scientists at Oregon Health & Science University have used the
technology to make human embryos with three parents, although these
cannot be implanted into a would-be mother until new legislation is passed
to allow this type of therapy.

Evaluating the News

1. The mitochondrial disorders Alpers’ disease and Leigh's disease
are caused by errors in nuclear DNA and mitochondrial DNA, respec-
tively. Can mitochondrial replacement therapy be used to prevent one or
both of these diseases in children born to an affected mother? Explain.

2. As noted in the article, some people are opposed to this technol-
ogy, believing it to be an attempt to “create super babies.” What is your
stance on this issue? Give reasons. What is the best way for societies to
resolve differences in opinion on such matters? Should those who weigh
in be expected to understand the scientific bases of these techniques?






Self-Quiz

1.

In contrast to the average prokaryotic cells, eukaryotic cells
a. have no nucleus.
b. have many different types of internal
compartments.
c. have ribosomes in their plasma membranes.
d. lack a plasma membrane.

Which of the following would be found in a plasma

membrane?
a. proteins
b. DNA

c. mitochondria
d. endoplasmic reticulum

Which of the following organelles has ribosomes attached to it?
a. Golgi apparatus

b. smooth endoplasmic reticulum

c. rough endoplasmic reticulum

d. microtubule

Which organelle captures energy from sunlight?
c. Golgi apparatus
d. chloroplast

a. mitochondrion
b. cell nucleus

Which organelle uses oxygen to extract energy from sugars?
a. chloroplast
b. mitochondrion

c. nucleus
d. plasma membrane

Analysis and Application

. What features are common to all cells, and what is the function of each?

Describe the major components of the plasma membrane, and ex-
plain why we say that the membrane has a fluid mosaic nature.

Compare mitochondria and chloroplasts in terms of their occurrence (in
what types of cells, in what types of organisms), structure, and function.

Living cells in your skin make a protein called elastin and secrete

it into the extracellular matrix (ECM). The protein contributes to
the elasticity, or springiness, of skin. Is elastin manufactured by
the smooth ER or the rough ER? Describe the journey of an elastin
molecule from the ER to the outside of the cell, mentioning all the
organelles it passes through.

What are the possible adaptive benefits of multicellularity?

List the advantages of membrane-enclosed internal compartments.

6. Which organelle contains both thylakoids and cristae?
a. chloroplast c. nucleus
b. mitochondrion d. none of the above

7. The internal system of protein cables and cylinders that makes
whole-cell movement possible is called the

a. endoplasmic reticulum. c. lysosomal system.

b. cytoskeleton.

8. Which of the following is not part of the cytoskeleton?
a. pseudopodium c. microtubule
b. intermediate filament d. microfilament

d. mitochondrial matrix.

9. How is a prokaryotic flagellum different from a eukaryotic flagellum?

a. Itmoves in a whiplike manner.

b. Itis not covered by plasma membrane.
c. Itevolved from eukaryotic flagella.

d. Itis composed of many cilia.

10. Which of the following organelles are thought to have arisen from

primitive prokaryotes?

a. endoplasmic reticulum and nucleus
b. Golgi apparatus and lysosomes

c. chloroplasts and mitochondria

d. vacuoles and transport vesicles

8. Complete the table below by listing the main functions of the cellular
structures specified. In the column on the right, state whether the or-

ganelle is found in most prokaryotic, eukaryotic, plant, or animal cells.

The image at the right Mitochondrion
1s a transmission \

electron micrograph of
a plant cell. Label the

e

following structures

on this image: cell

wall, nucleus, vacuole,
chloroplast. Explain
the main function(s) of
each structure.

Plasma

\ membrane

Nucleolus

Golgi
/ apparatus

FOUND IN:
PROKARYOTES?
CELLULAR MAIN EUKARYOTES?
STRUCTURE FUNCTION(S) PLANTS? ANIMALS?
Plasma
membrane
Cytoplasm
Nucleus
Ribosome

Endoplasmic
reticulum

Golgi apparatus
Lysosome
Mitochondrion
Chloroplast
Cytoskeleton
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In diffusion, substances move
passively down a concentration
gradient

What drives the transport of any substance from one
point to another? Two general rules can help us un-
derstand the movement of substances anywhere in
our universe.

1. Passive transport is the spontaneous movement
of a substance and can take place without any
input of energy.

2. Active transport is the movement of a substance
in response to an input of energy.

Passive and active transport are often described us-
ing the physical example of a ball moving down or
up a hill, in which the ball represents a chemical
substance (FIGURE 4.3). The ball rolls downhill on
its own (passive transport), but it cannot roll uphill
unless it is actively pushed, which requires energy
(active transport).

Diffusion is the passive transport of a substance
from a region where it is more concentrated to a
region where it is less concentrated. A difference

THE PLASMA MEMBRANE AS GATE AND GATEKEEPER

87






ones. The rate, or speed, of diffusion increases with in-
creasing temperature because any substance has more
energy, and therefore moves faster, at warm tempera-
tures than at cooler temperatures. The food coloring in
the drink mix will diffuse into warm water faster than
it will diffuse into cold water, for example. The steeper
the concentration gradient between two points—that
is, the greater the difference in concentration between
those two points—the faster the substance diffuses.

You will see throughout this chapter that the
same passive process, diffusion, plays a key role in the
transfer of some molecules, such as water, oxygen,
and carbon dioxide, into and out of cells. However,
the larger molecules that the cell needs are present
in fairly low concentrations in a cell’s surroundings,
but are found at relatively high concentrations within
the cell. The continued uptake of these substances re-
quires energy—that is, active transport—because they
must be brought in against a concentration gradient.
Without active transport, or the energy to fuel it, no
organism would survive very long.

Some small molecules can diffuse
through the phospholipid bilayer

Materials that readily cross a phospholipid bilayer on
their own do so through simple diffusion. Simple
diffusion is the passive movement of a substance
across a membrane without the assistance of any mem-
brane components. Oxygen and carbon dioxide en-
ter and leave cells by simple diffusion. These small,
uncharged molecules slip through the hydrophobic
phospholipid bilayer without hindrance.

Most hydrophobic molecules, even fairly large
ones, can pass through cell membranes because they
mix readily in the hydrophobic core of the phospho-
lipid bilayer. Many early pesticides, such as DDT, were
effective in killing insects precisely because they could
easily get into cells this way. Unfortunately, DDT ac-
cumulates in animal fat for the same reason, and it is
toxic to more than just insects.

Although some small substances can slip through,
the phospholipid bilayer is generally an effective bar-
rier to large molecules and ions. Sugars, amino acids,
and nucleotides are examples of molecules that are
too big to cross a membrane via simple diffusion.
Substances with electrical charge—such as sodium
and potassium ions—are hydrophilic and are therefore
repelled by the hydrophobic interior of the phospho-
lipid bilayer. These substances cannot cross a biologi-
cal membrane without the help of transport proteins.

FIGURE 4.4 Diffusion Is a Passive Process

Diffusion is the spontaneous movement of a substance (such as the food coloring in a
drink mix) from a region of high concentration to a region of low concentration without

an input of energy. Equilibrium is reached when the substance becomes uniformly

distributed.

OSMOSIS
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Osmosis in the Kitchen and Garden

A hypertonic environment spells doom for any
metabolically active cell. Water is lost and the
cell shrinks if the concentration of solutes on
the outside exceeds the total solute concentra-
tion inside the cell. In walled cells, such as those
of plants and fungi, the osmotic loss of water
is known as plasmolysis (plaz-mMaH-luh-sus).
The cytoplasmic volume is drastically lowered
as water leaves the cell, and the plasma mem-
brane pulls away from the cell wall (see Figure
4.1). The crowding of the cytosolic components
into a concentrated mass is often fatal. Pro-
teins lose their vital three-dimensional shapes,
macromolecular components clump together,
and organelles are destroyed as the cytoplasm
dehydrates.

For many millennia, and in many different
cultures, cooks have intentionally created hy-
pertonic environments to preserve food. Meat
can be preserved by drying and salting. The
salt hastens the drying by drawing out the wa-
ter through osmosis. Salt also discourages the
growth of bacteria and fungi: most bacterial
cells or fungal strands that begin to grow on
the salty surface will quickly wither from plas-
molysis. Plasmolysis is also the culinary secret
to producing many pickles, preserves, chutneys,

Helpful
to Know

The term “net movement”
refers to the fact that mol-
ecules are always moving

the plasma membrane, like a small child weaving
among the adults in a crowded room. But when a
large inflow of water is needed, cells can activate

jams, and jellies. The sugar concentration is so
high in most jams and jellies that fungal and
bacterial cells suffer osmotic water loss and
death from dehydration in the hypertonic en-
vironment. The acidity of the vinegar used in
many pickles adds to the inhospitable environ-
ment for microorganisms.

Many bacteria and fungi produce thick-
walled dormant structures called spores. The
sprouting and growth of spores are prevented
in a hypertonic environment, but the spores
themselves can be extremely resistant and may
survive if sterilization by boiling and steaming
is inadequate. Spores of the deadly bacterium
Clostridium botulinum can survive hypertonic
conditions in a food such as pure honey, which
can be safely stored at room temperature.
These spores can start growing if the external
solute concentration drops. Infants are espe-
cially susceptible to this bacterium, which is
why experts say honey should not be given to
children younger than 1 year.

High concentrations of fertilizer can kill a
plant through irreversible plasmolysis. Plant
food—or fertilizer, to use the more accurate
term—is usually sold as a concentrated powder
or liquid that must be sufficiently diluted before

solutes.

it is applied to plant roots or foliage. Plants suf-
fering from “fertilizer burn” have a wilted look
because the hypertonic environment removes
water from the plant by osmosis. Plants that
grow in brackish water—sea grasses and man-
grove trees, for example—cope with the salti-
ness by increasing the solute concentration
of their cytosol. The road salt used for deicing
pavement in winter is usually not concentrated
enough to plasmolyze plant roots, but upon
washing into lakes and ponds it can damage
the delicately balanced osmotic equilibrium of
aquatic species, especially wall-less protists
and the eggs and larvae of animals.

that is permeable to water molecules but not to most

Pond-dwelling protists such as Paramecium take up

special tunnel-like protein complexes, called
aquaporins, that allow rapid uptake of water.

Osmosis is the diffusion of water across

a selectively permeable membrane. Because

it is a type of diffusion, a passive process,

no energy is expended when water enters or

leaves a cell by osmosis. As in any type of dif-

fusion, a concentration difference drives the

net movement: water molecules tend to move

from a region where they are more abundant

to a region where they are less abundant. But

osmosis is a special case of diffusion: it describes

the net movement of water across a membrane

in all directions because of
random motion. Where a gra-
dient exists, more molecules
move in one direction than in
the other. For example, if 4,000
molecules are moving down a
gradient, perhaps 500 mole-
cules are moving in the oppo-
site direction just by chance.
The difference between
the two, 4,000 — 500 =
3,500 molecules, is the

net movement.

water by osmosis because the concentration of water
molecules is higher in pond water than it is inside the
cell. The cytosol is about 70 percent water, and teeming
with solute particles: many, many millions of ions and
small organic molecules, such as sugars and amino ac-
ids, and many millions of larger macromolecules, such
as proteins and nucleic acids. The cytosol therefore has
a much higher concentration of solute particles than
pond water has, which means a proportionately lower
concentration of water molecules. The difference in
concentration of water molecules is what drives the net
flow of water molecules from the pond water into the
Paramecium (FIGURE 4.5).
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The sodium-potassium pump is one of the most impor-
tant active carrier proteins in our cells. It is present in
the plasma membrane of virtually all the cells in our
bodies, and it is so vital that most animal cells would
die quickly if the sodium-potassium pump stopped
working. The sodium-potassium pump creates and
maintains the large, but opposite, concentration gradi-
ents of sodium and potassium ions across the plasma
membrane in most animal cells. Blood and other body
fluids have high concentrations of sodium ions (Na™)
but low concentrations of potassium ions (K"). Within
our cells, the situation is reversed: Na™ is scarce in the
cytoplasm but K* is plentiful. The sodium-potassium
pump maintains these concentration differences by ex-
porting sodium ions from the cell while importing po-
tassium ions. It picks up Na™ ions from the cytoplasm
and moves them “uphill” to the outside of the cell, us-
ing energy from the breakdown of ATP.

FIGURE 4.9 Active Carrier Proteins Move Substances
against a Gradient

Active carrier proteins use energy to move materials from
regions of low concentration to regions of high concentration.
When food arrives, proton pumps secrete hydrogen ions (H)
into your stomach. Because the cells lining the stomach have
alower concentration of H than the stomach cavity has,
these cells must use energy to secrete protons against the
concentration gradient.
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Cellular Connections

(a) Animal cells: cell junctions

Tight junctions prevent
substances from leaking
between cells.

Anchoring junctions brace

cells by binding them to
/ each other.

Gap junctions allow ions

__——— and small molecules to
pass quickly between cells.

Plasma
7 membranes of

adjacent cells

———— Extracellular
matrix

(b) Plant cells: plasmodesmata

Concept Check
Answers
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Walls of two adjacent
plant cells

/ Vacuole

Plasmodesmata allow ions,
water, and small proteins to
pass quickly between cells.

FIGURE 4.13 Cells in Multicellular Organisms Are
Interconnected in Various Ways

(a) Many animal cells are joined by different types of junctions.

(b) Plant cells are interconnected by plasmodesmata.

which are found on the surface of the body, in
most organs, and in the lining of body cavities.
The reason urine does not leak from the blad-
der into other body tissues is that tight junc-
tions in the epithelial cells lining the bladder
block its passage to the other side.

m Gap junctions are the most widespread type of
cellular connection in animals. Gap junctions are
direct cytoplasmic connections between two cells.
They consist of protein-lined tunnels that span

FIGURE 4.14 Cells Held Together by Tight Junctions
Form Leak-Proof Sheets

Tight junction proteins (stained red using a technique called
immunolocalization) are located all along the surface of
these pig kidney cells. Nuclei are stained blue. Cells like
these line the millions of tubules in our kidneys that form and
concentrate urine.

the small intercellular space separating adjacent
cells. Gap junctions allow the rapid and direct
passage of ions and small molecules, including
signaling molecules. Electrical signals can be
transmitted extremely quickly through gap junc-
tions, and this speed is critical for such activities
as the coordinated contraction of heart muscle
and the communication between brain cells that
enables us to think or feel emotions.

Recall that plant cells, unlike animal cells, are en-
closed in a polysaccharide cell wall that surrounds
their plasma membrane. Plants use communica-
tion channels called plasmodesmata (plaz-moh-
peEz-muh-tuh; singular “plasmodesma”) that are
functionally similar to the gap junctions of animals.
Plasmodesmata are tunnels that breach the cell walls
between two cells and connect their cytoplasms (FIG-
URE 4.13b). They are lined by the merged plasma
membranes of the two cells and provide a pathway
for the direct and rapid flow of ions, water, and mol-
ecules such as small proteins.

Concept Check

1. What is the main function of tight junctions?

2. How are the gap junctions of animal cells similar to the
plasmodesmata found in plant cells?
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CHAPTER REVIEW

Summary

41 The Plasma Membrane as Gate and

Gatekeeper

4.4 Exocytosis and Endocytosis

e Cells export materials by exocytosis and import materials by

e The plasma membrane is a selectively permeable phospholipid bilayer

with embedded proteins.

endocytosis.

e In receptor-mediated endocytosis, receptor proteins in the plasma mem-

e In passive transport, cells carry substances across the plasma mem-
brane without the direct expenditure of energy. Active transport by

cells requires an energy input.

e Diffusion is the passive transport of a substance from a region
where it is at a higher concentration to a region where it is at a lower

concentration.

4.2 Osmosis

brane recognize and bind the substance to be brought into the cell.

4.5 Cellular Connections

e Cell junctions hold cell communities together.

e Three types of cellular junctions connect neighboring animal cells.

e Osmosis is the diffusion of water across a selectively permeable mem-

brane. When placed in a hypotonic solution, a cell gains water. In a

hypertonic solution, water moves out of cells. In an isotonic solution,

there is no net uptake of water by the cell.
e Cells can actively balance their water content by osmoregulation.

4.3 Facilitated Membrane Transport

Anchoring junctions attach adjacent cells and make them resistant to
breaking forces. Tight junctions bind cells together to form leak-proof
sheets. Gap junctions are cytoplasmic tunnels that allow the passage
of small molecules.

Plasmodesmata are cytoplasmic tunnels that connect neighboring
plant cells.

4.6 Cell Signaling

e Cell signaling requires signaling molecules, the receptor proteins

e Hydrophilic substances and larger molecules cannot cross the plasma

membrane without the assistance of membrane-spanning transport

proteins. Channel proteins move substances passively; carrier proteins

moves substances either passively or actively.

e Passive carrier proteins facilitate the passive transport of molecules

and ions down a concentration gradient.

e Active carrier proteins move substances into or out of the cell against

a concentration gradient and require an input of energy (from an

energy source such as ATP) to do so.

Key Terms

active carrier protein (p. 94)
active transport (p. 87)
anchoring junction (p. 97)
carrier protein (p. 94)

cell junction (p. 97)
channel protein (p. 92)
concentration gradient (p. 88)
diffusion (p. 87)
endocytosis (p. 96)
exocytosis (p. 95)
facilitated diffusion (p. 92)

facilitated transport (p. 92)
gap junction (p. 98)
hormone (p. 99)
hypertonic solution (p. 92)
hypotonic solution (p. 91)
isotonic solution (p. 92)
osmoregulation (p. 92)
osmosis (p. 90)

passive carrier protein (p. 94)
passive transport (p. 87)
phagocytosis (p. 97)

the signals bind to, and the target cells that the receptor protein are
located in.

Hydrophilic signaling molecules cannot enter a cell; they bind to
receptor proteins located in the plasma membrane. The binding trig-
gers signal transduction pathways that relay the message within the
cytoplasm.

Hydrophobic signaling molecules can pass through the plasma mem-
brane; they bind to preceptor proteins located in the cytoplasm.
Hormones are long-distance signaling molecules that are broadly

distributed in the body.

pinocytosis (p. 96)

plasmodesma (p. 98)

receptor (p. 96)

receptor-mediated endocytosis (p. 96)
selective permeability (p. 86)

signal transduction pathway (p. 99)
signaling molecule (p. 99)

simple diffusion (p. 89)

target cell (p. 99)

tight junction (p. 97)

transport protein (p. 86)
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Self-Quiz

1.

Which of the following are not part of the plasma
membrane?

a. proteins

b. phospholipids

. receptors

d. genes

A direct input of energy is needed for
a. diffusion.

b. active transport.

C. Osmosis.

d. passive transport.

Which of the following can move across a plasma membrane through
simple diffusion?

a. oxygen gas (O,)

b. hydrogen ions (H")

c. aspartic acid, a charged amino acid

d. human growth hormone, a hydrophilic protein

Water would move out of a cell in
a. a hypotonic solution.
b. an isotonic solution.
c. ahypertonic solution.
d. none of the above

Channel proteins are different from carrier proteins in that they
a. are needed for simple diffusion but not for facilitated diffusion.
b. help in the transmembrane transport of water, but not of ions.
c. cannot transport substances actively.
d. cannot function without the direct input of energy in the form of
ATP.

Analysis and Application

1.

3.

Imagine that you release some scented air freshener in one corner of
a room. Is the spread of the scent molecules through the room an
example of diffusion? When equilibrium is reached, probably many
hours later, has diffusion ceased? Have the scent molecules stopped
moving about? Explain.

Paramecium is a wall-less, single-celled protist that lives in freshwa-
ter ponds. Are its natural surroundings hypertonic, hypotonic, or
isotonic with respect to the cell? What osmoregulatory problem does
this organism face in pond water, and how does it cope with that
problem?

A classmate has come down with strep throat caused by group A
Streptococcus bacteria. She has a fever and sore throat, and the pus on
her tonsils is a sign that her white blood cells are doing battle with the
invading bacteria (the pus contains the remains of white blood cells
that died after doing their share to destroy the invaders). Explain the
important role of cell membranes in the mechanism by which your
white blood cells destroy invading bacteria.

10.

Which of the following describes movement of material out of a cell?
a. pinocytosis

b. phagocytosis

c. endocytosis

d. exocytosis

Which of these cellular connections creates a leak-proof sheet of cells,
such as is found in the cells lining the urinary bladder?

a. anchoring junction

b. tightjunction

c. plasmodesma

d. gap junction

Animal cells can directly exchange water and other small molecules
through

a. gap junctions.

b. microfilaments.

c. anchoring junctions.

d. tightjunctions.

Cell signaling involves
a. receptor proteins.

b. signaling molecules.
c. target cells.

d. all of the above

A nerve signal (neurotransmitter)

must travel through the bloodstream to reach target cells.
acts on a target cell that is nearby.

must be long-lived.

must be hydrophobic in nature.

o Te

The epithelial cells lining your intestines encounter a great variety of
substances, many of which could produce ill effects if they were to
cross the epithelial layer to enter the bloodstream. How do cell junc-
tions in intestinal epithelial cells help keep potential toxins out of
your bloodstream?

. Figure 4.12 shows the structure of an LDL particle. An LDL particle

has a highly hydrophobic core that consists of cholesterol cova-
lently linked to fatty acids (“esterified”). The shell-like surface is
made up of phospholipids, unesterified cholesterol, and a single
large protein (apolipoprotein B). What is the role of LDL particles?
Which chemical component of the LDL particle is recognized by
the LDL receptor? Describe how LDL particles are internalized by
the many cells in the human body that import cholesterol.
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Energy, Metabolism,
and Enzymes

METABOLIC KICK. The kinetic energy of these
spectacular moves comes from the chemical energy
in the food the soccer players ate. It takes enzymes
to unleash that energy in a usable form.
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Kick-Start Your Metabolic Engine!

“Fourteen ways to boost your metabolism!” “Speed up your
metabolism and shed the pounds fast!l” “Feeling sluggish?
Tropical fruit revs up your internal engine.” You hear the
sales pitch in advertisements for energy drinks, diet foods,
and herbal supplements. At the checkout stand, every other
magazine seems to promise health and vitality. If only we
learn how to master our metabolism.

But what /s metabolism? It's a general term for all the
chemical reactions organisms use to capture, store, and
use energy. All living organisms need energy to build and
sustain every part of the body—from bones to
DNA. Growing, reproducing, fighting off patho-

Because of the genes they've inherited, some people do
have a faster metabolism, and others metabolize more
slowly than the average person. Body size and shape also
affect the rate at which we use energy. Generally speaking,
ataller, heavier person burns more calories at rest than does
a smaller, lighter person. Children have a higher metabolism
than adults, and metabolic rate declines as we get older.
People who are physically active tend to have a higher
metabolic rate: an athletic woman likely has a higher resting

metabolic rate than does a couch-potato man.

How does exercise affect metabolism? Can what you

eat affect your metabolic rate? How does caffeine affect
how many calories you burn through the day? Will eating
jalapeno peppers crank up the calorie burn?

gens, even lazing around—it all takes energy.
The liver and the brain are the biggest energy
spenders: of all the energy used by a human

body at rest, the liver accounts for 27 percent,
and the brain uses about 20 percent.

Your metabolic rate is a measure of how much energy
you're using. If you're sitting still and you are a young woman
of about 140 pounds, you're using as much energy per hour
as a 75-watt lightbulb. How much energy you spend when
you're at rest depends on a number of things, including your

genetics, age, height, weight, muscle mass, and gender.

Before we address these questions, let's explore why
cells need energy and how they use it to create organized
structures. In this chapter we will see that a living cell is
a highly organized, energy-dependent chemical factory
whose thousands of reactions proceed with the help of

enzymes.

Metabolism, the capture and use of energy, is vital for life. Enzymes, which speed up the many

chemical reactions within a cell, are also essential.

KEY CONCEPTS

e Living organisms obey the universal laws of
energy conversion and chemical change.

e The sun is the ultimate source of
energy for most living organisms.
Photosynthetic organisms capture energy
from the sun and use it to synthesize
sugars from carbon dioxide and water.
Most organisms can break down sugars to
release energy.

e Metabolism refers to the capture, storage,
and use of energy by a living cell. All the
chemical reactions that occur inside a cell
are part of that cell's metabolism.

e Metabolic pathways are sequences of
enzyme-controlled chemical reactions.

e Catabolic reactions break down
biomolecules to release energy, and
anabolic reactions use energy to build
(synthesize) biomolecules.

e Enzymes greatly increase the rate of
chemical reactions. Enzymes bind to
specific substrates and position these
reactants so that they interact more easily
to make products.

e The activity of enzymes is sensitive to
temperature, pH, and salt concentration.

e A metabolic pathway is a multistep
sequence of chemical reactions, with each
step catalyzed by a different enzyme.
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Food, Folks, and Metabolism

E
EXTRED UNNING

Dean Karnazes ran 350 miles without stop-
ping. His record-setting ultramarathon, last- .
ing 80 hours and 44 minutes, was fueled by i @ defined system. In the

an estimated 42,858 Calories. A Calorie
(same as a kilocalorie) is a measure of
the chemical energy in food molecules.
How is the way that Karnazes obtains

ALL LIVING CELLS REQUIRE ENERGY, which they
must obtain from the living or nonliving components
of their environment. Organisms use energy to manu-
facture the many chemical compounds that make up
living cells, and for growth, reproduction, and defense.
Thousands of different types of chemical reactions are
required to sustain life in even the simplest cell.

In this chapter we look first at energy basics: the
different kinds of energy, and the conversion of en-
ergy from one form to another. Next we examine the
role played by energy in the chemical reactions that
maintain living systems—that is, in the metabolism
of living things. Finally, we discuss the special prop-
erties of enzymes and explain how these remarkable
biomolecules speed up chemical reactions that would
otherwise be too slow to sustain life.

51/ The Role of Energy
in Living Systems

Any discussion about chemical pro-
cesses in cells is at heart a discus-
sion about the capture and use
of energy. Every atom, mol-
ecule, particle, or object in the
physical world possesses en-
ergy. We can define energy
as the capacity of any object

to do work. Work, in turn,
can be defined as the capac-
ity to bring about a change

context of energy, the word
“system” refers to any por-
tion of the universe we choose
to study. In speaking of energy

energy different from the way a
corn plant acquires energy?

in the living world, a system can be a biomolecule, an or-
ganelle, a single bacterial cell, a mat of algae in a pond, a
community of organisms in an oak-maple woodland ...
on up to the biosphere.

The energy of any system is an attribute of that
system—a physical quantity associated with that sys-
tem. Energy can be recognized and expressed in many
different ways, depending on which aspects of the
system we wish to describe.

There are different forms of energy

The many different forms of energy can be organized
into two broad categories: potential energy and kinetic
energy. Potential energy is the energy stored in any sys-
tem as a consequence of its position. A rock on a hill-
top, water in a dam, and Lady Gaga’s headgear—all have
potential energy, a capacity to do work. Their potential
energy is a consequence of their position relative to their
surroundings. For example, the potential energy of the
water in a dam is due to the force of gravity, and this type
of potential energy is known as gravitational energy.

Chemical energy is another form of potential en-
ergy; itis the energy stored in the bonds between atoms
and ions. The covalent bonds that hold the atoms in
a molecule, for example, store substantial amounts of
chemical energy. A spoonful of table sugar (sucrose)
harbors the chemical energy of many millions of car-
bon, hydrogen, and oxygen atoms linked via covalent
bonds. A pinch of table salt contains the chemical
energy of many millions of sodium and chloride ions
chained together through ionic bonds.

Kineticenergyis the energy thatasystem possesses
as a consequence of its state of motion. Consider
what happens when we use an electric blender to whip
strawberries and ice cream into a smoothie. Some of
the electrical energy, which is the energy associated with
the flow of electrons, is turned into the mechanical
energy of the whirling blades that whip up the ingre-
dients in the blender. Another form of kinetic energy,
light energy, is the energy associated with the wave-
like movement of packets of energy called photons.
Electrical energy, mechanical energy, and light energy
are all examples of kinetic energy.

Heat energy, also known as thermal energy, can be
considered a type of kinetic energy. All atoms and mol-
ecules move to some degree, either vibrating in place or
careening randomly from one point to another. When
these particles of matter collide with other particles, they
transfer some of their energy to their target, increasing
its speed. Heat energy is that portion of the total energy
of a particle that can flow from one particle to another.















or molecule that gains one or more hydrogen atoms
becomes “richer” in electrons, and is therefore reduced.

Redox reactions involving the gain or loss of oxy-
gen and hydrogen atoms are common in living cells.
Cellular respiration, the oxygen-dependent catabol-
ic reaction that your cells use to extract energy from
food is an example of a redox reaction:

C¢H,,06 + 60, —— 6CO, + 6 H,O + Energy
Glucose Oxygen gas  Carbon dioxide =~ Water ATP

Each of the six carbon atoms in glucose is oxidized as it
gains oxygen atoms and loses hydrogen atoms to be-
come carbon dioxide. Each oxygen atom in O, strips
two hydrogen atoms from glucose to become a mol-
ecule of water. The gain of hydrogen atoms by the oxy-
gen atom signifies that it has been reduced.

In dramatic contrast, consider the summary

equation for photosynthesis:

6 C02 + 6 Hzo + Energy E— C6H1206 + 6 02
Carbon Water Light Glucose Oxygen
dioxide gas

Photosynthesis is essentially the reverse of cellular res-
piration. In this anabolic pathway, carbon dioxide is

reduced as it gains electrons and hydrogen atoms to be
transformed into glucose. Water molecules lose elec-
trons and hydrogen atoms, and are therefore oxidized
to molecular oxygen (O,).

Chemical reactions are governed
by the laws of thermodynamics

How does the cell control such a powerful event as
the oxidation of a glucose molecule and break it down

Oxidation and Reduction

Oxidation: Compound
A'is oxidized, having
lost electrons.

Oxidized

=
Reduction: Compound -
B is reduced, having =

gained electrons. Reduced

Lady Liberty is
clad in oxidized
copper, which is
green.
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m Extremes of pH—high acidity or high alkalinity—
also disrupt the function of most enzymes, often
by altering the chemistry of the active site.

m Some enzymes need particular ions or small
molecules—known as cofactors—to reach highest
activity. For example, carbonic anhydrase, an im-
portant enzyme for maintaining blood pH, needs
zinc ions as cofactors.

= Some enzymes need a particular salt concentra-
tion for optimal activity, and work poorly at
higher or lower salt concentrations. At very high
salt concentrations, the three-dimensional struc-
ture of proteins is destroyed. The denaturing
effect of salt is put to work in the manufacture
of some cheese and tofu products: sea salt or cal-
cium salts are used to curdle soy-milk proteins
in making tofu, for example.

The shape of an enzyme
determines its function

The binding of an enzyme to its particular substrate
depends on a match between the three-dimensional
shapes of both the substrate and the enzyme molecules.
In the same way that a lock accepts only a key with just
the right shape, each enzyme has an active site that
fits only substrates with the correct three-dimensional
shape and chemical characteristics (FIGURE 5.7).
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The shape of an active site is somewhat flexible,
and a substrate can tweak it to create an even better
fit between it and the enzyme. According to the in-
duced fit model of substrate-enzyme interaction, as
a substrate enters the active site the parts of the en-
zyme shift about slightly to enable the active site to
mold itself around the substrate. This is similar to
the way a limp glove (enzyme) takes on the shape of
your hand (substrate) as you put it on. The ability of
a substrate to induce a tighter and more accurate fit
for itself in the active site of an enzyme stabilizes the
interaction between the two and enables catalysis to
proceed.

Carbonic anhydrase is a vital blood enzyme that
speeds up the removal of carbon dioxide from our
tissues. It accelerates the reaction of water and car-
bon dioxide by a factor of nearly 10 million. In fact,
a single carbonic anhydrase molecule can process
more than 10,000 molecules of carbon dioxide in
just one second. Without it, carbon dioxide would
react with water so slowly that little of it would dis-
solve in the blood, and we would not be able to rid
our bodies of carbon dioxide fast enough to survive.
Carbonic anhydrase binds both carbon dioxide and
water in its active site. By bringing these two sub-
strates together in exactly the right positions, the
active site of carbonic anhydrase promotes the reac-
tion (FIGURE 5.8). Continual and rapid transfer of
carbon dioxide from cells into the blood is a vital
function made possible by the catalytic action of
carbonic anhydrase.

Enzymes increase reaction rates
by lowering the energy barrier

What does it take for atoms or molecules to react with
each other? The reactants must bump into each other
often enough, fast enough, and in the correct orienta-
tion to allow their chemical bonds to be rearranged.
This set of conditions constitutes an energy “hump,” or
energy barrier, that must be overcome before the atoms
or molecules can react. The minimum energy input
that enables atoms and molecules to react is called the
activation energy. A chemical reaction is fast if a large
fraction of the potential reactants is above the activa-
tion energy threshold.

Heat is one type of energy that can push reactants
over the energy barrier. Atoms and molecules move
faster at higher temperatures, so raising the tempera-
ture causes more of them to collide forcefully enough
to react. The reason a safety match does not ignite


















CHAPTER REVIEW

Summary

51 The Role of Energy in Living Systems

Energy is the capacity to do work. Work is the capacity to bring about
a change in a system.

Potential energy is the energy stored in any system as a consequence
of its position. Chemical energy is one type of potential energy.
Kinetic energy is the energy a system possesses as a consequence of its
state of motion. Heat energy, a form of kinetic energy, is that portion
of the total energy of a particle of matter that can flow to another
particle.

The first law of thermodynamics states that energy can be converted
from one form to another but is never created or destroyed.

The second law of thermodynamics states that the natural tendency
of the universe is to become less organized. The creation of biologi-
cal order therefore requires energy. The creation of internal order in
living organisms is always accompanied by the transfer of disorder to
the environment, generally in the form of metabolic heat.

The sun is the source of energy fueling most living organisms.
Producers capture the sun’s energy through photosynthesis. Plants,
algae, and some bacteria gain energy from their environment through
photosynthesis. Many producers and consumers use cellular respira-
tion to extract usable energy from food molecules.

Matter, in the form of chemical elements such as carbon, cycles be-
tween living organisms and their environment.

5.2 Metabolism

All the many chemical reactions involved in the capture, storage,
and use of energy by living organisms are collectively known as
metabolism.

Energy-releasing breakdown reactions are catabolism; energy-requir-
ing synthesis reactions are anabolism.

Key Terms
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5.3

5.4

The energy-rich molecule ATP supplies much of the energy needed to
fuel cellular activities.

In oxidation, electrons are lost from a molecule, atom, or ion; in
reduction, electrons are gained.

The minimum energy required to initiate a chemical reaction is called
the activation energy. Most chemical reactions must overcome an
activation energy barrier to proceed at an appreciable rate.

Enzymes

Enzymes are biological catalysts that speed up chemical reactions.
Enzymes position bound reactant molecules in such a way that they
collide more often in the orientation that favors product formation.
Like all catalysts, enzymes lower the activation energy barrier of a
reaction.

The activity of enzymes is highly specific. Each enzyme binds to a spe-
cific substrate or substrates and catalyzes a specific chemical reaction.
The specificity of an enzyme is based on the three-dimensional shape
and chemical characteristics of its active site.

The three-dimensional shape of an enzyme, and therefore its activ-
ity, can be affected by temperature, pH, and salt concentration. Some
enzymes must work with other chemicals, called cofactors, to be
maximally effective.

Metabolic Pathways

A metabolic pathway is a multistep sequence of chemical reactions,
with each step catalyzed by a different enzyme.

Metabolic pathways proceed rapidly and efficiently because all neces-
sary components are placed close together, at high concentrations,
and in the correct order. The products of one enzyme-catalyzed step
serve as substrates for the next reaction in the series.

photosynthesis (p. 111)

potential energy (p. 106)

product (p. 112)

reactant (p. 112)

redox reaction (p. 110)

reduction (p. 110)

second law of thermodynamics (p. 107)
substrate (p. 113)
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Self-Quiz

1.

Which of the following statements is true?
a. Cells can produce their own energy from nothing.
b. Cells use energy only to generate heat and move molecules
around.
c. Cells obey the same physical laws of energy as the nonliving envi-
ronment.
d. Most animals obtain energy from minerals to fuel their metabolic
needs.

Living organisms need energy to

a. organize chemical compounds into complex biological structures.
b. decrease the disorder of the surrounding environment.

c. transform metabolic heat into kinetic energy.

d. keep themselves separate from the nonliving environment.

. The carbon atoms contained in organic compounds such as proteins

a. are manufactured by cells for use in the organism.
b. are recycled from the nonliving environment.

c. differ from those found in CO, gas.

d. cannot be oxidized under any circumstances.

Oxidation is the

a. removal of oxygen atoms from a molecule.
b. gain of electrons by an atom.

c. loss of electrons by an atom.

d. synthesis of complex molecules.

Which of these molecules is in a reduced state?
a. CO,

b. N,
c. O,

d. CH,

Analysis and Application

1.

Think back to what you ate for breakfast. What has become of all the
chemical energy locked in those food molecules? List the different
types of energy transformations that have occurred in your body as
you have gone about your day, starting with the chemical energy in
your breakfast.

Describe the role of the second law of thermodynamics in living sys-
tems.

Compare anabolism and catabolism. Is photosynthesis an anabolic or
catabolic process?

Explain what is wrong with this statement: An enzyme provides
energy for reactions that cannot proceed without an investment of
energy.

Explain the induced fit model of interaction between an enzyme and
its substrate.

10.

The minimum input of energy that initiates a chemical reaction
a. is called activation energy.
b. isindependent of the laws of thermodynamics.
c. is known as the activation energy barrier.
d. always takes the form of heat.

Activation energy is most like
a. the energy released by a ball rolling down a hill.
b. the energy required to push a ball from the bottom of a hill to the
top.
c. the energy required to get a ball over a hump and onto a down-
ward slope.
d. the energy that keeps a ball from moving.

Enzymes

a. provide energy for anabolic but not catabolic pathways.

b. are consumed during the reactions that they speed up.

c. catalyze reactions that would otherwise never occur.

d. catalyze reactions that would otherwise occur much more slowly.

The active site of an enzyme
a. has the same shape for all known enzymes.
b. binds the products of reaction, not the substrate.
c. does not play a direct role in catalyzing a reaction.
d. can bring molecules together in a way that promotes a reaction
between them.

Metabolic pathways
a. always break down large molecules into smaller units.
b. only link smaller molecules together to create polymers.
c. are often organized as a multistep sequence of reactions.
d. occur only in mitochondria.

. A Chinese herbal medicine

called ma huang (Ephedra sinica)
increases BMR significantly
and was once widely used in
weight loss pills, usually in
combination with caffeine.

Its use in supplements was
banned in 2006, after reports
of deaths among users of the
herb. Research the metabolic
effects of ephedrine, the active
ingredient in the herb, to ex-
plain why a very high metabo-
lism can kill.

Ephedra sinica
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Every Breath You Take

How long can you hold your breath? A minute? Two min-
utes? Doctors fear brain death in anyone who has gone
without oxygen for more than 5 minutes. But German
engineering student Tom Siestas held his breath underwater
for 11 minutes 35 seconds and claimed the men’s record
for the rather intimidating sport of static apnea
(literally, “motionless, without air”). Russian free
diver Natalia Molchanova claimed the women's
record with a time of 8 minutes 23 seconds.

Athletes like Siestas and Molchanova are
extremely unusual—certainly in their training
and possibly in their genetic makeup—which is
why static apnea should be left to trained professionals. In
fact, health professionals suspect that even experts may
be putting their long-term health at risk with their arduous
oxygen deprivation training regimens, not to mention the
even more dangerous competitions. In 2001, famed big-
wave surfer Jay Moriarity drowned while practicing static
apnea as part of his regular training. He was last seen alive
while meditating 45 feet below the surface of the Indian
Ocean.

Static-apnea training includes endurance exercise

(which depends heavily on high oxygen uptake) and

Photosynthesis and cellular respiration are complementary processes; these pathways

training at high altitude (which also improves oxygen
delivery). Endurance athletes such as 2013 Tour de
France winner Chris Froome have a phenomenal ability
to deliver oxygen to their tissues. Before a competition,
the British bicyclist doubles his caloric intake to about

Is efficient use of oxygen and glucose the main difference
between elite endurance athletes and the rest of us? What
species is the static-apnea champion?

7,000 Calories per day, most of it from carbohydrates.
In the digestive tract, carbohydrates break down into
glucose, a key molecule in the metabolic pathways we
explore in this chapter.

Whether elite athletes or couch potatoes, we all need
oxygen and glucose to live. But why do our cells need these
molecules? Where do these molecules come from anyway?
We tackle these questions in this chapter. You'll see what
becomes of your lunch after it reaches a cell in your body.
And we'll give you the greatest recipe ever: how to make

lunch from sunshine, air, and water.

furnish chemical energy for cells.

KEY CONCEPTS

o All cells need energy carriers, such as ATP,
to store and deliver usable energy.

e In plants and algae, photosynthesis
takes place in special organelles called
chloroplasts.

e During the light reactions of photosynthesis,
sunlight and water are used to produce
energy carriers, releasing oxygen gas in the
process.

e In the Calvin cycle reactions of photo-
synthesis, the energy carriers are used to
manufacture sugars from carbon dioxide.

e In plants with CAM (crassulacean acid
metabolism), photosynthesis runs on COq
obtained through stomata that open only at
night, when the risk of dehydration is lower.

molecules.

e Photosynthesis in Cy4 plants is highly
efficient because Calvin cycle reactions
take place in tissues that maintain a high
COq environment.

phosphorylation.

e Most eukaryotes rely on cellular respiration,
which requires oxygen (Oo) to extract
energy from sugars and other food

e Cellular respiration has three main stages:
glycolysis, the Krebs cycle, and oxidative

e Fermentation enables certain organisms
and certain cell types to generate ATP
without oxygen, through glycolysis alone.
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electrons plus a hydrogen ion and be transformed

into the high-energy forms NADPH and NADH,
respectively:

NaoPt @ H* — (aDPH)
we G
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a broad span, known as the electromagnetic spectrum
(FIGURE 6.5). A photon with a short wavelength has more
energy than a photon with a longer wavelength (com-
pare gamma rays and radio waves in Figure 6.5).

Visible light is the portion of the electromagnetic
spectrum that our eyes can perceive. It includes all
photons with wavelengths between 300 and 780 nano-
meters (nm). When blended together, this range of the
spectrum looks white to us. Isaac Newton famously
split the wavelengths within white light, using a glass
prism, to reveal the “seven rainbow colors,” with violet
at a wavelength of 300 nm and red at 780 nm.

The color of an object is determined by the wave-
lengths of light that bounce off it and reach our eyes.
A white object reflects all wavelengths in the visible
part of the electromagnetic spectrum. A black object
absorbs all of these wavelengths, so no visible light
bounces off it to enter our eyes.

A red apple reflects red wavelengths, and a blue-
berry reflects blue wavelengths. Chlorophyll, the light-
absorbing pigment in leaves, absorbs almost all of the
blue and red wavelengths but reflects much 