Evoluhon the Themes of

The siudy of life reveals
common themes

The Core Theme: Evolution
accounts for the unity and
diversity of life

In studying nature, scientists
make observations and ferm
and fest hypotheses

Science benefits from o
cooperative approach and
diverse viewpoints

AP® BIG IDEAS: The study of life offers boundless
LI o portunity for discovery, yet underlying
it all are four Bigs Idecs.
Big ldea 1: The process of evolution drives the diversity
and unity of life,
Big |dea 2: Biological sysTems utilize free energy and
molecular building Blocks to grow, o reproduce, and
to maintain dynamic homeostasis.
Big ldea 3: Living systems store, retrieve, fransmit, and
respond fo information essential to life processes.
Big ldea 4: Biological systems interact, and these
systems and their interaciions possess complex
properties.

A Figure 1.1 How is the dandelion adapted to its
environment?

Inquiring About Life

“i”he dandelions shown in Figure 1.1 send their seeds aloft for dispersal. A seed
i isan embryo surrounded by a store of food and a protective coat. The dande-
lion’s seeds, as shown at the lower right, are borne on the wind by parachute-iike

structures made from modified flower parts. The parachutes harness the wind,
which carries such seeds to new locations where conditions may favor sprouting
and growth. Dandelions are very successful plants, found in temperate regions
worldwide,

An organism’s adaptations to its environment, such as the dandelion seed’s para-
chute, are the result of evolution. Evolution is the process of change that has trans-
formed life on Earth from its earliest beginnings to the diversity of organisms living
today. Because evolution is the fundamental organizing principle of biology, it is the
core theme of this book.

Although biologists know a great deal about life on Earth, many mysteries remain.
For instance, what processes led to the origin of flowering among plants such as the
ones pictured above? Posing questions about the living world and seeking answers
through scientific inquiry are the central activities of biology, the scientific
study of life. Biologists’ questions can be ambitious. They may ask how a
single tiny cell becomes a tree or a dog, how the human mind works, or
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¥ Order. This cfose-up of a sunflower
illustrates the highly ordered
structure that characterizes life.
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4 Evolutionary adaptation. The appear-

ance of this pygmy sea horse camou-
flages the animai in its environment.

A Regulation. The regutation of blood
flow through the blood vessels of this
jackrabbit’s ears helps maintain a
censtant body temperature by
adjusting heat exchange with the
surrounding air.

A Energy processing. This
butterfly obtains fuel in
the form of nectar from
flowers. The butterfly
will use chemical energy
stored in its food to
power flight and other

waork.
A Growth and development.
Inherited information carried by
genes controls the pattern of
A Figure 1.2 growth and development of organ-

Some properties of life. isms, such as this ocak seedling.

how the different forms of life in a forest interact. Many inter-
esting questions probably occur to you when you are out-of-
doors, surrounded by the natural world. When they do, you
are already thinking like a biologist. More than anything else,
biology is a quest, an ongoing inquiry about the nature of life.

At the most fundamental level, we may ask: What is life?
Even a child realizes that a dog or a plant is alive, while a rock
or a car is not. Yet the phenomenon we call life defies a sim-
ple, one-sentence definition. We recognize life by what living
things do. Figure 1.2 highlights some of the properties and
processes we associate with life.

CHAPTER 1

Such adaptations evolve over many
generations by the reproductive
success of those individuals with
heritable traits that are best suited to
their environments.

¥ Reproduction.
Organisms (living
things) reproduce
their own kind.

A Response to the
environment,
This Venus flytrap
closed its trap
rapidly in response
to the environ-
mental stimulus of
a damseifly
landing on the
open trap.

While limited to a handful of images, Figure 1.2 reminds us
that the living world is wondrously varied. How do biclogists
make sense of this diversity and complexity? This opening
chapter sets up a framework for answering this question. The
first part of the chapter provides a panoramic view of the bio-
logical “landscape,” organized around some unifying themes.
We then focus on biology’s core theme, evolution, which ac-
counts for life’s unity and diversity. Next, we look at scientific
inquiry—how scientists ask and attempt to answer questions
about the natural world. Finally, we address the culture of sci-
ence and its effects on society.

Evolution, the Themes of Biology, and Scientific Inquiry 1



'] ‘I help. Here, we'll list five unifying themes—ways of thinking

CONCEPT " - about life that will still hold true decades from now. These

The S-!-udy of life revea IS common unifying themes are described in greater detail in the next
few pages. We hope they will serve as touchstones as you

themes proceed through this text:

Biology is a subject of enormous scope, and exciting new + Qrganization

biological discoveries are being made every day. How can » Information

you organize into a comprehensible framework all the in- « Energy and Matter

formation you'll encounter as you study the broad range of + Interactions

topics included in biology? Focusing on a few big ideas will + Evolution

¥ Figure 1.3

Exp off ng Levels of BIO|OQICG| Orgonlzc’rlon

41 The B|osphere |

Even from space, we can see signs of Earth’s life—in the green mosaic of the
forests, for example. We can also see the scale of the entire biosphere, which
consists of all life on Earth and all the places where life exists: most regions of
land, most bodies of water, the atmosphere to an altitude of several kilometers,
and even sediments far below the ocean floor.

<4 2 Ecosystems

Qur first scale change brings us to a North American forest with
many deciduous trees (trees that lose their leaves and grow new
ones each year). A deciduous forest is an example of an ecosystem,
as are grasslands, deserts, and coral reefs. An ecosystem consists of
all the living things in a particular area, along with all the nonliving
components of the environment with which life interacts, such as
soil, water, atmospheric gases, and light.

» 3 Communities

The array of organisms inhabiting a
particular ecosystem is called a biological
community. The community in our
forest ecosystem includes many kinds

of trees and other plants, various
animals, mushrooms and other fungi,
and enormous numbers of diverse
microorganisms, which are living forms, such as bacterla,
that are too small to see without a microscope. Each of
these forms of life is called a species.

A 5 Organisms

» 4 Populations

Individual living things are
called organisms. Each of the
maple trees and other plants in
the forest is an organism, and

50 is each deer, frog, beetle, and
other forest animals. The soil
teems with microorganisms such
as bacteria.

A population consists of all the individuals

of a species living within the bounds of a
specified area. For example, our forest includes
a population of sugar maple trees and a
population of white-tailed deer. A community
is therefore the set of populations that inhabit
a particular area.




Theme: New Properties Emerge ot Successive
Levels of Biological Organization

In Figure 1.3, we zoom in from space to
take a closer and closer look at life in a deciduous forest in
Ontario, Canada. This journey shows the different levels of
organization recognized by biologists: The study of life extends
from the global scale of the entire living planet to the micro-
scopic scale of cells and molecules. The numbers in the figure
guide you through the hierarchy of biological crganization.

Zooming in at ever-finer resolution illustrates an ap-
proach called reductionism, which reduces complex sys-
tems to simpler components that are more manageable to
study. Reductionism is a powerful strategy in biology. For
example, by studying the molecular structure of DNA that
had been extracted from cells, James Watson and Francis
Crick inferred the chemical basis of biclogical inheritance.
However, although it has propelled many major discoveries,
reductionism provides a necessarily incomplete view of life
on Earth, as we’ll discuss next.

¥ 6 Organs and Organ Systems

The structural hierarchy of life continues to unfold as
we explore the architecture of more complex organisms.
A maple leaf is an example of an organ, a body part that
carries out a particular function in the body.
Stems and roots are the other
major organs of plants.
The organs of complex
animals and plants are
organized into organ
systems, each a team of
organs that cooperate in a
larger function. Organs consist
of multiple tissues.

» 10 Molecules

Our last scale change drops us into
a chloroplast for a view of life at the
molecular level. A molecule is a chemical
structure consisting of two or more units
called atoms, represented as balls in

this computer graphic of a chlorophyll
molecule. Chlorophyll is the pigment
molecule that makes a maple leaf

green, and it absorbs sunlight during
photosynthesis. Within each chloroplast,
millions of chlorophyll molecules are
organized into systems that convert light
energy to the chemical energy of food.

Atorns

£ Chlorophyll
Ag molecule

» 9 Organelles

Chiloroplasts are examples of
organelles, the various functional
components present in cells. This image,
taken by a powerful microscope, shows a
single chloroplast.

4 7 Tissues

Viewing the tissues of a leaf
requires a microscope. Each
tissue is a group of cells that
work together, performing a
specialized function. The leaf
shown here has been cut on

an angle. The heneycombed
tissue in the interior of the leaf
(left side of photo) is the main
location of photosynthesis, the
process that converts light energy
to the chemical energy of sugar.
The jigsaw puzzle-like “skin” on
the surface of the leaf is a tissue
called epidermis (right side of
photo). The pores through the
epidermis allow entry of the gas
CO,, a raw material for sugar
production.

A 8 Cells

The cell is life’s fundamental unit of
structure and function. Some organisms are
single cells, while others are multicellular. A
single cell performs all the functions of life,
while a multicellular organism has a division
of labor among specialized cells. Here we see
a magnified view of cells in a leaf tissue. One
cell is about 40 micrometers (um}) across—
about 500 of them would reach across a
small coin. As tiny as these cells are, you

can see that each contains rmumerous green
structures called chloroplasts, which are

responsible for photesynthesis.
1 um
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Emergent Properties

Let’s reexamine Figure 1.3, beginning this time at the mo-
lecular level and then zooming out. This approach allows us
to see novel properties emerge at each level that are absent
from the preceding level. These emergent properties are
due to the arrangement and interactions of parts as com-
plexity increases. For example, although photosynthesis
occurs in an intact chloroplast, it will not take placein a
disorganized test-tube mixture of chlorophyll and other
chloroplast molecules. The coordinated processes of photo-
synthesis require a specific organization of these malecules
in the chloroplast. Isolated components of living systems,
serving as the objects of study in a reductionist approach to
biology, lack a number of significant properties that emerge
at higher levels of organization.

Emergent properties are not unique to life. A box of bi-
cycle parts won't transport you anywhere, but if they are
arranged in a certain way, you can pedal to your chosen des-
tination. Compared with such nonliving examples, however,
biological systems are far more complex, making the emer-
gent properties of life especially challenging to study.

To explore emergent properties more fully, biologists
today complement reductionism with systems biology, the
exploration of a biological system by analyzing the interac-
tions among its parts. In this context, a single leaf cell can be
considered a system, as can a frog, an ant colony, or a desert
ecosystem, By examining and modeling the dynamic behav-
ior of an integrated network of components, systems biol-
ogy enables us to pose new kinds of questions. For examnple,
we can ask how a drug that lowers blood pressure affects
the functioning of organs throughout the human body. At
a larger scale, how does a gradual increase in atmospheric
carbon dioxide alter ecosystems and the entire biosphere?
Systems biology can be used to study life at all levels.

Structure and Function

At each level of the biological hierarchy, we find a correla-
tion of structure and function. Consider the leaf shown in
Figure 1.3: Its thin, flat shape maximizes the capture of sun-
light by chloroplasts. More generally, analyzing a biological
structure gives us clues about what it does and how it works,
Conversely, knowing the function of something provides

W insight into its structure and
| organization. Many examples
from the animal kingdom show
a correlation between structure
and function. For example, the
hummingbird’s anatomy al-
lows the wings to rotate at the
shoulder, so hummingbirds
have the ability, unique among
birds, to fly backward or hover

4 CHAPTER 1 Evolution, the Themes of Biology, and Scientific Inquiry

in place. While hovering, the birds can extend their long,
slender beaks into flowers and feed on nectar. The elegant
match of form and function in the structures of life is ex-
plained by natural selection, which we'll explore shortly.

The Cell: An Organism’s Basic Unit of Structure
and Function

In life’s structural hierarchy, the cell is the smallest unit of
organization that can perform all activities required for life.
In fact, the actions of organisms are all based on the func-
tioning of cells. For instance, the movement of your eyes as
you read this sentence results from the activities of muscle
and nerve cells. Even a process that occurs on a global scale,
such as the recycling of carbon atoms, is the product of
cellular functions, including the photosynthetic activity of
chloroplasts in leaf cells.

All cells share certain characteristics. For instance, every cell
is enclosed by a membrane that regulates the passage of ma-
terials between the cell and its surroundings. Nevertheless, we
recognize two main forms of cells: prokaryotic and eukaryotic.
The cells of two groups of single-celled microorganisms—
bacteria (singular, bacterium} and archaea (singular,
archaean)—are prokaryotic. All other forms of life, including
plants and animals, are composed of eukaryotic cells.

A eukaryotic cell contains membrane-enclosed organ-
elles (Figure 1.4). Some organelles, such as the DNA-
containing nucleus, are found in the cells of all eukaryotes;
other organelles are specific to particular cell types. For
example, the chloroplast in Figure 1.3 is an organelle found

Prokaryotic cell

DNA

Eukaryotic cell {no nucleus)

Membrane

Nucleus

(membrane-

enclosed)
Membrane- ; © DNA (throughout | :
enclosed organalles nucleus) 1 um

A Figure 1.4 Contrasting eukaryotic and prokaryotic cells in
size and complexity.




only in eukaryotic cells that carry out photosynthesis. In
contrast to eukaryotic cells, a prokaryotic cell lacks a nu-
cleus or other membrane-enclosed organelles. Another dis-
tinction is that prokaryotic cells are generally smaller than
eukaryotic cells, as shown in Figure 1.4.

Theme: Life's Processes Involve the
Expression and Transmission of Genetic
Information

Within cells, structures called chromo-
somes contain genetic material in the form of DNA (deoxy-
ribonucleic acid). In cells that are preparing to divide, the

chromosomes may be made visible using a dye that appears
blue when bound to the DNA (Figure 1.5).

25 um
oy

A Figure 1.5 A lung cell from a newt divides into two smaller
cells that will grow and divide again.

DNA, the Genetic Materiaf

Each time a cell divides, the DNA is first replicated, or cop-
ied, and each of the two cellular offspring inherits a com-

plete set of chromosomes, identical to that of the parent cell.

Each chromosome contains one very long DNA molecule
with hundreds or thousands of genes, each a section of the
DNA of the chromosome. Transmitted from parents to off-
spring, genes are the units of inheritance. They encode the
information necessary to build all of the molecules synthe-
sized within a cell, which in turn establish that cell’s identity
and function. Each of us began as a single cell stocked with
DNA inherited from our parents. The replication of that
DNA during each round of cell division transmitted copies
of the DNA to what eventually became the trillions of cells
of our body. As the cells grew and divided, the genetic in-
formation encoded by the DNA directed our development
(Figure 1.6).

The molecular structure of DNA accounts for its ability
to store information. A DNA molecule is made up of two
long chains, called strands, arranged in a double helix. Each
chain is made up of four kinds of chemical building blocks
called nucleotides, abbreviated A, T, C, and G (Figure 1.7).

NI 0 ¢

- <
Fertilized egg '\:g(\gg 3
with DNA from *‘bééi?/

both parents Embryo’s cells

with copies of
inherited DNA

Offspring With '
traits inherited

A Figure 1.6 Inherited DNA directs
from both parent

development of an organism,
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7 ™__~Nucleus

%é) DNA

(a) DNA double helix. This
model shows the atoms
in & segment of DNA. Made
up of two long chains (strands)
of building blocks called
nucleotides, a DNA molecule
takes the three-dimensional
form of a double helix,

(b) Single strand of DNA. These
geometric shapes and letters are
simple symbols for the nuclec-
tides in a small section of one
strand of a DNA molecule. Genetic
information is encoded in specific
sequences of the four types of
nucleotides. Their names are
abbraviated A, T, C, and G.

A Figure 1.7 DNA: The genetic material.

Evolution, the Themes of Biology, and Scientific Inquiry 5



The way DNA encodes information is analogous to how we
arrange the letters of the alphabet into words and phrases
with specific meanings. The word rat, for example, evokes

a rodent; the words tar and art, which contain the same let-
ters, mean very different things. We can think of nucleotides
as a four-letter alphabet. Specific sequences of these four
nucleotides encode the information in genes.

Many genes provide the blueprints for making proteins,
which are the major players in building and maintaining
the cell and carrying out its activities. For instance, a given
bacterial gene may specify a particular protein (an enzyme})
required to break down a certain sugar molecule, while a
human gene may denote a different protein (an antibody)
that helps fight off infection.

Genes control protein production indirectly, using a re-
lated molecule cailed RNA as an intermediary (Figure 1.8).
The sequence of nucleotides along a gene is transcribed into
RNA, which is then translated into a linked series of protein
building blocks called amino acids. These two stages result
in a specific protein with a unique shape and function. The
entire process, by which the information in a gene directs the
manufacture of a cellular product, is called gene expression.

In translating genes into proteins, all forms of life employ
essentially the same genetic code: A particular sequence of
nucleotides says the same thing in one organism as it does in
another. Differences between organisms reflect differences
between their nucleotide sequences rather than between
their genetic codes. Comparing the sequences in several spe-
cies for a gene that codes for a particular protein can pro-
vide valuable information both about the protein and about
the relationship of the species to each other, as you will see.

In addition to RNA molecules (called mRNAs) that are
translated into proteins, some RNAs in the cell carry out
other important tasks. For example, we have known for de-
cades that some types of RNA are actually components of
the cellular machinery that manufactures proteins. Recently,
scientists have discovered whole new classes of RNA that
play other roles in the cell, such as regulating the function-
ing of protein-coding genes. All of these RNAs are specified
by genes, and the production of these RNAs is also referred
to as gene expression. By carrying the instructions for mak-
ing proteins and RNAs and by replicating with each cell
division, DNA ensures faithful inheritance of genetic infor-
mation from generation to generation.

Genomics: Large-Scale Analysis of DNA Sequences

The entire “library” of genetic instructions that an organ-
ism inherits is called its genome. A typical human cell has
two similar sets of chromosomes, and each set has approxi-
mately 3 billion nucleotide pairs of DNA. If the one-letter
abbreviations for the nucleotides of a set were written in
letters the size of those you are now reading, the genetic text
would fili about 700 biology textbooks.

6 CHAPTER i Evolution, the Themes of Biology, and Scientific Inquiry

{a) The lens of the eye {behind
the pupil) is able to focus
light because lens cells are
tightly packed with transparent
proteins called crystallin,

{(b) How do lens cells make crystallin proteins?

: ) CrystalLi\n gene
The crystatlin 'S, 7 “\
geneis a VAR

section of DNA
in a chromosome.

DNA
(part of the
crystallin gene)

Using the information in the sequence of
P TN Te: at ) DNA nucleotides, the cell makes {transcribes)

a specific RNA molecule called mRNA.

The cell translates the information in the
sequence of mRNA nucleotides to make a
protein, a series of linked amino acids.

TRANSLATION

Chain of amino
acids

The chain of amino
acids folds into the
specific shape of a
crystallin protein.
Crystallin proteins can
then pack together and
focus light, allowing
the eye to see.

Protein

A Figure 1.8 Gene expression: The transfer of information
from a gene results in a functional protein.




Since the early 1990s, the pace at which researchers can
determine the sequence of a genome has accelerated at an
astounding rate, enabled by a revolution in technology. The
entire sequence of nucleotides in the human genome is now
known, along with the genome sequences of many other
organisms, including other animals and numerous plants,
fungi, bacteria, and archaea. To make sense of the deluge of
data from genome-sequerncing projects and the growing cat-
alog of known gene functions, scientists are applying a sys-
tems biology approach at the cellular and molecular levels.
Rather than investigating a single gene at a time, researchers
study whole sets of genes (or other DNA) in one or more
species—an approach called genomics. Likewise, the term
proteomics refers to the study of sets of proteins and their
properties. (The entire set of proteins expressed by a given
cell or group of cells is called a proteome).

Three important research developments have made the
genomic and proteomic approaches possible. One is “high-
throughput” technology, tools that can analyze many bio-
logical samples very rapidly. The second major development
is bioinformatics, the use of computational tools to store,
organize, and analyze the huge volume of data that results
from high-throughput methods. The third development is
the formation of interdisciplinary research teams—groups
of diverse specialists that may include computer scientists,
mathematicians, engineers, chemists, physicists, and, of
course, biologists from a variety of fields. Researchers in
such teams aim to learn how the activities of all the proteins
and non-translated RNAs encoded by the DNA are coordi-
nated in cells and in whole organisms.
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from the soil
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Theme: Life Requires the Transfer and
Transformation of Energy and Matter

TSN TR IS L] A fundamental characteristic of

living organisms is their use of energy to carry out life’s
activities. Moving, growing, reproducing, and the various
cellular activities of life are work, and work requires en-
ergy. The input of energy, primarily from the sun, and the
transformation of energy from one form to another make
life possible. A plant’s leaves absorb sunlight, and molecules
within the leaves convert the energy of sunlight to the
chemical energy of food, such as sugars, produced during
photosynthesis. The chemical energy in the food molecules
is then passed along by plants and other photosynthetic
organisms (producers) to consumers, Consumers are or-
ganisms, such as animals, that feed on producers and other
consumers.

When an organism uses chemical energy to perform
work, such as muscle contraction or cell division, some of
that energy is lost to the surroundings as heat. As a result,
energy flows one way through an ecosystem, usually enter-
ing as light and exiting as heat. In contrast, chemicals are
recycled within an ecosystem (Figure 1.9). Chemicals that a
plant absorbs from the air or soil may be incorporated into
the plant’s body and then passed to an animal that eats the
plant. Eventually, these chemicals will be returned to the
environment by decomposers, such as bacteria and fungi,
that break down waste products, leaf litter, and the bodies
of dead organisms. The chemicals are then available to be
taken up by plants again, thereby completing the cycle.

< Figure 1.9 Energy flow and
chemicat cycling. There is & one-
way flow of energy in an ecosysten:
During photosynthesis, plants con-
to organisms vert energy from sunlight to chemi-
that eat the cal energy (stored in food molecules
plants. such as sugars}, which is used by
planits and other organisms to do
work and is eventually lost from

the ecosystem as heat. in contrast,
chemicals cycle between organisms
and the physical environment.

Chemicals in
plants are passed

Heat lost
from the
ecosystem

Decomposers
such as fungi
and bacteria
break down leaf
litter and dead
organisms,
returning
chemicals to the
sail.
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Theme: From Ecosystems to Molecules,
Inferactions Are Important in Biological
Systems

At any level of the biological hierarchy,
interactions between the components of the system ensure
smooth integration of all the parts, such that they function
as a whole. This holds true equally well for the components
of an ecosystem and the molecules in a cell; we'll discuss
both as examples.

Ecosystems: An Organism’s Interactions with Other
Organisms and the Physical Environment

At the ecosystem level, each organism interacts with other
organisms. For instance, an acacia tree interacts with soil
microorganisms associated with its roots, insects that live
on it, and animals that eat its leaves and fruit (Figure 1.10).
In some cases, interactions between organisms are mutually
beneficial. An example is the association between a sea turtle
and the so-called “cleaner fish” that hover around it. The fish
feed on parasites that would otherwise harm the turtle, while
gaining a meal and protection from predators. Sometimes,
one species benefits and the other is harmed, as when a lion
kills and eats a zebra. In yet other cases, both species are
harmed—for example, when two plants compete for a soil re-
source that is in short supply. Interactions among organisms
help regulate the functioning of the ecosystem as a whole.
Organisms also interact continuously with physical fac-
tors in their environment. The Jeaves of a tree, for example,

P> Figure 1.10 interactions of an
African acacia tree with other organisms
and the physical environment.
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! Leaves absorh:
: energy fro
A TR

f Water and
minerals in the

absorb light from the sun, take in carbon dioxide from the
air, and release oxygen to the air (see Figure 1.10). The en-
vironment is also affected by the organisms living there. For
instance, in addition to taking up water and minerals from
the soil, the roots of a plant break up rocks as they grow,
thereby contributing to the formation of soil. On a global
scale, plants and other photosynthetic organisms have gen-
erated all the oxygen in the atmosphere.

Molecules: Interactions Within Organisms

At lower levels of organization, the interactions between
components that make up living organisms—organs, tissues,
cells, and molecules—are crucial to their smooth operation.
Consider the sugar in your blood, for instance. After a meal,
the level of the sugar glucose in your blood rises (Figure 1.11).
The increase in blood glucose stimulates the pancreas to re-
lease insulin into the blood. Once it reaches liver or muscle
cells, insulin causes excess glucose to be stored in the form

of a very large carbohydrate called glycogen, reducing blood
glucose level to a range that is optimal for bodily functioning.
The lower blood glucose level that results no longer stimu-
lates insulin secretion by pancreas cells. Some sugar is also
used by cells for energy: When you exercise, your muscle cells
increase their consumption of sugar molecules.

Interactions among the body’s molecules are responsible
for most of the steps in this process. For instance, like most
chemical activities in the cell, those that either decompose
or store sugar are accelerated at the molecular level (cata-
lyzed) by proteins called enzymes. Each type of enzyme
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A Figure 1.11 Feedback regulation. The human body regulates
the use and storage of glucose, a major cellutar fuel derived from foed.
This figure shows negative feedback: The response {glucose uptake by
cells) decreases the high glucose levels that provide the stimulus for
insulin secretion, thus negatively regulating the process.

catalyzes a specific chemical reaction. In many cases, these
reactions are linked into chemical pathways, each step with
its own enzyme. How does the cell coordinate its various
chemical pathways? In our example of sugar management,
how does the cell match fuel supply to demand, regulating
its opposing pathways of sugar consumption and storage?
The key is the ability of many biological processes to self-
regulate by a mechanism called feedback.

In feedback regulation, the output, or product, of a pro-
cess regulates that very process. The most common form of
regulation in living systems is negative feedback, aloop in
which the response reduces the initial stimulus. As seen in
the example of insulin signaling (see Figure 1.11), the uptake
of glucose by cells {the response) decreases blood glucose
Jevels, eliminating the stimulus for insulin secretion and
thereby shutting off the pathway. Thus, the output of the
process negatively regulates that process.

Though less common than processes regulated by nega-
tive feedback, there are also many biological processes
regulated by positive feedback, in which an end product
speeds up its own production. The clotting of your blood
in response to injury is an example. When a blood vessel is

damaged, structures in the blood called platelets begin to
aggregate at the site. Positive feedback occurs as chemicals
released by the platelets attract more platelets. The platelet
pileup then initiates a complex process that seals the wound
with a clot,

Feedback is a regulatory motif common to life at all
levels, from the molecular level through ecosystems and
the biosphere. Interactions between organisms can affect
system-wide processes like the growth of a population. And
as we'll see, interactions between individuals not only affect
the participants, but also affect how populations evolve over
time.

Evolution, the Core Theme of Biology

Having considered four of the unifying themes that run
through this text (organization, information, energy and
matter, and interactions), let’s now turn to biology’s core
theme—evolution. Evolution is the one idea that makes
logical sense of everything we know about living organisms.
As we will see in Units 4 and 5 of this text, the fossil record
documents the fact that life has been evolving on Earth for
billions of years, resulting in a vast diversity of past and pres-
ent organisms. But along with the diversity are many shared
features. For example, while sea horses, jackrabbits, hum-
mingbirds, and giraffes all look very different, their skeletons
are organized in the same basic way. The scientific explana-
tion for this unity and diversity—as well as for the adapta-
tion of organisms to their environments—is evolution: the
concept that the organisms living on Earth today are the
modified descendants of common ancestors. In other words,
we can explain the sharing of traits by two organisms with
the premise that the organisms have descended from a com-
mon ancestor, and we can account for differences with the
idea that heritable changes have occurred along the way.
Many kinds of evidence support the occurrence of evolution
and the theory that describes how it takes place. In the next
section, we'll consider the fundamental concept of evolution
in greater detail.

CONCEPT CHECK 1.1

1. Starfing with the molecular level In Figure 1.3, write a
senfence that includes compenents from the previous
{lower) level of biological organization, for example: "A
molecule consists of atorns bonded together” Continue
with organelles, moving up the biological hierarchy.

2. Identify the therne or themes exernplified by (a) the
sharp quills of ¢ porcupine, (b) the development of a
multicellular organism from a single fertilized egg. and
{c) o hummingbird using sugor to power its flight.

3. For each theme discussed in this section,
give an example not mentioned in the fext.

For suggested answers, see Appendix A,
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SPECIES GENUS FAMILY ORDER

CLASS PHYLUM KINGDOM DOMAIN
Mammalia Chordata Animalia Eukarya

Ursus americanus Ursus

Ursidae Carnivora

A Figure 1.12 Classify-

ing life. To help make sense of
the diversity of life, biologists clas-
sify species into groups that are then
cembined into even broader groups. In
the traditional “Linnagan” system, species
that are very closely related, such as polar
bears and brown bears, are placed in the same
genus; genera (plural of genus) are grouped into
families; and so orr. This example classifies the
species Ursus americanus, the American black
bear. {Alternative classification schemes will be
discussed in detail in Chapter 26.)

'CONCEPT ]2

The Core Theme: Evolution accounts for
the unity and diversity of life

There is consensus among biologists that
evolution is the core theme of biology. The evolutionary
changes seen in the fossil record are observable facts. Fur-
thermore, as we'll describe, evolutionary mechanisms ac-
count for the unity and diversity of all species on Earth. To
quote one of the founders of modern evolutionary theory,
Theodosius Dobzhansky, “Nothing in biology makes sense
except in the light of evolution.”

In addition to encompassing a hierarchy of size scales
from molecules to the biosphere, biology explores the great
diversity of species that have ever lived on Earth. To un-
derstand Dobzhansky’s statement, we need to discuss how
biologists think about this vast diversity.

Classifying the Diversity of Life

Diversity is a hallmark of life. Biologists have so far identi-
fied and named about 1.8 million species. To date, this
diversity of life is known to include at least 100,000 spe-

cies of fungi, 290,000 plant species, 57,000 vertebrate spe-
cies (animals with backbones), and 1 million insect species
(more than half of all known forms of life)—not to mention
the myriad types of single-celled organisms. Researchers
identify thousands of additional species each year. Estimates
of the total number of species range from about 10 million

to over 100 million, Whatever the actual number, the enor-
mous variety of life gives biology a very broad scope. Biolo-
gists face a major challenge in attempting to make sense of
this variety.

Grouping Species: The Basic ldea

There is a human tendency to group diverse items accord-
ing to their similarities and their relationships to each other.
For instance, we may speak of “squirrels” and “butterflies,”
though we recognize that many different species belong to
each group. We may even sort groups into broader catego-
ries, such as rodents (which include squirrels) and insects
(which include butterflies). Taxonomy, the branch of biol-
ogy that names and classifies species, formalizes this order-
ing of species into groups of increasing breadth, based on
the degree to which they share characteristics (Figure 1.12).
You will learn more about the details of this taxonomic
scheme in Chapter 26, Here, we will focus on the big picture
by considering the broadest units of classification, kingdoms
and domains.
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The Three Domains of Life

Historically, scientists have classified the diversity of life-
forms into species and broader groupings by careful com-
parisons of structure, function, and other obvious features.
In the last few decades, new methods of assessing species
relationships, such as comparisons of DNA sequences, have
led to an ongoing reevaluation of the number and boundar-
ies of kingdoms. Researchers have proposed anywhere from
six kingdoms to dozens of kingdoms. While debate contin-
ues at the kingdom level, biologists agree that the kingdoms
of life can be grouped into three even higher levels of clas-
sification called domains. The three domains are named
Bacteria, Archaea, and Eukarya (Figure 1.13).

As you read earlier, the organisms making up two of the
three domains—Bacteria and Archaea—are prokaryotic.

All the eukaryotes (organisms with eukaryotic cells) are now
grouped in domain Eukarya. This domain includes three
kingdoms of multicellular eukaryotes: kingdoms Plantae,
Fungi, and Animalia. These three kingdoms are distin-
guished partly by their modes of nutrition. Plants produce
their own sugars and other food molecules by photosynthe-
sis, fungi absorb dissolved nutrients from their surround-
ings, and animals obtain food by eating and digesting other
organisms. Animalia is, of course, the kingdom to which

we belong. But neither plants, nor fungi, nor animals are

as numerous or diverse as the single-celled eukaryotes we
call protists. Although protists were once placed in a single
kingdom, recent evidence shows that some protists are more
closely related to plants, animals, or fungi than they are to
other protists. Thus, the recent taxonomic trend has been to
split the protists into several kingdoms.

¥ Figure 1.13 The three domains of life.

{(a) Domain Bacteria

Bacteria are the most diverse and widespread prokaryotes and are
now classified into multiple kingdoms. Each rod-shaped structure
in this photo is a bacterial cell.

(b) Domain Archaea

Some of the prokaryotes known as archaea {ive in Earth’s extreme
environments, such as salty lakes and boiling hot springs. Domain
Archaea includes multiple kingdoms. Each round structure in this
photo is an archaeal cell.

A Kingdom Plantae consists of

terrestrial multicellular o
eukaryotes {land plants} that
carry out photosynthesis, the
conversion of light energy to
the chemical energy in food.

» Kingdom Fungi §
is defined in part
by the nutritional

absorb nutrients from outside their bodies.

mods of its members (such as this mushroom), which

4 Kingdom Animalia
consists of multicellular
eukaryotes that ingest

other organisms.

» Protists are mostly i
unicellular eukaryotes
and some relatively :
simple multicellular
relatives. Pictured
here is an assortment
of protists inhabiting j '

pond water. Scientists are currently debating how to classify protists
in a way that accurately reflects their evolutionary relationships.
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Cilia of Paramecium.
The cilia of the single-celled
Paramecium propel the
organism through pond
water.

Cross section of a cillum,
-+ as viewed with an
electron microscope

Cilia of windpipe cells,
The cells that line the
hurman windpipe are
equipped with cilia that
help keep the lungs
clean by sweeping a
film of debris-trapping
mucus upward.

A Figure 1.14 An example of unity underlying the diversity of life: the architecture of
cilia in eukaryotes. Cilia (singular, cifium) are extensions of cells that funciion in locomotion. They
occur in eukaryotes as diverse as Paramecium (found in pond water) and humans. Even organisms
so different share a common architecture for their cilia, which have an elaborate system of tubules

that is striking in cross-sectional views.

Unity in the Diversity of Life

As diverse as life is, it also displays remarkable unity. Earlier
we mentioned both the similar skeletons of different ver-
tebrate animals and the universal genetic language of DNA
(the genetic code). In fact, similarities between organisms
are evident at all levels of the biological hierarchy. For exam-
ple, unity is obvious in many features of cell structure, even
among distantly related organisms (Figure 1.14).

How can we account for life’s dual nature of unity and
diversity? The process of evolution, explained next, illumi-
nates both the similarities and differences in the world of
life. It also introduces another important dimension of biol-
ogy: historical time.

Charles Darwin and the Theory of Natural
Selection

The history of life, as documented by fossils and other evi-
dence, is the saga of a changing Earth billions of years old,
inhabited by an evolving cast of living forms (Figure 1.15).
This evolutionary view of life came into sharp focus in No-
vember 1859, when Charles Robert Darwin published one
of the most important and influential books ever written.

12

Y Figure 1.15 Digging into the past. Paleontologists carefully ex-
cavate the hind leg of a long-necked dinosaur (Rapetosaurus krausei)
from rocks in Madagascar.

I.‘,. R i .‘ﬁ&




ax

TIE OBRIGIN OF ST'ECIES
AT MLARY OF FATCRAL SILIATIOY,

Fednkirayhn oo PATCEED RACTR ¥ THIE KTRSOLLE
rowure.

D1 CHARLEA DAXWIX, N,
L ]

Loxnex
JONN NUARAE, ALVEMAZLE KTREET.
ko

e

A Figure 1.16 Charles Darwin as a young man. His revolutionary
book On the Origin of Species was first published in 1859.

Entitled On the Origin of Species by Means of Natural Selec-
tion, Darwin’s book was an immediate bestseller and soon
made “Darwinism,” as it was dubbed at the time, almost syn-
onymous with the concept of evolution (Figure 1.16).

On the Origin of Species articulated two main points. The
first point was that contemporary species arose from a succes-
sion of ancestors that differed from them. Darwin called this
process “descent with modification,” This insightful phrase
captured the duality of life’s unity and diversity—unity in
the kinship arnong species that descended from common
ancestors and diversity in the modifications that evolved as
species branched from their common ancestors (Figure 1.17).

<4 European robin

A Gentoo penguin

A American flamingo

Darwin’s second main point was his proposal that “natural
selection” is an evolutionary mechanism for descent with
modification.

Darwin developed his theory of natural selection from
observations that by themselves were neither new nor pro-
found. Others had described the pieces of the puzzle, but
Darwin saw how they fit together. He started with the fol-
lowing three observations from nature: First, individuals in
a population vary in their traits, many of which seem to be
heritable (passed on from parents to offspring). Second, a
population can produce far more offspring than can survive
to produce offspring of their own. With more individuals
than the environment is able to support, competition is in-
evitable. Third, species generally suit their environments—
in other words, they are adapted to their environments. For
instance, a common adaptation among birds that eat tough
seeds as their major food source is that they have especially
thick, strong beaks.

Making inferences from these three observations, Dar-
win arrived at his theory of evolution. He reasoned that
individuals with inherited traits that are better suited to the
local environment are more likely to survive and reproduce
than less well-suited individuals. Over many generations, a
higher and higher proportion of individuals in a population
will have the advantageous traits. Evolution occurs as the
unequal reproductive success of individuals ultimately leads
to adaptation to their environment, as long as the environ-
ment remains the same.

Darwin called this mechanism of evolutionary adapta-
tion natural selection because the natural environment
“selects” for the propagation of certain traits among natu-
rally occurring variant traits in the population. The example

« Figure 1.17 Unity and
diversity among birds. These
three birds are variations on a
commen body plan. For exam-
ple, each has feathers, & beak,
and wings—although these
features are highly specialized
for the birds’ diverse lifestyles.
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€ Reproduction of
survivors

O Increasing frequency
of traits that enhance

@ Elimination of
individuals with certain
traits survival and repro-

ductive success

@ Population with varied
inherited traits

A Figure 1.18 Natural selection. This imaginary beetle population has colonized a locale
where the soil has been blackened by a recent brush fire, Initially, the population varies extensively
in the inherited coloration of the individuals, from very light gray to charcoal. For hungry birds that
prey on the beetles, it is easiest to spot the beetles that are lightest in color.

in Figure 1.18 illustrates the ability of natural selection to
“edit” a population’s heritable variations in color. We sce the
products of natural selection in the exquisite adaptations of
various organisms to the special circumstances of their way
of life and their environment. The wings of the bat shown in
Figure 1.19 are an excellent example of adaptation.

The Tree of Life

Take another look at the skeletal architecture of the bat’s
wings in Figure 1.19. These wings are not like those of
feathered birds; the bat is a mammal. The bat’s forelimbs,
though adapted for flight, actually have all the same bones,
joints, nerves, and blood vessels found in other limbs as
diverse as the human arm, the foreleg of a horse, and the
flipper of a whale. Indeed, all mammalian forelimbs are
anatomical variations of a common architecture, much

as the birds in Figure 1.17 are variations on an underlying
“avian” theme. Such examples of kinship connect life’s unity
in diversity to the Darwinian concept of descent with modi-
fication. In this view, the unity of mammalian limb anatomy
reflects inheritance of that structure from a common

A Figure 1.19 Evolutionary adaptation. Bats,
the only mammals capable of active flight, have
wings with webbing between extended “fingers.”
Darwin proposed that such adaptations are refined
over time by natural sefection.

14 CHAPTER 1

ancestor—the “prototype” mammal from which all other
mammals descended. The diversity of mammalian fore-
limbs results from modification by natural selection operat-
ing over millions of generations in different environmental
contexts. Fossils and other evidence corroborate anatomical
unity in supporting this view of mammalian descent from a
common ancestor.

Darwin proposed that natural selection, by its cumulative
effects over long periods of time, could cause an ancestral
species to give rise to two or more descendant species. This
could occur, for example, if one population fragmented into
several subpopulations isolated in different environrnents. In
these separate arenas of natural selection, one species could
gradually radiate into multiple species as the geographically
isolated populations adapted over many generations to dif-
ferent sets of environmental factors,

The “family tree” of 14 finches in Figure 1.20 illustrates
a famous example of adaptive radiation of new species from
a common ancestor. Darwin collected specimens of these
birds during his 1835 visit to the remote Galdpagos Islands,
900 kilometers (km) off the Pacific coast of South America.
These relatively young, volcanic islands are home to many
species of plants and animals found nowhere else in the
world, though many Galdpagos organisms are clearly related
to species on the South American mainland. After volcanoes
built up the Galdpagos several million years ago, finches
probably diversified on the various islands from an ances-
tral finch species that by chance reached the archipelago
from elsewhere. Years after Darwin collected the Galapa-
gos finches, researchers began to sort cut the relationships
among these finch species, first from anatomical and geo-
graphic data and more recently with the help of DNA se-
quence comparisons.

Biologists’ diagrams of evolutionary relationships gener-
ally take treelike forms, though the trees are often turned

Evolution, the Themes of Biology, and Scientific Inquiry
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sideways as in Figure 1.20. Tree diagrams make sense: Just CONGEPT CHECK 1.2

as an individual has a genealogy that can be diagrammed as
a family tree, each species is one twig of a branching tree of
life extending back in time through ancestral species more
and more remote. Species that are very similar, such as the
Galdpagos finches, share a common ancestor at a relatively
recent branch point on the tree of life. But through an an- 3.
cestor that lived much farther back in time, finches are re-
lated to sparrows, hawks, penguins, and all other birds. And
birds, mammals, and all other vertebrates share a common
ancestor even more ancient. Trace life back far enough, and
we reach the early prokaryotes that inhabited Earth over 3.5
billion years ago. We can recognize their vestiges in our own
cells—in the universal genetic code, for example. Indeed, all
of life is connected through its long evolutionary history.

1.

CHAPTER 1

How is a mailing addiress analogous fo biology's hierar
chical taxonomic system?

Explain why “editing” Is on appropriate metaphaor for
how natural selection acts on a population’s heritable
variafion,

The three domains you learned about in
Concept 1.2 can be represented in the tree of life as the
three main branches, with three subbranches on the
eukaryotic branch being the kingdoms Plantae, Fungi,
and Animalia. What if fungi and animals are more closely
related to each other than either of these kingdoms is fo
plants—as recent evidence strongly suggests? Draw a
simple branching pattern that symbolizes the proposed
relationship between these three eukaryotic kingdoms.

For suggesied answers, see Appendix A.
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CONCEPT -I -3

In studying nature, scientists make
observations and form and test
hypotheses

Science is a way of knowing—an approach to understand-
ing the natural world, It developed out of our curiosity about
ourselves, other life-forms, our planet, and the universe, The
word science is derived from a Latin verb meaning “to know.”
Striving to understand seems to be one of our basic urges.

At the heart of science is inquiry, a search for informa-
tion and explanations of natural phenomena. There is no
formula for successful scientific inquiry, no single scientific
method that researchers must rigidly follow. As in all quests,
science includes elements of challenge, adventure, and luck,
along with careful planning, reasoning, creativity, patience,
and the persistence to overcome setbacks. Such diverse ele-
ments of inquiry make science far less structured than most
people realize. That said, it is possible to highlight certain
characteristics that help to distinguish science from other
ways of describing and explaining nature.

Scientists use a process of inquiry that includes making ob-
servations, forming logical, testable explanations (sypotheses),
and testing them. The process is necessarily repetitive: In test-
ing a hypothesis, more observations may inspire revision of
the original hypothesis or formation of a new one, thus lead-
ing to further testing. In this way, scientists circle closer and
closer to their best estimation of the laws governing nature.

Making Observations

In the course of their work, scientists describe natural struc-
tures and processes as accurately as possible through careful
observation and analysis of data. Observation is the gather-
ing of information, either through direct use of the senses or
with the help of tools such as microscopes, thermometers,
and balances that extend our senses. Observations can
reveal valuable information about the natural world, For
example, a series of detailed observations have shaped our
understanding of cell structure, and another set of observa-
tions is currently expanding our databases of genomes of
diverse species and of genes whose expression is altered in
cancer and other diseases.

Recorded observations are called data. Put another way,
data are items of information on which scientific inquiry
is based. The term data implies numbers to many people.
But some data are qualitative, often in the form of recorded
descriptions rather than numerical measurements. For
example, Jane Goodall spent decades recording her obser-
vations of chimpanzee behavior during field research in a
Tanzantan jungle (Figure 1.21). Along with these qualitative
data, Goodall also enriched the field of animal behavior with

A Figure 1.21 Jane Goodall collecting qualitative data on
chimpanzee behavior. Goodall recorded her observations in figld
notebooks, often with sketches of the animals’ behavior.

volumes of quantitative data, such as the frequency and du-
ration of specific behaviors for different members of a group
of chimpanzees in a variety of situations. Quantitative data
are generally expressed as numerical measurements and
often organized into tables and graphs. Scientists analyze
their data using a type of mathematics called statistics to test
whether their results are significant or merely due to ran-
dom fluctuations. (Note that all results presented in this text
have been shown to be statistically significant.)

Collecting and analyzing observations can lead to impor-
tant conclusions based on a type of logic called inductive
reasoning. Through induction, we derive generalizations
from a large number of specific observations. “The sun
always rises in the east” is an example. And so is “All organ-
isms are made of cells.” Careful observations and data analy-
ses, along with generalizations reached by induction, are
fundamental to our understanding of nature.

Forming and Testing Hypotheses

Our innate curiosity often stimulates us to pose questions
about the natural basis for the phenomena we observe in the
world. What caused the different chimpanzee behaviors that
Goodall observed in different situations? What causes the
roots of a plant seedling to grow downward? In science, such
inquiry usually involves the forming and testing of hypo-
thetical explanations—that is, hypotheses.

In science, a hypothesis is a tentative answer to a well-
framed question—an explanation on trial. It is usually a
rational account for a set of observations, based on the avail-
able data and guided by inductive reasoning. A scientific
hypothesis must lead to predictions that can be tested by
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{ Qbservation: Flashlight deesn’t work. J

{

| Question: Why doasn‘t the flashlight work?J

|
‘[ Hypothesis #1: | | Hypothesis #2:
Batteries are dead. | Butb is burnt out.

v

Prediction: Replacing i
batteries will fix problem. 1

|

-

' Prediction: Replacing
bulb will fix problem.

Test of prediction: | Test of prediction:
Replace batteries. Replace bulb.

; L T

Result: Result:
Flashlight doesn't work. t Flashlight works.
Hypothesis is contradicted. Hypothesis is supported.

_y —

A Figure 1.22 A simplified view of the scientific process. The
idealized process sometimes called the "scientific method” is shown in
this flow chart, using a campground example of hypothesis testing.

making additional observations or by performing experi-
ments. An experiment is a scientific test, carried out under
controlled conditions.

We all use observations and develop questions and hy-
potheses in solving everyday problems. Let's say, for exam-
ple, that your flashlight fails while you are camping. That's
an observation. The question is obvious: Why doesn’t the
flashlight work? Two reasonable hypotheses based on your
experience are that (1) the batteries in the flashlight are
dead or (2) the bulb is burnt out. Each of these alternative
hypotheses leads to predictions you can test with informal
experiments. For example, the dead-battery hypothesis
predicts that replacing the batteries will fix the problem.
Figure 1.22 diagrams this campground inquiry. Figur-
ing things out like this, by systematic trial and error,isa
hypothesis-based approach.

Sometimes we can’t carry out an experiment but can test
a hypothesis using observations. Let’s say you don’t have
a spare bulb or spare batteries. How could you figure out
which hypothesis is more likely? You could examine the
bulb and see if it looks burnt out. You could also check the
expiration date on the battery. Experiments are great ways
to test hypotheses, but when experiments aren’t possible, we
can often test a hypothesis in other ways.

Deductive Reasoning

A type of logic called deduction is also built into the use
of hypotheses in science. While induction entails reason-
ing from a set of specific observations to reach a general

2,

conclusion, deductive reasoning involves logic that flows
in the opposite direction, from the general to the specific.
From general premises, we extrapolate to the specific results
we should expect if the premises are true. In the scientific
process, deductions usually take the form of predictions of
results that will be found if a particular hypothesis (premise)
is correct. We then test the hypothesis by carrying out ex-
periments or observations to see whether or not the results
are as predicted, This deductive testing takes the form of “If
... then” logic. In the case of the flashlight example: If the
dead-battery hypothesis is correct, then the flashlight should
work if you replace the batteries with new ones.

The flashlight inquiry demonstrates two other key points
about the use of hypotheses in science. First, the initial ob-
servations may give rise to multiple hypotheses. The ideal
plan is to design experiments to test all these candidate ex-
planations. For instance, another of the many possible alter-
native hypotheses to explain our dead flashlight is that both
the batteries and the bulb are bad, and you could design an
experiment to test this.

Second, we can never prove that a hypothesis is true. Based
on the experiments shown in Figure 1.22, the burnt-out bulb
hypothesis stands out as the most likely explanation. The re-
sults support that hypothesis but do not absolutely prove it is
correct. Perhaps the first bulb was simply loose, so it wasn't
making electrical contact, and the new bulb was inserted cor-
rectly. We could attempt to test the burnt-out bulb hypothesis
again by trying another experiment—removing the original
bulb and carefully reinstalling it. If the flashlight still doesn’t
work, the burnt-out bulb hypothesis is supported by another
line of evidence—but still not proven. For example, the bulb
may have another defect not related to being burnt out. Test-
ing a hypothesis in various ways, producing different sorts of
data, can increase our confidence in it tremendously, but no
amount of experimental testing can prove a hypothesis beyond
a shadow of doubt.

Questions That Can and Cannot Be Addressed by Science

Scientific inquiry is a powerful way to learn about nature, but
there are limitations to the kinds of questions it can answer.
A scientific hypothesis must be testable; there must be some
observation or experiment that could reveal if such an idea is
likely to be true or false. The hypothesis that dead batteries
are the sole cause of the broken flashlight could be (and was)
tested by replacing the old batteries with new ones.

Not all hypotheses meet the criteria of science: You
wouldn’t be able to test the hypothesis that invisible camp-
ground ghosts are fooling with your flashlight! Because
science only deals with natural, testable explanations for
natural phenomena, it can neither support nor contradict
the invisible ghost hypothesis, nor whether spirits, elves, or
fairies, either benevolent or evil, cause storms, rainbows, ill-
nesses, and cures. Such supernatural explanations, because

CHAPTER 1 Evolution, the Themes of Biology, and Scientific Inquiry 17



they cannot be tested, are simply outside the bounds of
science. For the same reason, science does not deal with
religious matters, which are issues of personal faith, Science
and religion are not mutuaily exclusive or contradictory,
they are simply concerned with different issues.

The Flexibility of the Scientific Process

The flashlight example of Figure 1.22 traces an idealized
process of inquiry sometimes called the scientific method.
We can recognize the elements of this process in most of
the research articles published by scientists, but rarely in
such structured form. Very few scientific inquiries adhere
rigidly to the sequence of steps prescribed by the “textbook”

» Figure 1.23 The process of science:

A more realistic model. In reality, the pro-
cess of science is not linear, but is more cir-
cular, involving backtracking, repetitions, and
interactions of different parts of the process.
This illustration is based on a model {How Sci-
ence Works) from the website Understanding
Science {(www.understandingscience.org).
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scientific method, which is often applied in hindsight, after
the experiment or study is completed. For example, a scien-
tist may start to design an experiment, but then backtrack
after realizing that more preliminary observations are nec-
essary. In other cases, puzzling observations simply don't
prompt well-defined questions until other research places
those observations in a new context. For example, Darwin
collected specimens of the Galapagos finches, but it wasn’t
until years later, as the idea of natural selection began to gel,
that biologists began asking key questions about the history
of those birds. Science is a lot more unpredictable—and
exciting—than lock-step adherence to any five-step method.

A more realistic model of the scientific process is shown
in Figure 1.23. The core activity (the central circle in the

+ Feedback and peer
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figure) is the forming and testing of hypotheses. This is the
most fundamental aspect of science and is the reason that
science does such a reliable job of explaining phenomena in
the natural world. However, there is much more to the sci-
entific process than just testing. The choice of ideas to test,
the interpretation and evaluation of results, and the decision
about which ideas to pursue for further study are influenced
by three other arenas as well.

First, well-framed questions, new hypotheses, and good
study designs do not spring to life out of thin air; they are
inspired and nurtured by the sorts of endeavors associated
with exploration and discovery (the upper circle in Figure
1.23). Second, testing is not performed in a social vacuum;
community analysis and feedback play an important role
(lower right circle). Interactions within the scientific com-
munity influence which hypotheses are tested and how,
provoke reinterpretations of test results, provide indepen-
dent assessments of the validity of study designs, and much
more. Finally, the process of science is interwoven with the
fabric of society (lower left circle). A societal need—for ex-
ample, to understand the process of climate change—may
inspire a flurry of hypotheses and studies. Similarly, well-
supported hypotheses may wind up enabling an important
technological innovation or encouraging a particular policy,
which may, in turn, inspire new scientific questions. Though

testing hypotheses and interpreting data are at the heart of
science, these pursuits represent only part of the picture.

A Case Study in Scientific Inquiry:
Investigating Coat Coloration in Mouse
Populations

Now that we have highlighted the key features of scientific
inquiry—making observations and forming and testing
hypotheses—you should be able to recognize these features
in a case study of actual scientific research.

The story begins with a set of observations and inductive
generalizations. Color patterns of animals vary widely in na-
ture, sometimes even among members of the same species.
What accounts for such variation? An illustrative example
is found in two populations of mice that belong to the same
species (Peromyscus polionotus) but have different color
patterns and reside in different environments (Figure 1.24).
The beach mouse lives along the Florida seashore, a habitat
of brilliant white sand dunes with sparse clumps of beach
grass, The inland mouse lives on darker, more fertile soil far-
ther inland. Even a brief glance at the photographs in Figure
1.24 reveals a striking match of mouse coloration to its habi-
tat. The natural predators of these mice, including hawks,
owls, foxes, and coyotes, are all visual hunters (they use their

Florida

GULF OF

J Beach
MEXICO i

S population

Inland
population

Members of the same species living about 30
km inland have dark fur on their backs,
camoufiaging them against the dark ground
of their habitat.

Beach mice living on sparsely vegetated sand
dunes along the coast have light tan, dappled
fur on their backs that allows them to blend
into their surroundings, providing camouflage.

A Figure 1.24 Different coloration in beach and intand populations of Peromyscus polionotus.
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eyes to look for prey). It was logical,
therefore, for Francis Bertody Sumner, a
naturalist studying populations of these
mice in the 1920s, to form the hypoth-
esis that their coloration patterns had
evolved as adaptations that camouflage
the mice in their native environments,
protecting them from predation.

As obvious as the camouflage hy-
pothesis may seem, it still required test-
ing. In 2010, biologist Hopi Hoekstra of
Harvard University and a group of her
students headed to Florida to test the
prediction that mice with coloration
that did not match their habitat would
be preyed on more heavily than the na-
tive, well-matched mice. Figure 1.25
summarizes this field experiment.

‘The researchers built hundreds of
plasticine models of mice and spray-
painted them to resemble either beach
mice (light colored) or inland mice
(darker colored), so that the models
differed only in their color patterns.
The researchers placed equal numbers
of these model mice randomly in both
habitats and left them overnight. The
mouse models resembling the native
mice in the habitat were the control
group (for instance, light-colored beach
mouse models in the beach habitat),
while the mouse models with the non-
native coloration were the experimental
group (for example, darker-colored
inland mouse models in the beach

habitat). The following morning, the team counted and re-
corded signs of predation events, which ranged from bites
and gouge marks on some models to the outright disap-
pearance of others. Judging by the shape of the predator’s
bites and the tracks surrounding the experimental sites, the
predators appeared to be split fairly evenly between mam-
mals {such as foxes and coyotes) and birds (such as owls,

herons, and hawks).

For each environment, the researchers then calculated
the percentage of predation events that targeted camou-
flaged mouse models. The results were clear: Camouflaged
models experienced much less predation than those lacking
camouflage in both the beach habitat (where light mice were
less vulnerable) and the inland habitat (where dark mice
were less vulnerable). The data thus fit the key prediction
of the camouflage hypothesis. For more information about
Hopi Hoekstra and her research with beach mice, see the

interview before Chapter 22.
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¥ Figure 1.25 [Ialel0i[a¥

Does camoufiage affect predation rates on two populations of mice?

Experiment Hopi Hoekstra and colleagues wanted to test the hypothesis that coloration of beach
and inland mice (Peromyscus polionotus) provides camouflage that protects them from predation
in their respective habitats. The researchers spray-painted mouse models with either light or dark
color patterns that matched those of the beach and infand mice and then placed models with both
patterns in each of the habitats. The next morning, they counted damaged or missing models.

Resuits For each habitat, the researchers calculated the percentage of attacked models that were
camouflaged or non-camouflaged. In both habitats, the models whose pattern did not match their
surroundings suffered much higher “predation” than did the camouflaged models.

Beach habitat

(=3
o

Percentage of
attacked models
[9) )
[

o

Light models Dark models Dark models
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LY vy NS " LR
Camouflaged Non-camouflaged Camouflaged
(control) (experimental) (experimental) (control)

Conclusion The results are consistent with the rasearchers’ prediction: that mouse models with
camouflage coloration would be preyed on less often than non-camouflaged mouse models. Thus,
the experiment supports the camouflage hypothesis.

source: 5. N, Vignieri, J. G. Larson, and H. E. Hoekstra, The selective advantage of crypsis in mice, Evolution 64:2153-
2158 (2010).

WA ENYEN The bars indicate the percentage of the attacked models that were ejther
light or dark. Assume 100 mouse models were attacked in each habitat. For the beach habitat, how
marny were light models? Dark models? Answer the same questions for the infand habitat.

Experimental Variables and Controis

Earlier in this section, we described an experiment as a sci-
entific test carried out under controlled conditions. More
specifically, an experiment involves manipulation of one
factor in a system in order to see the effects of changing it.
Both the factor that is manipulated and the effects that are
measured are types of experimental variables—factors that
vary in an experiment.

The mouse camouflage experiment described in
Figure 1.25 is an example of a controlled experiment, one
that is designed to compare an experimental group (the
non-camouflaged mice, in this case) with a control group
(the camouflaged mice normally resident in the area). Ide-
ally, the experimental and control groups are designed to
differ only in the one factor the experiment is testing—in
our example, the effect of mouse coloration on the behavior
of predators. Here, mouse color is the factor manipulated by
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the researchers; it is called the the independent variable.
The amount of predation is the dependent variable, a fac-
tor that is measured in the experiment. Without the control
group, the researchers would not have been able to rule out
other factors as causes of the more frequent attacks on the
non-camouflaged mice—such as different numbers of pred-
ators or different temperatures in the different test areas.
The clever experimental design left coloration as the only
factor that could account for the low predation rate on the
camouflaged mice placed in their normal environment.

A commeon misconception is that the term controlled
experiment means that scientists control the experimental
environment to keep everything strictly constant except
the one variable being tested. But that’s impossible in field
research and not realistic even in highly regulated labora-
tory environments. Researchers usually “control” unwanted
variables not by eliminating them through environmental
regulation, but by canceling out their effects by using control
groups.

Theories in Science

Qur everyday use of the term theory often implies an un-
tested speculation: “It’s just a theory!” But the term theory
has a different meaning in science. What is a scientific the-
ory, and how is it different from a hypothesis or from mere
speculation?

First, a scientific theory is much broader in scope than
a hypothesis. This is a hypothesis: “Fur coloration well-
matched to their habitat is an adaptation that protects mice
from predators.” But this is a theory: "Evolutionary adapta-
tions arise by natural selection.” This theory proposes that
natural selection is the evolutionary mechanism that ac-
counts for an enormous variety of adaptations, of which coat
color in mice is but one example.

Second, a theory is general enough to spin off many new,
specific hypotheses that can be tested. For example, two
researchers at Princeton University, Peter and Rosemary
Grant, were motivated by the theory of natural selection
to test the specific hypothesis that the beaks of Galapagos
finches evolve in response to changes in the types of avail-
able food. (Their results supported their hypothesis; see the
Chapter 23 overview.)

And third, compared with any hypothesis, a theory is
generally supported by a much greater body of evidence.
The theory of natural selection has been supported by a
vast quantity of evidence, with more being found every
day, and has not been contradicted by any scientific data.
Other similarly supported theories include the theory of
gravity and the theory that the Earth revolves around the
sun. Those theories that become widely adopted in science
explain a great range of observations and are supported by
a vast accumulation of evidence. In fact, scrutiny of theories

continues through testing of the specific hypotheses they
generate.

In spite of the body of evidence supporting a widely ac-
cepted theory, scientists will modify or even reject theories
when new research produces results that don’t fit. For ex-
ample, the theory of biological diversity that lumped bacte-
ria and archaea together as a kingdom of prokaryotes began
to erode when new methods for comparing cells and mol-
ecules made it possible to test some of the hypothetical rela-
tionships between organisms that were based on the theory.
If there is “truth” in science, it is at best conditional, based
on the preponderance of available evidence.

CONCEPT CHECK 1.3

1. Contrast Inductive recisoning with deductive reasoning.

2. In the mouse camoufiage experiment, what is the inde-
pendent variable? The dependent variable? Explain.

3. Why is natural selection called a theory?

4. In the deserts of the southwastern United
States, the soils are mostly sandy, with oceasional large
regions of black rock derived from lava flows that oc-
curred 1.7 million years ago. Mice are found in both
sandy and rocky areas, and owls are known predators.
What mighi you expect about coat color in these two
mouse populations? Explain, How would you use this
ecosystem io further test the camouflage hypothesis?

For suggested answers, see Appendix A.

CONCEPT -I .4

Science benefits from a cooperative
approach and diverse viewpoints

Movies and cartoons sometimes portray scientists as lon-
ers working in isolated labs. In reality, science is an in-
tensely social activity. Most scientists work in teams, which
often include both graduate and undergraduate students.
And to succeed in science, it helps to be a good communi-
cator. Research results have no impact until shared with a
community of peers through seminars, publications, and
websites.

Building on the Work of Others

The great scientist Isaac Newton once said: “To explain all
nature is too difficult a task for any one man or even for any
one age. "Tis much better to do a little with certainty, and
leave the rest for others that come after you. .. .” Anyone
who becomes a scientist, driven by curiosity about how
nature works, is sure to benefit greatly from the rich store-
house of discoveries by others who have come before. In
fact, Hopi Hoekstra’s experiment benefited from the work
of another researcher, D. W. Kaufman, 40 years earlier. You
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SCIENTIFIC SKILLS EXERCISE S

Interpreting a Paiy of Bar Graphs

How Much Does Camouflage Affect Predation on Mice by

Owls with and without Moonlighi? D. W, Kaufman investigated the
effect of prey camouflage on predation. Kaufman tested the hypothesis
that the amount of contrast between the coat color of a mouse and the
color of its surroundings would affect the rate of nighttime predation by
owls. He also hypothesized that the color contrast would be affected by

the amount of moonlight. In this exercise, you will analyze data from his. -

owl-mouse predation studies,

How the Experiment Was Done Pairs of mice (Peromyscus poliono-
tus) with different coat calors, one light brown and one dark brown,
waere released simultaneously into an enclosure that contained a hun-
gry owl, The researcher recorded the color of the mouse that was first
caught by the owl. If the owl did not catch either mouse within 15 min-
utes, the test was recorded as a zero. The release trials were repeated
multiple times in enclosures with either a dark-colored soil surface or a

" light-colored soif surface. The presence or absence of moonlight during
each assay was recorded. ‘ S

Data from the Experiment
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B: Dark-colored soil
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Interpret the Data

1. First, make sure you understand how the graphs are set up: Graph
A shows data from the light-colored sail enclosure and graph B from
the dark-colored enclosure, but in all other respects the graphs are
the same. {a) There is more than one independent variable in these

can study the design of Kaufman’s experiment and interpret
the results in the Scientific Skills Exercise,

Scientific results are continually vetted through the repe-
tition of observations and experiments. Scientists working in
the same research field often check one another’s claims by
attempting to confirm observations or repeat experiments.
If experimental results cannot be repeated by scientific col-
leagues, this failure may reflect some underlying weakness in
the original claimn, which will then have to be revised. In this
sense, science polices itself. Integrity and adherence to high
professional standards in reporting results are central to the
scientific endeavor. After all, the validity of experimental
data is key to designing further lines of inquiry.

It is not unusual for several scientists to converge on the
same research question. Some scientists enjoy the challenge

22 CHAPTER 1

graphs. What are
the independent
variables, the vari-
ables that were
tested by the re-
searcher? Which
axis of the graphs
has the independent.
variables? (b) What
is the dependent
varfable, the re-
sponse to the vari-
ables being tested?

. Which axis of tha

graphs has the dependent variable? ‘

2. {a) How many dark brown mice were caught in the light-colored soil
enclosure en a moonlit night? (b) How many dark brown mice were
caught in the dark-colored soil enclosure on a moonlit night? (c) On
a moonlit night, would a dark brown mouse be more likely to escape
predation by owls on dark- or light-colored soil? Explain your answer.

3. (a) Is a dark brown mouse on dark-colored soil more likely to escape
predation under a full moon ar with ne meon? (b) A light brown
mouse on light-colored soil? Explain.

4. (a) Under which conditions would a dark brown mouse be most likely
1o escape predation at night? (b} A light brown mousa?

5. {a) What combinaticen of independent variables led to the highest
predation fevel in enclosurés with light-colored soil? {b) What com-
bination of independent variables led to the highest predation level
in enclosures with dark-colored soil? (¢} What relationship, if any, do
you. see in your answers to parts (2) and (b)?

6. What conditions are most deadly for both light brown and dark
brown mice? _

7. Combining the data shown in both graphs, estimate the total number
of mice caught in moonlight versus no-moocnlight conditions. Which
condition is optimal for predation by the owl on mice? Explain your
answer; :

A version of this Scientific Skills Exércise can be assigned in
MasteringBiology. .

Data from D. W. Kaufman, Adaptive coloration in Peromyscus pofionotus: Experimantal
selection by owls, Journal of Mammalogy 55:271-283 {1974).

of being first with an important discovery or key experi-
ment, while others derive more satisfaction from cooperat-
ing with fellow scientists working on the same problem.
Cooperation is facilitated when scientists use the same
organism. Often it is a widely used model organism—a
species that is easy to grow in the lab and lends itself par-
ticularly well to the questions being investigated. Because
all species are evolutionarily related, such an organism may
be viewed as a model for understanding the biology of other
species and their diseases. For example, genetic studies of
the fruit fly Drosophila melanogaster have taught us a lot
about how genes work in other species, even humans. Some
other popular model organisms are the mustard plant Ara-
bidapsis thaliana, the soil worm Caernorhabditis elegans,
the zebrafish Danio rerio, the mouse Mus musculus, and the
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bacterium Escherichia coli. As you read through this book,
note the many contributions that these and other model or-
ganisms have made to the study of life.

Biologists may approach interesting questions from dif-
ferent angles. Some biologists focus on ecosysterns, while
others study natural phenomena at the level of organisms
or cells. This text is divided into units that look at biology
at different levels. Yet any given problem can be addressed
from many perspectives, which in fact complement each
other. For example, Hoekstra’s work uncovered at least one
genetic mutation that underlies the differences between
beach and inland mouse coloration. Her lab includes biolo-
gists specializing at different biological levels, allowing links
to be made between the evolutionary adaptations she fo-
cuses on and their molecular basis in DNA sequences.

As a biology student, you can benefit from making con-
nections between the different levels of biology. You can de-
velop this skill by noticing when certzin topics crop up again
and again in different units. One such topic is sickle-cell dis-
ease, a well-understood genetic condition that is prevalent
among native inhabitants of Africa and other warm regions
and their descendants. Sickle-cell disease will appear in sev-
eral units of the text, each time addressed at a new level. In
addition, we have designed a number of figures that make
connections between the content in different chapters,
as well as questions that ask you to malke the connections
yourselves. We hope these features will help you integrate
the material you're learning and enhance your enjoyment of
biology by encouraging you to keep the big picture in mind.

Science, Technology, and Society

The research community is part of society at large, and the
relationship of science to society becomes clearer when we
add technology to the picture (see Figure 1.23). Though
science and technology sometimes employ similar inquiry
patterns, their basic goals differ. The goal of science is to
understand natural phenomena, while that of technology
is to apply scientific knowledge for some specific purpose.
Biologists and other scientists usually speak of “discover-
ies,” while engineers and other technologists more often
speak of “inventions.” Because scientists put new technol-
ogy to work in their research, science and technology are
interdependent.

The potent combination of science and technology can
have dramatic effects on society. Sometimes, the applica-
tions of basic research that turn out to be the most benefi-
cial come out of the blue, from completely unanticipated
observations in the course of scientific exploration. For
example, discovery of the structure of DNA by Watson and
Crick 60 years ago and subsequent achievements in DNA
science led to the technologies of DNA manipulation that
are transforming applied fields such as medicine, agricul-
ture, and forensics (Figure 1.26). Perhaps Watson and Crick
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A Figure 1.26 DNA technology and crime scene investigation.
In 2011, forensic analysis of DNA samples from a crime scene led to
the release of Michael Morton from prison after he had served nearly
25 years for a crime he didn't commit, the brutal murder of his wife.
The DNA analysis linked another man, also charged in a second mur-
der, o the crime. The photo shows Mr. Morton hugging his parents
after his conviction was overturned. The details of forensic analysis of
DNA will be described in Chapter 20.

envisioned that their discovery would someday lead to im-
portant applications, but it is unlikely that they could have
predicted exactly what all those applications would be.

The directions that technology takes depend less on the
curiosity that drives basic science than on the current needs
and wants of peaple and on the social environment of the
times. Debates about technology center more on “should we
do it" than “can we do it.” With advances in technology come
difficult choices. For example, under what circumstances is
it acceptable to use DNA technology to find out if particular
people have genes for hereditary diseases? Should such tests
always be voluntary, or are there circumstances when genetic
testing should be mandatory? Should insurance companies
or employers have access to the information, as they do for
many other types of personal health data? These questions
are becoming much more urgent as the sequencing of indi-
vidual genomes becomes quicker and cheaper.

Ethical issues raised by such questions have as much to do
with politics, economics, and cultural values as with science
and technology. All citizens—not only professional scien-
tists—have a responsibility to be informed about how science
works and about the potential benefits and risks of technol-
ogy. The relationship between science, technology, and soci-
ety increases the significance and value of any biology course.

The Value of Diverse Viewpoints in Science

Many of the technological innovations with the most pro-
found impact on human society originated in settiements
along trade routes, where a rich mix of different cultures
ignited new ideas. For example, the printing press, which
helped spread knowledge to all social classes and ultimately
led to the book in your hands, was invented by the German
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Johannes Gutenberg around 1440. This invention relied on
several innovations from China, including paper and ink.
Paper traveled along trade routes from China to Baghdad,
where technology was developed for its mass production.
This technology then migrated to Europe, as did water-
based ink from China, which was modified by Gutenberg to
become oil-based ink. We have the cross-fertilization of di-
verse cultures to thank for the printing press, and the same
can be said for other important inventions.

Along similar lines, science stands to gain much from
embracing a diversity of backgrounds and viewpoints among
its practitioners. But just how diverse a population are
scientists in relation to gender, race, ethnicity, and other
attributes?

The scientific community reflects the cultural standards
and behaviors of the society around it. It is therefore not
surprising that until recently, women and certain minori-
ties have faced huge obstacles in their pursuit to become
professional scientists in many countries around the world.
Over the past 50 years, changing attitudes about career
choices have increased the proportion of women in biology
and some other sciences, so that now women constitute

Chapter Review

roughly half of undergraduate biology majors and biolegy
Ph.D. students. The pace has been slow at higher levels in
the profession, however, and women and many racial and
ethnic groups are still significantly underrepresented in
many branches of science. This lack of diversity hampers the
progress of science. The more voices that are heard at the
table, the more robust, valuable, and productive the scien-
tific interchange will be. The authors of this text welcome

all students to the community of biologists, wishing you the
joys and satisfactions of this exciting field of science.

'CONGEPT CHECK 1.4

1. How does science differ from technology?

2. IEINYCGEEEITEESIETER The gene that causes sickle-

cell disease is present in a higher percentage of residents
of sub-Saharan Africa than among those of African de-
scent living in the United Siates.This gene provides some
protection from malaria, a serious disease that is wide-
spread In sub-Saharan Africa. Discuss an evolutionary
process that could acceount for the different percentages
among residents of the two regions. (See Concept 1.2.)

For suggested answers, see Appendix A,

) ;Why is life considered to be an emergent property of a cell?
- ..!(Big ldea 4)

MARY OF KEY CONCEPTS

CONCEPT ] .-I

The study of life reveals common themes (pp. 2-9)

Organization Theme: New Properties Emerge at Successive

Levels of Biological Organization

» The hierarchy of life unfolds as follows:
biosphere > ecosystem > community >
population > organism > organ system >
organ > tissue > cell > organelle > molecule
> atom. With each step upward from atoms,
new emergent properties result from in-
teractions among components at the lower
levels. In an approach cailed reductionism,
complex systems are broken down to simpler components
that are more manageable to study. In systems biology,
scientists attempt to medel the dynamic behavior of whole
biological systems by studying the interactions among the sys-
tem's parts.

+ The structure and function of biological com- %
ponents are interrelated, The cell, an organ- SOF
ism’s basic unit of structure and function, is <o

the lowest level of organization that can per-
form all activities required for life, Cells are
either prokaryotic or eukaryotic, Eukaryotic
cells contain membrane-enciosed organelies,
including a DNA-containing nucleus. Prokaryotic
cells lack membrane-enclosed organelles.

Information Theme: Life’s Processes Involve the Expression

and Transmission of Genetic Information

+ Genetic information is encoded in the
nucleotide sequences of DNA. Itis DNA
that transmits heritable information from
parents to offspring. DNA sequences
called genes program a cell’s protein pro-
duction by being transcribed into mRNAs
and then translated into specific proteins,
a process called gene expression, Gene
expression also results in RNAg that are
not translated into protein but serve other
important functions. Genemics is the
large-scale analysis of the DNA sequences
of a species (its genome) as well as the
comparison of genomes between species.
Bioinformatics uses computational tools
to deal with huge volumes of sequence data.

Energy and Matter Theme: Life Requires the Transfer and

Transformation of Energy and Matter

* Energy flows through an ENERGY FLOW
ecosystem. All organisms s
must perform work, which
requires energy. Producers
convert energy from sunlight
to chemical energy, some of
which is then passed on to
consumers. (The rest is lost
as heat energy.} Chemicals
cycle between organisms and
the environment.
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Interactions Theme: From Ecosystems to Molecules,

Interactions Are Important in Biological Systems

o QOrganisms interact continuously
with physical factors. Plants take
up nutrients from the soil and
chemicais from the air and use
energy from the sun. Interactions
among plants, animals, and other
organisms affect the participants
in various ways.

* Infeedback regulation, a process is J N Pyt
regulated by its output or end product. In war---w’
negative feedback, accumulation of the end E
product slows its production. In positive » o G:i
feedback, an end product speeds up its own 3 ==
production. Feedback is a type of regulation 3 iy
common to life at all levels, from molecules < ~‘/;.‘}

2
to ecosystems. 5 7
%
“\_‘::i 7
“— RESPONSE

Evolution, the Core Theme of Biology

= Evolution, the process of change that
has transformed life on Earth, accounts
for the unity and diversity of life. It also
explains-evolutionary adaptation—
the match of organisms to their
envirom}'xents.

Why is evolution considered the core theme of biclogy?

CONCEPT -l .2

The Core Theme: Evolution accounts for the unity and
diversity of life (pp. 10-158)

* Biologists classify species according to a system of broader and
broader groups. Domain Bacteria and domain Archaea consist
of prokaryotes, Domain Eukarya, the eukaryotes, includes vari-
ous groups of protists and the kingdoms Plantae, Fungi, and
Animalia. As diverse as life is, there is also evidence of remark-
able unity, which is revealed in the similarities between different
kinds of organisms.

« Darwin proposed natural selection as the mechanism for evo-
lutionary adaptation of populations to their environments.

{ Population of organisms ]
]
B ae—
| Hereditary j‘ | Overproduction of off- |
i variations  ; 1 spring and competition

i

Environmental
factors
(

i Differences in reproductive success
of individuals

| Evolution of adaptations in the population |
A J

;

B
!
]

» Each species is one twig of a branching tree of life extending
back in time through ancestral species more and more remote.
All of life is connected through its long evolutionary history.

How could natural selection have led to the evolution of adapta-
tions such as the parachute-like structure carrying & seed shown on the
first page of this chapter?

CONCEPT -I .3

In studying nature, scientists make observations and form
and fest hypotheses (pp. 16-21)

* In scientific inquiry, scientists make observations (collect data)
and use inductive reasoning to draw a general conclusion,
which can be developed into a testable hypothesis. Deductive
reasoning makes predictions that can be used to test hypoth-
eses, Hypotheses must be testable; science can address neither
the possibility of supernatural phenomena nor the validity of re-
ligious beiiefs. Hypotheses can be tested by experimentation or,
when that is not possible, by making observations. In the pro-
cess of science, the core activity is testing ideas. This endeavor is
influenced by three arenas: exploration and discovery, commu-
nity analysis and feedback, and societal benefits and outcomes,
Testing ideas, in turn, affects each of these three pursuits as well,

» Controlled experiments, such as the study investigating coat
coleration in mouse populations, are designed to demonstrate
the effect of one variable by testing control groups and experi-
mental groups that differ in only that one variable.

* A scientific theory is broad in scope, generates new hypotheses,
and is supported by a large body of evidence.

What are the roles of gathering and interpreting data in the pro-
cess of scientific inquiry?

CONCEPT ] .4

Science benefits from a cooperative approach and diverse
viewpoints (pp. 21-24)

» Science is a social activity. The work of each scientist builds on
the work of others that have come before. Scientists must be
able to repeat each other’s results, so integrity is key. Biologists
approach questions at different levels; their approaches comple-
ment each other.

+ Technology consists of any method or device that applies sci-
entific knowledge for some specific purpose that affects society.
The ultimate impact of basic research is not always immediately
obvious.

+ Diversity among scientists promotes progress in science.

Explain why different approaches and diverse backgrounds among
scientists are important, .

TEST YOUR UNDERSTANDING

LEVEL 1: KNOWLEDGE/COMPREHENSION

1. All the organisms on your campus make up
{A) an ecosystemn.
(B) a community.
(C) apopulation.
(D) ataxonomic domain.

2, Which of the following is a correct sequence of levels in life’s
hierarchy, proceeding downward from an individual animal?
{(A) organism, brain, organ systen, nerve cell
{B) organ system, nervous tissue, brain, nerve cell
(C} organism, organ system, tissue, cell, organ
(D) nervous system, brain, nervous tissue, nerve cell
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4

Which of the following is NOT an observation or inference on

which Darwin’s theory of natural selection is based?

(A) Poorly adapted individuals never produce offspring.

(B) There is heritable variation among individuals.

(C) Because of overproduction of offspring, there is competi-
tion for limited resources.

(D) A population can become adapted to its environment over
time,

Systems biology is mainly an attempt to

A) analyze genomes from different species.

(B) simplify complex problems by reducing the system into
smaller, less complex units.

(C) understand the behavior of entire biological systems by
studying interactions among its component parts.

(D) build high-throughput machines for the rapid acquisition
of biological data.

. Protists and bacteria are grouped into different domains

because

(A) protists eat bacteria.

(B) bacteria are not made of cells.

(C) protists have a membrane-bounded nucleus.
(D) protists are photosynthetic.

. Which of the following best demonstrates the unity among all

organisms?

{A) emergent properties

(B) descent with modification

{C) the structure and function of DNA
(D) natural selection

. A controlled experiment is one that

(A) proceeds slowly enough that a scientist can make careful
records of the results,

(B) tests experirmental and control groups in parailel.

(C) is repeated many times to make sure the results are
accurate.

(D) keeps all variables constant.

. Which of the following statements best distinguishes hypoth-

eses from theories in science?

{A) Theories are hypotheses that have been proved.

(B) Hypotheses are guesses; theories are correct answers,

(C) Hypotheses usually are relatively narrow in scope; theories
have broad explanatory power.

(D) Theories are proved true; hypotheses are often contra-
dicted by experimental results.

LEVEL 2: APPLICATION/ANALYSIS

9.

10.

1l.
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Which of the following is an example of qualitative data?

(A) The fish swam in a zigzag motion.

{(B) The contents of the stomach are mixed every 20 seconds.

(C) The temperature decreased from 20°C to 15°C.

(D) The six pairs of robins hatched an average of three chicks
each.

Which of the following best describes the logic of scientific

inquiry?

(A) IfIgenerate a testable hypothesis, tests and observations
will support it.

(B) If my prediction is correct, it will lead to a testable
hypothesis.

(C) If my observations are accurate, they will support my
hypothesis.

(D) If my hypothesis is correct, I can expect certain test results.

With rough sketches, draw a biological hierarchy
similar to the one in Figure 1.3 but using a coral reef as the
ecosystem,  fish as the organism, its stomach as the organ,
and DNA as the molecule. Include all levels in the hierarchy.

CHAPTER 1

LEVEL 3: SYNTHESIS/EVALUATION T\l
12.

13.

14.

CONNECT TO BIG IDEA 3

A typical prokaryotic cell has about 3,000 genes in its DNA,
while a human cell has almost 21,000 genes. About 1,000 of
these genes are present in both types of cells. Based on your
understanding of evolution, explain how such different organ-
isms could have this same subset of 1,000 genes. Speculate as
to what sorts of functions these shared genes might have.

SCIENTIFIC INQUIRY /Science Practice 4

Based on the results of the mouse coloration case study,
propose a hypothesis researchers might use to further study
the role of predators in the natural selection process.

CONNECT TO BIG IDEA 1

In a short essay (100-150 words), discass Darwin’s view of
how natural selection resuited in both unity and diversity of
life on Earth. Include some of his evidence. (See a suggested
grading rubric and tips for writing good essays in the Study
Avrea of MasteringBiology under “Write About a Theme!”)

B SYNTHESIZE

T,

SCIENTIFIC INQUIRY/Science Practice 7

Can you pick out the mossy leaf-tailed gecko lying against the
tree trunk in this photo? Discuss how the appearance of the
gecko is a benefit in terms of survival. Given what you learned
about evolution, natural selection, and genetic information in
this chapter, describe how the gecko's coloration might have
evolved.

For selected answers, see Appendix A.

MasteringBiology®
students Go to MasteringBiology for assignments, the eText, and the
Study Area with practice tests, animations, and activities,

Instructors Go to MasteringBiology for automatically graded tutorials and
guestions that you can assign to your students, plus Instructor Resources.
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understand how a
ribosome functions
if we didn’t know
its molecular
structure.

THE CHEMISTRY OF LIFE

AN INTERVIEW WITH
Venki Ramakrishnan

Born in India, Venkatraman (Venki} Ramakrishnan
received his B.Sc. from Baroda University and a Ph.D.
in physics from Qhio University. Changing to biol-
ogy, he then spent two years as a graduate student

at the University of California, San Diego, followed
by postdoctoral work at Yale University, where he
began to study ribosomes. He spent 12 years at the
Brookhaven National Laboratory and four more
years at the University of Utah before moving to the
MRC Laboratory of Molecular Biology in Cambridge,
England in 1999. in 2009, he shared the Nobel Prize
in Chemistry for research on ribosomal structure and function.

Tell us about your switch from physics to
biclogy.
While at graduate school in physics, I found that my work did
not engage me, and | became distracted. Among other things,
[ spent time reading Scientific American, and 1 was fascinated
by the explosive growth of biology. Every month, there'd be
some big new discovery! So I thought I'd go into biology, and
Twrote to a few universities
asking if | could join their
graduate program in biology.
The reason was | didn’t know
any biology. This led to my
going to UC San Diego as
a biology graduate student.
But towards the end of my
second year, [ realized that
I'd learned quite a bit of biol-
ogy and didn't actually need a
” second Ph.DD. So at that point
1 went to Yale, to work on
ribosomes,

We could never

P Computer
maodel of a
ribosome.

What is a ribosome?

A ribosome (see below) is one of the most fun-
damental structures in all of biclogy. It is an
assembly of many different proteins and large
pieces of RNA, which make up two-thirds of its
mass and actually play the key roles in its func-
tioning. The ribosome takes the information in
RNA transcribed from a gene and then stitches
together a specific sequence of amino acids to
make a protein. Everything made by the cell is
made either by ribosomes or by proteins called
enzymes, which are made by ribosomes,

The ribasome is the interface between genetic information
and how things actually appear. It's at the crossroads of biol-
agy, in a way. So people worldwide have devoted decades to
trying to understand how the ribosome works.

How do you study ribosome structure?

There are many ribosomes in every cell—many thousands in
cells that make lots of protein, such as liver cells ar actively
growing bacteria. To date, nearly all the work we've done is
on bacterial ribosomes. We grow bacteria in a large fermen-
ter, break them open, and purify the ribosomes. To determine
their structure, we crystallize them and then use a technique
called X-ray crystallography. After crystallization, the scat-
tering pattern produced when X-rays are passed through a
crystal can be converted into a detailed image by computer
analysis.

Why is the structure of a ribosome useful in
understanding its function?

I can give you an analogy. Suppose some Martians come to
visit Earth. They hover around, and they see all these ma-
chines going up and down the streets—cars. Now if they don't
know the details of car structure, the only thing they can tell
is that gasoline goes in and carbon dioxide and water come
out {along with some pollutants). The thing moves as a result,
but they wouldn’t be able to tell how it worked. To tell how

it worked, they would need to look at it in detail: They would
need to open up the hood, look at the engine, see how all the
parts are connected, and so on.

The ribosome can be thought of as a molecular machine.
We could never understand how a ribosome functions if we
didn’t know its molecular structure. Knowing the structure in
detail means we can do experiments to find out in detail how
it works.

(s) For an extended interview and video clip,
go to the Study Area in MasteringBiology.
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KEY CONCEPTS

Matter consists of chemical A Figure 2.1 What weapon are these wood ants

A M,
elements in pure form and shooting into the air?

in combinations called
compounds

A Chemical Connection to Biology

on the structure of its atoms ike other animals, ants have structures and mechanisms that defend them

: from attack. Wood ants live in colonies of hundreds or thousands, and the col-
ony as a whole has a particularly effective mechanism for dealing with enemies.
When threatened, the ants shoot volleys of formic acid into the air from their

- abdomens, and the acid rains down upon the potential invaders (Figure 2.1). This
CUCLUEEICE IR U substance is produced by many species of ants and in fact got its name from the

An element's properiies depend §

The formation and function of
molecules depend on chemical
bonding between atoms

break chemical bonds Latin word for ant, formica. For quite a few ant species, the formic acid isn't shot

S m——— out, but probably serves as a disinfectant that protects the ants against microbial
 BIG IDEAS: Chemical reaotions underlie parasites. Scientists have long known that chemicals play a major role in insect
commumieate, ;ﬁfﬂ‘i’:ﬁ;ﬁe&:&c‘g;‘g%?‘fﬁ;?g matural communication, the attraction of mates, and defense against predators.
selection and evolution (Big Idea 1) and can serve Research on ants and other insects is a good example of how relevant chemistry
‘(’;;h%z:i')‘“”'sms by which populations intercct is to the study of life. Unlike college courses, nature is not neatly packaged into
' individual sciences—biology, chemistry, physics, and so forth. Biologists specialize
_in the study of life, but organisms and their environments are natural systems to
\ which the concepts of chemistry and physics apply. Biology is multidisciplinary.
This unit of chapters introduces some basic concepts of chemistry that
¢ apply to the study of life. Somewhere in the transition from molecules to
b cells, we will cross the blurry boundary between nonlife and life. This
chapter focuses on the chemical components that make up all matter.




CONCEPT 2.-'

Matter consists of chemicai elements in
pure form and in combinations called
compounds

Organisms are composed of matter, which is anything that
takes up space and has mass.* Matter exists in many forms.
Rocks, metals, oils, gases, and living organisms are a few ex-
amples of what seems to be an endless assortment of matter.

Elements and Compounds

Matter is made up of elements. An element is a substance
that cannot be broken down to other substances by chemi-
cal reactions. Today, chemists recognize 92 elements oc-
curring in nature; gold, copper, carbon, and oxygen are
examples. Each element has a symbol, usually the first letter
or two of its name. Some symbols are derived from Latin or
German; for instance, the symbol for sodium is Na, from the
Latin word natrium.

A compound is a substance consisting of two or more
different elements combined in a fixed ratic. Table salt, for
example, is sodium chloride (NaCl), a compound composed
of the elements sodium {Na) and chlorine (Cl) in a 1:1 ratio.
Pure sodium is a metal, and.-pure chlorine is a poisonous gas.
When chemically coinbined, however, sodium and chlorine
form an edible compound. Water (H,0), another com-
pound, consists of the elements hydrogen (H) and oxygen
(O} in a 2:1 ratio. These are simple examples of crganized
matter having emergent properties: A compound has char-
acteristics different from those of its elements (Figure 2.2).

-

Sodium chiloride

Sodium Chlorine

A Figure 2.2 The emergent properties of a compound. The
metal sodium combines with the poisonous gas chloring, forming the
edible compound sodium chloride, or table salt.

*In everyday language we tend to substitute the term weight for mass, al-
though the two are not identical. Mass is the amount of matter in an object,
whereas the weight of an object is how strongly that mass is pulled by grav-
ity, The weight of an astronaut walking on the moon is approximately % the
astronaut’s weight on Earth, but his or her mass is the same. However, as long
as we are earthbound, the weight of an object is a measure of its mass; in ev-
eryday language, therefore, we tend to use the terms interchangeably.

The Elements of Life

Of the 92 natural elements, about 20-25% are essential
elements that an organism needs to live a healthy life and
reproduce. The essential elements are similar among organ-
isms, but there is some variation—for example, humans
need 25 elements, but plants need only 17.

Just four elements—oxygen (O), carbon {C}, hydrogen
(H), and nitrogen (N)—make up 96% of living matter. Cal-
cium {Ca), phosphorus (P), potassium (I}, sulfur (S), and a
few other elements account for most of the remaining 4%
of an organism’s mass. Trace elements are required by an
organism in only minute quantities. Some trace elements,
such as iron (Fe), are needed by all forms of life; others are
required only by certain species. For example, in vertebrates
(animals with backbones), the element iodine (I) is an es-
sential ingredient of a hormone produced by the thyroid
gland. A daily intake of only 0.15 milligram (mg) of iodine is
adequate for normal activity of the human thyroid. An io-
dine deficiency in the diet causes the thyroid gland to grow
to abnormal size, a condition called goiter. Where it is avail-
able, eating seafood or iodized salt reduces the incidence of
goiter. All the elements needed by the human body are listed
in Table 2.1.

Some naturally cccurring elements are toxic to organ-
isms. In humans, for instance, the element arsenic has been
linked to numerous diseases and can be lethal. In some areas
of the world, arsenic occurs naturally and can make its way
into the groundwater. As a result of using water from drilled

Table 2.1 Elements in the Human Body

Percentage of Body Mass
Element Symbol (including water)
Oxygen o) 65.0%
Carbon C 18.5%

96.3%

Hydrogen H 9.5%
Nitrogen N 3.3%
Calcium Ca 1.5%
Phosphorus P 1.0%
Potassium K 0.4%
Sulfur S 0.3% 3.7%
Sodium Na 0.2%
Chlorine cl 0.2%
Magnesium Mg 0.1%
Trace elements (less than 0.01% of massk: Baron (B}, chromium (Cr), cobalt
{Ca), copper {Cu), fluorine (F), lodine (1), iren (Fe), manganese (Mn), molyb-
denum {Ma), selenium (Se), silicon (5i), tin {Sn), vanadium (V), zin¢ (Zn)

(R LG ARG I NN Given what you know about the human

body, what do yau think could account for the high percentage of oxy-
gen {65.0%)?
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A Figure 2.3 Serpentme plant community. "

These plants are growing on serpentine soil, which contams elements
that are usually toxic to plants. The insets show a close-up of serpen-
tine rock and one of the plants, a Tiburon Mariposa lily.

wells in southern Asia, millions of people have been inadver-
tently exposed to arsenic-laden water. Efforts are under way
to reduce arsenic levels in their water supply.

Case Study: Evoiution of Tolerance to Toxic
Elements

Some species have become adapted to en-
vironments containing elements that are usually toxic; an
example is serpentine plant communities. Serpentine is a
jade-like mineral that contains elevated concentrations of
elements such as chromium, nickel, and cobalt. Although
most plants cannot survive in soil that forms from serpen-
tine rock, a small number of plant species have adaptations
that allow them to do so (Figure 2.3). Presumably, variants
of ancestral, nonserpentine species arose that could sur-
vive in serpentine soils, and subsequent natural selection
resulted in the distinctive array of species we see in these
areas today. Researchers are studying whether serpentine-
adapted plants could take up toxic heavy metals in con-
taminated areas, concentrating them for safer disposal.

CONCEPT CHECK 2.1

1. KEYAEL L LIIS N EN Explain how jakle salt has

emergent properties. (See Concept 1.1.)

2. Is a trace element an essential element? Explain.

3. In humans, iron is  trace element required
for the proper functioning of hemoglokin, the molecule

that carries oxygen in red blood cells. What might be the
effects of an iren deficiency?

4, LS EeTL RSN Explain how natural selection

might have played o role in the evolution of species that
are tolerant of serpentine soils. (Review Conicept 1.2)

For suggesied answers, see Appendix A.
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CONCEPT 22

An element’s properties depend on the
structure of its atoms

Each element consists of a certain type of atom that is dif-
ferent from the atoms of any other element. An atom is the
smallest unit of matter that still retains the properties of an
element. Atoms are so small that it would take about a mil-
lion of them to stretch across the period printed at the end
of this sentence. We symbolize atoms with the same abbre-
viation used for the element that is made up of those atoms.
For example, the symbol C stands for both the element car-
bon and a single carbon atom.

Subatomic Particles

Although the atom is the smallest unit having the proper-
ties of an element, these tiny bits of matter are composed
of even smaller parts, called subatomic particles. Using
high-energy collisions, physicists have produced more than
a hundred types of particles from the atom, but only three
kinds of particles are relevant here: neutrons, protons, and
electrons. Protons and electrons are electrically charged.
Each proton has one unit of positive charge, and each elec-
tron has one unit of negative charge. A neutron, as its name
implies, is electrically neutral.

Protons and neutrons are packed together tightlyin a
dense core, or atomic nucleus, at the center of an atom;
protons give the nucleus a positive charge. The rapidly mov-
ing electrons form a “cloud” of negative charge around the
nucleus, and it is the attraction between opposite charges that
keeps the electrons in the vicinity of the nucleus. Figure 2.4

Cloud of negative Electrons

charge (2 electrons)

|

(a) This model represents the
two electrons as a cloud of
negative charge.

(b) In this more simplified model,
the elecirons are shown
as two small yellow spheres
on a circle around the nucleus.

A Figure 2.4 Simplified models of a helium (He) atom. The
helium nucleus consists of 2 neutrons (brown) and 2 protons (pink).
Two electrons (yellow) exist outside the nucleus. These models are not
to scale; they greatly overestimate the size of the nucleus in relation to
the electron cloud.




shows two commonly used models of the structure of the he-
lium atom as an example.

The neutron and proton are almost identical in mass,
each about 1.7 X 107 gram (g). Grams and other conven-
tional units are not very useful for describing the mass of ob-
jects that are so minuscule. Thus, for atoms and subatomic
particles (and for molecules, too), we use a unit of measure-
ment called the dalton, in honor of John Dalton, the British
scientist who helped develop atomic theory around 1800.
(The dalton is the same as the atomic mass unit, or amu, a
unit you may have encountered elsewhere.) Neutrons and
protons have masses close to 1 dalton. Because the mass of
an electron is only about 1/2,000 that of a neutron or pro-
ton, we can ignore electrons when computing the total mass
of an atom.

Atomic Number and Afomic Mass

Atoms of the various elements differ in their number of
subatomic particles. All atoms of a particular element have
the same number of protons in their nuclei. This number
of protons, which is unique to that element, is called the
atomic number and is written as a subscript to the left

of the symbol for the element. The abbreviation ,He, for
example, tells us that an atom of the element helium has 2
protons in its nucleus. Unless otherwise indicated, an atom
is neutral in electrical charge, which means that its protons
must be balanced by an equal number of electrons. There-
fore, the atomic number tells us the number of protons
and also the number of electrons in an electrically neutral
atorn.

We can deduce the number of neutrons from a second
quantity, the mass number, which is the sum of protons
plus neutrons in the nucleus of an atom. The mass number
is written as a superscript to the left of an element’s symbol.
For example, we can use this shorthand to write an atom of
helium as sHe. Because the atomic number indicates how
many protons there are, we can determine the number of
neutrons by subtracting the atomic number from the mass
number. Accordingly, the helium atom He has 2 neutrons.
For sodium (Na):

Mass number = number of protons + neutrons
=23 for sodium
ﬁNa
Afomic number = number of protons
= number of electrons in a neutral atom
=11 for sodium

Number of neutrons = mass number — atomic number
=23—11=12 for sodium

The simplest atom is hydrogen 1H, which has no neutrons; it
consists of a single proton with a single electron.

Because the contribution of electrons to mass is neg-
ligible, almost all of an atom’s mass is concentrated in its
nucleus. And since neutrons and protons each have a mass
very close to 1 dalton, the mass number is an approximation
of the total mass of an atom, called its atomic mass. So we
might say that the atomic mass of sodium #Na) is 23 dal-
tons, although more precisely it is 22.9898 daltons.

Isotopes

All atoms of a given element have the same number of
protons, but some atoms have more neutrons than other
atoms of the same element and therefore have greater mass.
These different atomic forms of the same element are called
isotopes of the element. In nature, an element occurs as a
mixture of its isotopes. As an explanatory example, let’s con-
sider the three naturally occurring isotopes of the element
carbon, which has the atomic number 6. The most common
isotope is carbon-12, ‘2C, which accounts for about 99% of
the carbon in nature. The isotope '2C has 6 neutrons. Most
of the remaining 1% of carbon consists of atoms of the iso-
tope '2C, with 7 neutrons. A third, even rarer isotope, uC,
has 8 neutrons. Notice that all three isotopes of carbon have
6 protons; otherwise, they would not be carbon. Although
the isotopes of an element have slightly different masses,
they behave identically in chemical reactions. (The num-
ber usually given as the atomic mass of an element, such as
12.01 daltons for carbon, is actually an average of the atomic
masses of all the element’s naturally occurring isotopes,
weighted according to the abundance of each.)

Both *2C and "*C are stable isotopes, meaning that their
nuclei do not have a tendency to lose subatomic particles, 2
process called decay. The isotope ¥ however, is unstable,
or radioactive. A radioactive isotope is one in which the
nucleus decays spontaneously, giving off particles and en-
ergy. When the radjoactive decay leads to a change in the
number of protons, it transforms the atom to an atom of a
different element. For example, when an atom of carbon-14
(*C) decays, it becomes an atom of nitrogen (**N). Radioac-
tive isotopes have many useful applications in biology.

Radioactive Tracers

Radioactive isotopes are often used as diagnostic tools in
medicine. Cells can use radioactive atoms just as they would
use nonradioactive isotopes of the same element. The ra-
dioactive isotopes are incorporated into biologically active
meolecules, which are then used as tracers to track atoms
during metabolism, the chemical processes of an organism.
For example, certain kidney disorders are diagnosed by in-
jecting small doses of radioactively-labeled substances into
the blood and then analyzing the tracer molecules excreted
in the urine. Radioactive tracers are also used in combina-
tion with sophisticated imaging instruments, such as PET
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< Figure 2,5 A PET
scan, a medical use for
radioactive isotopes.
PET, an acronym for
positron-emission tomog-
raphy, detects locations of
intense chemical activity
in the body. The bright
yellow spot marks an area
with an elevated level

~Cancerous .
throat of radioactively labeled

tissue glucose, which in turn
indicates high metabolic
activity, a hallmark of can-
cerous tissue,

scanners that can monitor growth and metabolism of can-
cers in the body (Figure 2.5).

Although radioactive isotopes are very useful in biologi-
cal research and medicine, radiation from decaying isotopes
also poses a hazard to life by damaging ceilular molecules.
The severity of this damage depends on the type and
amount of radiation an organism absorbs. One of the most
serious environmental threats is radioactive fallout from
nuclear accidents. The doses of most isotopes used in medi-
cal diagnosis, however, are relatively safe.

Radiometric Dating

Researchers measure radioactive decay in
fossils to date these relics of past life, Fossils provide a large
body of evidence for evolution, documenting differences
between organisms from the past and those living at present
and giving us insight into species that have disappeared over
time. While the layering of fossil beds establishes that deeper
fossils are older than more shallow ones, the actual age (in
years) of the fossils in each layer cannot be determined by
position alone. This is where radioactive isotopes come in.

A “parent” isotope decays into its “daughter” isotope at a
fixed rate, expressed as the half-life of the isotope—the time
it takes for 50% of the parent isotope to decay. Each radioac-
tive isotope has a characteristic half-life that is not affected
by temperature, pressure, or any other environmental vari-
able. Using a process called radiometric dating, scientists
measure the ratio of different isotopes and calculate how
many half-lives {in years) have passed since an organism was
fossilized or a rock was formed. Half-life values range from
very short for some isotopes, measured in seconds or days,
to extremely long—uranium-238 has a half-life of 4.5 billion
years! Each isotope can best “measure” a particular range of
years: Uranium 238 was used to determine that moon rocks
are approximately 4.5 billion years old, similar to the esti-
mated age of Earth. In the Scientific Skills Exercise, you can
work with data from an experiment that used carbon-14 to
determine the age of an important fossil. (Youw'll learn more
about radiometric dating of fossils in Chapter 25.)
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The Energy Levels of Electrons

The simplified models of the atom in Figure 2.4 greatly ex-
aggerate the size of the nucleus relative to that of the whole
atom. If an atom of helium were the size of a typical football
stadium, the nucleus would be the size of a pencil eraser in
the center of the field. Moreover, the electrons would be like
two tiny gnats buzzing around the stadium. Atoms are mostly
empty space. When two atoms approach each other during a
chemical reaction, their nuclei do not come close enough to
interact. Of the three subatomic particles we have discussed,
only electrons are directly involved in chemical reactions. -
An atom’s electrons vary in the amount of energy they pos-
sess. Energy is defined as the capacity to cause change—for
instance, by doing work. Potential energy is the energy that
matter possesses because of its location or structure. For
example, water in a reservoir on a hill has potential energy be-
cause of its altitude. When the gates of the reservoir’s dam are
opened and the water runs downhill, the energy can be used
to do work, such as moving the blades of turbines to gener-
ate electricity. Because energy has been expended, the water
has less energy at the bottom of the hill than it did in the
reservoir. Matter has a natural tendency to move toward the
lowest possible state of potential energy; in our example, the
water runs downhill. To restore the potential energy of a res-
ervoir, work must be done to elevate the water against gravity.
The electrons of an atom have potential energy due to
their distance from the nucleus (Figure 2.6). The negatively

(a) A ball bouncing down a flight
of stairs provides an analogy
for energy levels of electrons,
because the ball can come to
rest only on each siep, not
between steps.

Third shell (highest energy =~ ~..
level in this model)

Energy

Second shell {next highest ~...../"
econd shell {n g U absorbed .

energy level)

First shell {lowest energy

el K

: Energy
lost

Atomic {
nucleus ¥

{b} An etectron can move from one shell to another only if the energy
it gains or Joses is exactly equal to the difference in energy between
the energy levels of the two shells. Arrows in this model indicate
some of the stepwise changes in potential energy that are possible.

A Figure 2.6 Energy levels of an atom’s electrons. Electrons
exist only at fixed levels of potential energy called electron shells.




SCIENTIFIC SKILLS EXERCISE

Caltbrating a Standard Radioactive [sotope Decay Curve and Interpreting Data

When Did Neanderthals Become Extinct? Neanderthals (Homo
neanderthalensis) were living in Europe by 350,000 years ago, perhaps
coexisting with early Homo sapfens in parts of Eurasia for hundreds or
thousands of years. Researchers sought to more accurately determine
the extent of their overlap by pinning down when Neanderthals became
extinct. They used carbon-14 dating to determine the age of a Nean-
derthal fossil from the most recent (uppermast) archeological layer con-
taining Neanderthal bones. In this exercise you will calibrate a standard
carbon-14 decay curve and use it to determine the age of this Neander-
thal fossil. The age will help you approximate the last time the two spe-
cies may have coexisted at the site where this fossil was collected.

How the Experiment Was Done Carbon-14 {'*C) is a radicactive
isotape of carbon that decays to "N at a constant rate. "C is present in
the atmosphere in small amounts at a constant ratio with both '*C and
12, two other isotopes of carbon. When carbon is taken up from the
atmosphere by a plant during photosynthesis, °C, *C, and **C isotopes
are incorporated into the plant in the same proportions in which they
were present in the atmosphere. These proportions remain the same in
the tissues of an animal that eats the plant. While an organism is alive,
the MC in its body constantly decays to "N but is constantly replaced

by new carbon from the environment. Onge an organism dles, it stops
taking in new "C but the ™C in its tissues continues to decay, while the
2 in its tissues remains the same because it is not radioactive and does
not decay. Thus, scientists can calculate how long the pool of original
"¢ has been decaying in a fossil by measuring the ratio of *C to '%C
and comparing it to the ratio of 'C to '2C present originally in the
atmosphere. The fraction of '*C in a fossil compared to the original frac-
tian of ™*C can be converted to years because we know that the half-life
of "*C is 5,730 years—in other words, half of the "*C in a fossil decays
every 5,730 years.

Data from the Experiment The researchers found that the Neander-
thal fossil had approximately 0.0078 (or, in scientific notation, 7.8 X
1073 as much "C as the atmosphere. The questions will guide you
through transtating this fraction into the age of the fossil.

Interpret the Data

1. A standard graph of radioactive isotope decay is shown at the top of
the right column. The graph line shows the fraction of the radioactive
isotope over time (before present) in units of half-lives. Recall that
a half-life is the amount of time it takes for half of the radicactive
isotope to decay. Labeling each data point with ihe corresponding
fractions will help orfent you to this graph. Draw an arrow to the
data point for half-iife = 1 and write the fraction of *C that will
remain after one half-life. Calculate the fraction of "C remaining at
each half-life and write the fractions on the graph near arrows point-
ing to the data poinis. Convert each fraction to a decimal number
and round off to a maximum of three significant digits (zeros at the

charged electrons are attracted to the positively charged
nucleus. It takes work to move a given electron farther away
from the nucleus, so the more distant an electron is from the
nucleus, the greater its potential energy. Unlike the continu-
ous flow of water downhill, changes in the potential energy
of electrons can occur only in steps of fixed amounts. An
electron having a certain amount of energy is something like
a ball on a staircase (Figure 2.6a). The ball can have differ-
ent amounts of potential energy, depending on which step

it is on, but it cannot spend much time between the steps.
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beginning of the number do not count as significant digits), Also
write each decimal number in scientific notation.

2. Recall that C has a half-life of 5,730 years. To calibrate the x-axis for
"€ decay, write the time before present in years below each half-life.

3. The researchers found that the Neanderthal fossil had approximately
0.0078 as much "C as found originally in the atmosphere. (a) Using
the numbers on your graph, determine how many half-lives have
passed since the Neanderthal died. (b) Using your '*C calibration on
the x-axis, what is the approximate age of the Neanderthal fossil in
years (round off to the nearest thousand}? (c) Approximately when
did Neanderthals become extinct according to this study? (d) The
researchers cite evidence that modern humans (H, sapiens) became
established in the same region as the last Neanderthals approximately
39,000-42,000 years ago. What does this suggest about the overlap
of Neanderthals and modern humans?

4. Carbon-14 dating works for fossils up to about 75,000 years old;
fossils oider than that contain too little “C to be detected. Most dino-
saurs went extinct 65.5 million years ago. (a) Can *C be used to date
dinosaur bones? Explain. (b) Radioactive uranium-235 has a half-life
of 704 million years. If it was incorporated into dinosaur bones, could
it be used to date the dinosaur fossils? Explain.

A version of this Scientific Skills Exercise can be assigned in
MasteringBiology.

Data from R. Pinhasi et 2l., Revised age of late Neanderthal occupation and the end of
the Middle Paleolithic in the northern Caucasus, Proceedings of the National Academy
of Sciences USA 147:8611-8616 (2011). doi 10.1073/pnas.1018938108

PN sps14.22.51,55.71,7.2)

Similarly, an electron’s potential energy is determined by its
energy level. An electron can exist only at certain energy lev-
els, not between them.

An electron’s energy level is correlated with its average
distance from the nucleus. Electrons are found in different
electron shells, each with a characteristic average distance
and energy level. In diagrams, shells can be represented by
concentric circles (Figure 2.6b). The first shell is closest to the
nucleus, and electrons in this shell have the lowest potential
energy. Electrons in the second shell have more energy, and
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electrons in the third shell even more energy. An electron
can move from one shell to another, but only by absorbing
or losing an amount of energy equal to the difference in po-
tential energy between its position in the old shell and that

in the new shell. When an electron absorbs energy, it moves
to a shell farther out from the nucleus. For example, light en-
ergy can excite an electron to a higher energy level. (Indeed,
this is the first step taken when plants harness the energy of
sunlight for photosynthesis, the process that produces food
from carbon dioxide and water. You'll learn more about pho-
tosynthesis in Chapter 10.) When an electron loses energy, it
“fails back” to a shell closer to the nucleus, and the lost energy
is usually released to the environment as heat, For example,
sunlight excites electrons in the surface of a car to higher
energy levels. When the electrons fall back to their original
levels, the car’s surface heats up. This thermal energy can be
transferred to the air or to your hand if you touch the car.

Electron Distribution and Chemical Properties

The chemical behavior of an atom is determined by the dis-
tribution of electrons in the atom’s electron shells. Beginning

with hydrogen, the simplest atom, we can imagine building
the atoms of the other elements by adding 1 proton and 1
electron at a time (along with an appropriate number of neu-
trons). Figure 2.7, an abbreviated version of what is called
the periodic table of the elements, shows this distribution of
electrons for the first 18 elements, from hydrogen (;H) to
argon (jgAr). The elements are arranged in three rows, or
periods, corresponding to the number of electron shells in
their atoms. The left-to-right sequence of elements in each
row corresponds to the sequential addition of electrons and
protons. (See Appendix B for the complete periodic table.)
Hydrogen's 1 electron and helium’s 2 electrons are lo-
cated in the first shell. Electrons, like all matter, tend to exist
in the lowest available state of potential energy. In an atom,
this state is in the first shell. However, the first shell can hold
no more than 2 electrons; thus, hydrogen and helium are the
only elements in the first row of the table. In an atom with
more than 2 electrons, the additional electrons must occupy
higher shells because the first shell is full. The next element,
lithium, has 3 electrons. Two of these electrons fill the first
shell, while the third electron occupies the second shell. The
second shell holds a maximum of 8 electrons. Neon, at the

shell i Y
{e))
R iy

Hydrogen 2——Atomic number—___| Helium
1H He \zHE
. \ /
First . Atomic mass —4.003 \Eiement symbol —"] oo
shell Flectron 0O
Rl distribution R
diagram
Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon
3Li 4BE 5B 7N 80 gF 10Ne
Second O

Sodium Magnesium
11Na 12Mg

Third
shell

A Figure 2.7 Electron distribution dia-
grams for the first 18 efements in the pe-
riodic table. In a standard periodic table (see
Appendix B}, information for each element is
presented as shown for helium in the inset. In
the diagrams in this table, electrons are rep-
resented as yellow dots and electron shells as
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concentric circles. These diagrams are a con-
venient way to picture the distribution of an
atom’s electrons among its electron shells, but
these simpiified models do not accurately repre-
sent the shape of the atom or the location of its ~ How many protons and efectrons does it have?
electrons. The elements are arranged in rows,
each representing the filling of an electron

shell. As electrons are added, they occupy the
lowest available shell.

What is the atomic number of magnesium?

How many electron shells? How many valence
electrons?



end of the second row, has 8§ electrons in the second shell,
giving it a total of 10 electrons.

The chemical behavior of an atom depends mostly on
the number of electrons in its outermost shell. We call those
outer electrons valence electrons and the outermost elec-
tron shell the valence shell. In the case of lithium, there is
only 1 valence electron, and the second shell is the valence
shell. Atoms with the same number of electrons in their
valence shells exhibit similar chemical behavior. For ex-
ample, fluorine (F) and chlorine (Cl) both have 7 valence
electrons, and both form compounds when combined with
the element sodium (Na): Sodium fluoride (NaF) is com-
monly added to toothpaste to prevent tooth decay, and, as
described earlier, NaCl is table salt (see Figure 2.2). An atom
with a completed valence shell is unreactive; that is, it will
not interact readily with other atoms. At the far right of the
periodic table are helium, neon, and argon, the only three
elements shown in Figure 2.7 that have full valence shells.
These elements are said to be inert, meaning chemically
unreactive. All the other atoms in Figure 2.7 are chemically
reactive because they have incomplete valence shells.

Electron Orbitals

In the early 1900s, the electron shells of an atom were visual-
ized as concentric paths of electrons orbiting the nucleus,
somewhat like planets orbiting the sun. It is still convenient
to use two-dimensional concentric-circle diagrams, as in
Figure 2.7, to symbolize three-dimensional electron shells.
However, you need to remember that each concentric circle
represents only the average distance between an electron in
that shell and the nucleus. Accordingly, the concentric-circle
diagrams do not give a real picture of an atom. In reality,

we can never know the exact location of an ejectron. What
we can do instead is describe the space in which an electron
spends most of its time. The three-dimensional space where
an electron is found 90% of the time is called an orbital.

Each electron shell contains electrons at a particular en-
ergy level, distributed among a specific number of orbitals
of distinctive shapes and orientations. Figure 2.8 shows the
orbitals of neon as an example, with its electron distribu-
tion diagram for reference. You can think of an orbital as a
component of an electron shell. The first electron shell has
only one spherical s orbital (called 1s), but the second shell
has four orbitals: one large spherical s orbital (called 25) and
three dumbbell-shaped p orbitals (called 2p orbitals). (The
third shell and other higher electron shells alsc have s and p
orbitals, as well as orbitals of more complex shapes.)

No more than 2 electrons can occupy a single orbital. The
first electron shell can therefore accommodate up to 2 elec-
trons in its s orbital. The lone electron of a hydrogen atom
occupies the 1s orbital, as do the 2 electrons of a helium
atom. The four orbitals of the second electron shell can hold

00 .
00 __—First shell

Neon, with two filled © 0

shells (10 electrons) o

o0 Second shell

{(a) Electron distribution diagram. An electron distribution
diagram is shown here for a neon atom, which has a total of 10
electrons. Each concentric circle represents an electron shell,
which can be subdivided into electron orbitals.

First shell Second shell
15 orbital 2s orbital Three 2p orbitals

(b} Separate electron orbitals. The three-dimensional shapes
represent electron orbitals—the volumes of space where the
electrons of an atom are most likely to be found. Each orbital
holds a maximum of 2 electrons. The first electron shell, on the
left, has one spherical (s) orbital, designated 1s. The second
shell, on the right, has one larger s orbital (designated 2s for
the second shell) plus three dumbhell-shaped orbitals called
p orbitals (2p for the second shell}. The three 2p orbitals lie at
right angles to one another along imaginary x-, y-, and z-axas
of the atom. Each 2p orbital is outlined here in a different color.

1s, 25, and
2p orbitals

(¢) Superimposed electron orbitals. To reveal the complete
picture of the electron orbitals of neon, we superimpose the 1s
orbital of the first shell and the 2s and three 2p orbitals of the
second shell.

A Figure 2.8 Electron orbitals.

up to 8 electrons, 2 in each orbital. Electrons in each of the
four orbitals have nearly the same energy, but they move in
different volumes of space. .

The reactivity of an atom arises from the presence of un-
paired electrons in one or more orbitals of its valence shell.
As you will see in the next section, atoms interact in a way
that completes their valence shells. When they do so, it is
the unpaired electrons that are involved.
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CONCEPT CHECK 2.2

1. A lhium atom has 3 protons and 4 neutrons. What is its
mass number?

2. A nitrogen atom has 7 profons, and the most common
isotope of nitrogen has 7 neutrans. A radicactive isotope
of nitrogen has 8 neutrons. Write the atomic number and
mass number of this radicactive nitrogen as a chemical
symbol with a subscript and superscript.

3. How many electrons doss fluorine have? How many elec-
tron shelis? Name the orbitals that are occupied. How
many elecirons are needed to fill the valence shell?

4. In Figure 2.7, if two or more elements are in
the same row, what do they have in common? If two or
more elements are in the same column, what do they
have In common?

For suggested answers, see Appendix A.

 CONCEPT 23

The formation and function of molecules
depend on chemical bonding between
atoms

Now that we have locked at the structure of atoms, we can
move up the hierarchy of organization and see how atoms
combine to form molecules and ionic compounds. Atoms
with incomplete valence shells can interact with certain
other atoms in such a way that each partner completes its
valence shell: The atoms either share or transfer valence
electrons, These interactions usually result in atoms staying
close together, held by attractions called chemical bonds.
The strongest kinds of chemical bonds are covalent bonds
and ionic bonds (when in dry ionic compounds).

Covalent Bonds

A covalent bond is the shar;ing of a pair of valence electrons
by two atoms. For example, let’s consider what happens
when two hydrogen atoms approach each other. Recall

that hydrogen has 1 valence electron in the first shell, but
the shell’s capacity is 2 electrons. When the two hydrogen
atoms come close enough for their 1s orbitals to overlap,
they can share their electrons (Figure 2.9). Each hydrogen
atom is now associated with 2 electrons in what amounts to
a completed valence shell. Two or more atoms held together
by covalent bonds constitute a molecule, in this case a hy-
drogen molecule.

Figure 2.10a shows several ways of representing a hydro-
gen molecule. Its molecular formula, H,, simply indicates
that the molecule consists of two atoms of hydrogen. Elec-
tron sharing can be depicted by an electron distribution dia-
gram or by a Lewis dot structure, in which element symbols
are surrounded by dots that represent the valence electrons
(H:H). We can also use a structural formula, H—H, where
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Hydrogen atoms (2 H)

© In each hydrogen
atomn, the single electron
is held in its orbital by
its attraction to the . g @
proton in the nucleus.

@ When two hydrogeﬁ
atoms approach each
other, the electron of
each atomis also . ) D
attracted to the proton
in the other nucleus.

€) The two electrons
become shared in a

covalent bond,
forming an Hs C
molecule.

Hydrogen
molecule (H,)

A Figure 2.9 Formation of a covalent bond.

the line represents a single bond, a pair of shared electrons.
A space-filling model comes closest to representing the
actual shape of the molecule. You may also be familiar with
ball-and-stick models, which are shown in Figure 2.15.

Oxygen has 6 electrons in its second electron shell and
therefore needs 2 more electrons to complete its valence
shell. Two oxygen atoms form a molecule by sharing two
pairs of valence electrons (Figure 2.10b). The atoms are
thus joined by what is called a double bond (O=0).

Each atom that can share valence electrons has a bonding
capacity corresponding to the number of covalent bonds the
atom can form. When the bonds form, they give the atom
a full complement of electrons in the valence shell. The
bonding capacity of oxygen, for example, is 2. This bond-
ing capacity is called the atom’s valence and usually equals
the number of unpaired electrons required to complete the
atom’s outermost (valence) shell, See if you can determine
the valences of hydrogen, oxygen, nitrogen, and carbon by
studying the electron distribution diagrams in Figure 2.7,
You can see that the valence of hydrogen is 1; oxygen, 2;
nitrogen, 3; and carbon, 4. However, the situation is more
complicated for elements in the third row of the periodic
table. Phosphorus, for example, can have a valence of 3, as
we would predict from the presence of 3 unpaired electrons
in its valence shell. In some molecules that are biologically
important, however, phosphorus can form three single
bonds and one double bond. Therefore, it can also have a
valence of 5.




Name and Electron Lewis Dot Space-
Molecular Distribution Structure and  Filling
Formula Diagram Structural Model
Formula
(a) Hydrogen (H,).
Two hydrogen atoms H:H

share one pair of
electrons, forming
a single bond.

(b) Oxygen (0O3). o
Two oxygen atoms Q0
share two pairs of o
electrons, forming
a double bond.

{c) Water (H;0).
Two hydrogen
atoms and one
oxygen atom are
joined by single
bends, forming a
molecule of water,

(d) Methane (CH,).
Four hydrogen
atoms can satisfy
the valence of
one carbon
atom, forming
methane.

A Figure 2.10 Covalent bonding in four molecules. The number
of electrons required to complete an atom’s valence shell generally
determines how many covalent bonds that atom will form. This figure
shows several ways of indicaiing covalent bonds.

The molecules H, and O, are pure elements rather than
compounds because a compound is a combination of two or
more different elements. Water, with the molecular formula
H,0, is a compound. Two atoms of hydrogen are needed to
satisfy the valence of one oxygen atom. Figure 2.10¢ shows
the structure of a water molecule. (Water is so important
to life that Chapter 3 is devoted entirely to its structure and
behavior.)

Methane, the main component of natural gas, is a com-
pound with the molecular formula CH,. It takes four hy-
drogen atoms, each with a valence of 1, to complement one
atom of carbon, with its valence of 4 (Figure 2.10d). (We
will look at many other compounds of carbon in Chapter 4.)

Atoms in a molecule attract shared bonding electrons to
varying degrees, depending on the element. The attraction
of a particular atom for the electrons of a covalent bond is
called its electronegativity. The more electronegative an
atom is, the more strongly it pulls shared electrons toward

Because oxygen {O) is more electronegative than hydrogen (H),
shared electrons are pulled more toward oxygen.

5_

This results in a
partial negative
charge on the
oxygen and a
partial positive
charge on

the hydrogens.

A Figure 2.11 Polar covalent bonds in a water molecule.

itself. In a covalent bond between two atoms of the same
element, the electrons are shared equally because the two
atoms have the same electronegativity—the tug-of-war is at
a standoff, Such a bond is called a nonpolar covalent bond.
For example, the single bond of H, is nonpolar, as is the
double bond of O,. However, when an atom is bonded to a
more electronegative atom, the electrons of the bond are not
shared equally. This type of bond is called a polar covalent
bond. Such bonds vary in their polarity, depending on the
relative electronegativity of the two atoms, For example, the
bonds between the oxygen and hydrogen atoms of a water
molecule are quite polar (Figure 2.11).

Oxygen is one of the most electronegative elements, at-
tracting shared electrons much more strongly than hydro-
gen does. In a covalent bond between oxygen and hydrogen,
the electrons spend more time near the oxygen nucleus than
they do near the hydrogen nucleus. Because electrons have
a negative charge and are puiled toward oxygen in a water
molecuie, the oxygen atom has a partial negative charge (in-
dicated by the Greek letter § with a minus sign, §—, or “delta
minus”), and each hydrogen atom has a partial positive
charge (&+, or “delta plus”). In contrast, the individual bonds
of methane (CH,) are much less polar because the electro-
negativities of carbon and hydrogen are similar.

lonic Bonds

In some cases, two atoms are so unequal in their attraction
for valence electrons that the more electronegative atom
strips an electron completely away from its partner. The
two resulting oppositely charged atoms (or molecules) are
called ions. A positively charged ion is called a cation, while
a negatively charged ion is called an anion. Because of their
opposite charges, cations and anions attract each other; this
attraction is called an ionic bond. Note that the transfer of
an electron is not, by itself, the formation of a bond; rather,
it allows a bond to form because it results in two ions of op-
posite charge. Any two ions of opposite charge can form an
ionic bond. The ions do not need to have acquired their
charge by an electron transfer with each other.
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@ The lone vaience electron of a sodium
atom is transferred to join the 7 valence
electrons of a chlorine atom.

€ Each resulting ion has a completed
valence shell. An ionic bond can form
between the oppositely charged ions.

a three-dimensional lattice, Unlike a
covalent compound, which consists of

molecules having a definite size and

+ - number of atoms, an ionic compound
o0 does not consist of molecules. The
S 700, formula for an ionic compound, such
Xl —p Q[ @ " as NaCl, indicates only the ratio of ele-
Q Q% } ments in a crystal of the salt. “NaCl” by
. ~0.0 itself is not a molecule.
Not all salts have equal numbers of
, . Na* a cations and anions. For example, the
Sodium atom Chlorine atom Sodium ion Chleride jon . . .
(z cation) (an anion) ionic compound magnesium chloride
~ —/ (MgCl,) has two chioride ions for each

Sodium chloride {NaCl)

A Figure 2.12 Electron transfer and ionic bonding. The attraction between oppositely charged
atoms, ot ions, is an ionic bond. An ionic bond can form between any two oppaositely charged ions,
even if they have not been formed by transfer of an electron from one to the other.

This is what happens when an atom of sodium (;;Na)
encounters an atom of chlorine (;;CI) (Figure 2.12}. A so-
dium atom has a total of 11 electrons, with its single valence
electron in the third electron shell. A chlorine atom has a
total of 17 electrons, with 7 electrons in its valence shell.
When these two atoms meet, the lone valence electron of
sodium is transferred to the chlorine atom, and both atoms
end up with their valence shells complete. (Because sodium
no longer has an electron in the third shell, the second shell
is now the valence shell.) The electron transfer between the
two atoms moves one unit of negative charge from sodium
to chlorine. Sodium, now with 11 protons but only 10 elec-
trons, has a net electrical charge of 1+; the sodium atom
has become a cation. Conversely, the chlorine atom, having
gained an extra electron, now has 17 protons and 18 elee-
trons, giving it a net electrical charge of 1—; it has become a
chloride ion—an anion.

Compounds formed by ionic bonds are called ionic
compounds, or salts. We know the ionic compound sodium
chloride (NaCl) as table salt (Figure 2.13). Salts are often
found in nature as crystals of
various sizes and shapes. Each
salt erystal is an aggregate of
vast numbers of cations and
anions bonded by their electri-
cal attraction and arranged in

A Figure 2.13 A sodium
chloride (NaCl) crystal. The
sodium ions {Na*) and chloride
ions (CI7) are held together by ionic
bonds. The formula NaC| tells us
that the ratio of Na* to CI™is 1:1.
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magnesium ion, Magnesium (;,Mg)
must lose 2 outer electrons if the atom
is to have a complete valence shell, so
it has a tendency to become a cation
with a net charge of 2+ (Mg®"). One
magnesium cation can therefore form ionic bonds with two
chloride anions (CI).

The term ion also applies to entire molecules that
are electrically charged. In the salt ammonium chloride
(NH,C1), for instance, the anion is a single chloride ion (CI7),
but the cation is ammonium (NH,"), a nitrogen atom cova-
lently bonded to four hydrogen atoms. The whole ammo-
nium ion has an electrical charge of 1+ because it has given
up 1 electron and thus is 1 electron short.

Environment affects the strength of ionic bonds. In a dry
salt crystal, the bonds are so strong that it takes a hammer
and chisel to break enough of them to crack the crystal in
two. If the same salt crystal is dissolved in water, however,
the ionic bonds are much weaker because each ion is par-
tially shielded by its interactions with water molecules. Most
drugs are manufactured as salts because they are quite stable
when dry but can dissociate {(come apart) easily in water. (In
the next chapter, you will learn how water dissolves salts.)

Weak Chemical Bonds

In organisms, most of the strongest chemical bonds are co-
valent bonds, which link atoms to form a cell’s melecules.
But weaker bonding within and between molecules is also
indispensable, contributing greatly to the emergent proper-
ties of life. Many large biological molecules are held in their
functional form by weak bonds. In addition, when two mol-
ecules in the cell make contact, they may adhere temporarily
by weak bonds. The reversibility of weak bonding can be an
advantage: Two molecules can come together, respond to
one another in some way, and then separate.

Several types of weak chemical bonds are important in
organisms. One is the ionic bond as it exists between ions
dissociated in water, which we just discussed. Hydrogen
bonds and van der Waals interactions are also crucial to life.




Water (H>O)
This hydrogen bond
results from the
attraction between
the partial positive

s OF charge on the
ss———— hydrogen atom of
6~ water and the
partial negative
charge on the
nitrogen atom

of ammonia.

Ammonia {(NH3)

A Figure 2.14
A hydrogen bond.

&t

Draw five water molecules. (Use structural formulas; show
partial charges.) Show how they make hydrogen bonds with each other.

Hydrogen Bonds

Among weak chemical bonds, hydrogen bonds are so central
to the chemistry of life that they deserve special attention.
When a hydrogen atom is covalently bonded to an electro-
negative atom, the hydrogen atom has a partial positive
charge that allows it to be attracted to a different electronega-
tive atom nearby. This attraction between a hydrogen and

an electronegative atom is called a hydrogen bond. In living
cells, the electronegative partners are usually oxygen or nitro-
gen atoms. Refer to Figure 2.14 to examine the simple case of
hydrogen bonding between water (H,O) and ammeonia (NH;).

Van der Waals Inferactions

Even a molecule with nonpolar covalent bonds may have
positively and negatively charged regions. Electrons are not
always evenly distributed; at any instant, they may accumulate
by chance in one part of a molecule or another. The results
are ever-changing regions of positive and negative charge
that enable all atoms and molecules to stick to one another.
These van der Waals interactions are individually weak
and occur only when atoms and molecules are very close to-
gether, When many such interactions occur simultaneously,
however, they can be powerful: Van der Waals interactions
allow a gecko lizard (below) to walk straight up a wall! The
anatomy of the gecko’s foot—including many minuscule hair-
like projections from the toes and strong tendons underlying
the skin—strikes a balance between maximum surface con-
tact with the wall and necessary stiffness of the foot. The van
der Waals interactions between the
foot molecules and the molecules
of the wall’s surface are so
2%, numerous that despite
their individual
weakness, together
they can support the

geclko’s body weight. This discovery has inspired development
of an artificial adhesive called Geckskin™: A patch the size of
an index card can hold a 700 pound weight to a wall!

Van der Waals interactions, hydrogen bonds, ionic bonds
in water, and other weak bonds may form not only between
molecules but also between parts of a large molecule, such
as a protein, The cumulative effect of weak bonds is to rein-
force the three-dimensional shape of the molecule. (You will
learn more about the very important biological roles of weal
bonds in Chapter 5.)

Molecular Shape and Function

A molecule has a characteristic size and precise shape,
which are crucial to its function in the living cell. A mol-
ecule consisting of two atoms, such as H, or O, is always
linear, but most molecules with more than two atoms have
more complicated shapes. These shapes are determined by
the positions of the atoms’ orbitals (Figure 2.15). When an

. Four hybrid orbitals
s orbital

r4 :
\ Three p orbitals
\ ,
———-
o y

Y Tetrahedron

[

(a) Hybridization of orbitals. The single s and three p orbitals of a
valence shell involved in covalent bonding combine to form four
teardrop-shaped hybrid orbitals. These orbitals extend to the four
corners of an imaginary tetrahedron (outlined in pink}.

Hybrid-Orbital Model
{(with ball-and-stick
model supetimposed)

Space-Filling Ball-and-Stick
Model Model

Unbonded
electron
pair

Methane (CHg)

{b) Molecular-shape models, Three models representing molecular
shape are shown for water and methane. The positions of the
hybrid orbitals determine the shapes of the molecules.

A Figure 2.15 Molecular shapes due to hybrid orbitals.
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atom forms covalent bonds, the orbitals in its valence shell
undergo rearrangement. For atoms with valence electrons
in both s and p orbitals (review Figure 2.8), the single s and
three p orbitals form four new hybrid orbitals shaped like
identical teardrops extending from the region of the atomic
nucleus (Figure 2.15a). If we connect the larger ends of

the teardrops with lines, we have the outline of a geometric
shape called a tetrahedron, a pyramid with a triangular base.

For water molecules (H,0), two of the hybrid orbitals in
the oxygen's valence shell are shared with hydrogens
(Figure 2.15b), The result is a molecule shaped roughly like
a 'V, with its two covalent bonds at an angle of 104.5".

The methane molecule (CH,) has the shape of a com-
pleted tetrahedron because all four hybrid orbitals of the car-
bon atom are shared with hydrogen atoms (see Figure 2.15b).
The carbon nucleus is at the center, with its four covalent
bonds radiating to hydrogen nuclei at the corners of the
tetrahedron. Larger molecules containing multiple carbon
atoms, including many of the molecules that make up living
matter, have more complex overall shapes. However, the tet-
rahedral shape of a carbon atom bonded to four other atoms
is often a repeating motif within such molecules.

Molecular shape is crucial: It determines how biological
molecules recognize and respond to one another with spec-
ificity. Biological molecules often bind temporarily to each
other by forming weak bonds, but only if their shapes are
complementary. Consider the effects of opiates, drugs such
as morphine and heroin derived from opium. Opiates re-
lieve pain and alter mood by weakly binding to specific re-
ceptor molecules on the surfaces of brain cells, Why would
brain cells carry receptors for opiates, compounds that are
not made by the body? In 1975, the discovery of endorphins
answered this question. Endorphins are signaling molecules
made by the pituitary gland that bind to the receptors, re-
lieving pain and producing euphoria durisng times of stress,
such as intense exercise. Opiates have shapes similar to en-
dorphins and mimic them by binding to endorphin recep-
tors in the brain. That is why opiates and endorphins have
similar effects (Figure 2.16). The role of molecular shape
in brain chemistry illustrates how biological organization
leads to a match between structure and function, one of bi-
ology’s unifying themes.

CONCEPT CHECK 2.3

1. Why does the structure H—C=C—H fail fo make sense
chemically?

2. What holds the aioms fogether in a crystal of magnesium
chleride (MgCl,)?

3. BEEARLES If you were a pharmaceutical researcher,
why would you want to learn the thiee-dimensional
shapes of naturally occurring signaling molecules?

For suggested answers, see Appendix A.
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Il Carbon I Nitrogen
£ Hydrogen  [C3 sulfur
Il Oxygen
Natural endorphin
Morphine

(a) Structures of endorphin and morphine. The boxed portion of
the endorphin molecule {left) binds to receptor molecules on target
cells in the brain. The boxed portion of the marphine molecule
{right) is a close match.

*y Morphine -

. receptors
Brain cell P

{b} Binding to endorphin receptors. Both endorphin and morphine
can bind to enderphin receptors on the surface of a brain cell.

A Figure 2.16 A molecular mimic. Morphine affects pain percep-
tien and emotional state by mimicking the brain’s natural endorphins.

_CONCEPT 24

Chemical reactions make and break
chemical bonds

The making and breaking of chemical bonds, leading to
changes in the composition of matter, are called chemical
reactions. An example is the reaction between hydrogen
and oxygen molecules that forms water:

© QY ——

2H, + 0, —» 2H,0

Reactants Reaction Products




This reaction breaks the covalent bonds of H, and O,
and forms the new bonds of H,O. When we write a chemi-
cal reaction, we use an arrow to indicate the conversion of
the starting materials, called the reactants, to the products.
The coefficients indicate the number of molecules involved;
for example, the coefficient 2 in front of the H, means that
the reaction starts with two molecules of hydrogen. Notice
that all atoms of the reactants must be accounted for in the
products. Matter is conserved in a chemical reaction: Reac-
tions cannot create or destroy atoms but can only rearrange
(redistribute) the electrons among them.

Photosynthesis, which takes place within the cells of
green plant tissues, is an important biological exampie of
how chemical reactions rearrange matter. Humans and
other animals ultimately depend on photosynthesis for food
and oxygen, and this process is at the foundation of almost
all ecosystems. The following chemical shorthand summa-
rizes the process of photosynthesis:

6 C02 +6 H20 — CGHIZOﬁ +6 02

The raw materials of photosynthesis are carbon dioxide
(CO,), which is taken from the air, and water (H,O), which
is absorbed from the soil. Within the plant cells, sunlight
powers the conversion of these ingredients to a sugar called
glucose (C4H,;,0;) and oxygen molecules (O,), a by-product
that the plant releases into the surroundings (Figure 2.17).
Although photosynthesis is actually a sequence of many
chemical reactions, we still end up with the same number
and types of atoms that we had when we started. Matter has
simply been rearranged, with an input of energy provided by
sunlight.

All chemical reactions are reversible, with the products of
the forward reaction becoming the reactants for the reverse
reaction. For example, hydrogen and nitrogen molecules can
combine to form ammonia, but ammonia can also decom-
pose to regenerate hydrogen and nitrogen:

3 H,+ N, =2 NH,

The two opposite-headed arrows indicate that the reaction
is reversible.

One of the factors affecting the rate of a reaction is the
concentration of reactants. The greater the concentration
of reactant molecules, the more frequently they collide with
one another and have an opportunity to react and form
products. The same holds true for products. As products ac-
cumulate, collisions resulting in the reverse reaction become
more frequent. Eventually, the forward and reverse reac-
tions occui at the same rate, and the relative concentrations
of products and reactants stop changing. The point at which
the reactions offset one another exactly is called chemical
equilibrium. This is a dynamic equilibrium; reactions are
still going on, but with no net effect on the concentrations of
reactants and products. Equilibrium does nof mean that the

A Figure 2.17 Photosynthesis: a solar-powered rearrange-
ment of matter. Elodea, a freshwater plant, produces sugar by rear-
ranging the atoms of carbon dioxide and water in the chemical process
known as photosynthesis, which is powered by sunlight. Much of the
sugar is then converted to other food molecules. Oxygen gas (C,) is a
by-product of photosynthesis; notice the bubbles of O;-containing gas
escaping from the leaves submerged in water.

n Explain how this photo relates to the reactants and products in the
equation for photosynthesis given in the text. (You will learn more about
photosynthesis in Chapter 10.)

reactants and products are equal in concentration, but only
that their concentrations have stabilized at a particular ratio.
The reaction involving ammonia reaches equilibrium when
ammonia decomposes as rapidly as it forms. In some chemi-
cal reactions, the equilibrium point may lie so far to the
right that these reactions go essentially to completion; that
is, virtually all the reactants are converted to products.

We will return to the subject of chemical reactions after
more detailed study of the various types of molecules that
are important to life. In the next chapter, we focus on water,
the substance in which ail the chemical processes of organ-
isms occur.

CONCEPT CHECK 2.4

1. RECS LIl ER Consider the reaction be-

tween hydrogen and oxygen that forms water, shown
with ball-and-stick models af the beginning of Concept
2.4, Study Figure 2.10 and draw the Lewis dot structures
representing this reaction.

2. Which type of chemical reaction occurs faster at egui-
linrium., the formation of products from reactants or reac-
fants from producis?

3. Write an equation that uses the products of photosyn-
thesis as reactants and the reactants of photosynthesis
as products. Add energy as ancther product. This new
equation describes a process that occurs in your cells.
Describe this equation in words. How does this equation
relate to breathing?

For suggested answers, see Appendix A,
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2 Chapter Review

I AP@ What are the characteristics of the chemicaol elements common
- to the molecular building blocks that are needed to capture ond
store free energy in biological systerns? (Big ldea 2)

SUMMARY OF KEY CONCEPTS

CONCEPT 2-1

Matter consisfs of chemical elements in pure form and in
combinations called compounds (pp. 29-30)

» Flements cannot be broken down chemically to other sub-
stances. A compound contains two or more different elements
in a fixed ratio. Oxygen, carbon, hydrogen, and nitrogen make
up approximately 96% of living matter.

In what way does the need for iodine or iron in your diet differ
frem your need for calclum or phosphorus?

CONCEPT 2.2

An element’s properties depend on the struciure of its atoms
(pp. 30-36)

« An atom, the smallest unit of an element, has the following
components:

Nucleus

Protons (+ charge)
determine efement : @\ Electrons (~ charge)
- form negative cloud

and determine

Neutrons (no charge) chemical behavior

determine isotope SRR
P Atom

s An electrically neutral atom has equal numbers of electrons and
protons; the number of protons determines the atomic number.
The atomic mass is measured in daltons and is roughly equal to
the mass number, the sum of protons plus neutrons, Isotopes
of an element differ from each other in neutron number and
therefore mass. Unstable isotopes give off particles and energy
as radioactivity.

+ In an atom, electrons occupy specific electron shells; the elec-
trons in a shell have a characteristic energy level. Electron dis-
tribution in shells determines the chemical behavior of an atom.
An atom that has an incomplete outer shell, the valence shell, is
reactive.

+ FElectrons exist in orbitals, three-dimensional spaces with spe-
cific shapes that are components of electron shells.

CLYSTBRE Draw the electron distribution diagrams for neon (;oNe)
and argon {,gAr). Use these diagrams to explain why these elements are
chernically unreactive.

CONCEPT 2-3

The formation and function of molecules depend on
chemical bonding between atoms (pp. 36~40)
« Chemical bonds form when atoms interact and complete their

valence shells. Covalent bonds form when pairs of electrons are
shared.

He+ H —— H:H 0 ++0: —> 0ud
Single Double
covalent bond covalent bond
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Molecules consist of two or more covalently bonded atoms,

The attraction of an atom for the electrons of a covalent bond is
its electronegativity. If both atoms are the same, they have the
same electronegativity and share a nonpolar covalent bond.
Electrons of a polar covalent bond are pulled closer to the more
electronegative atom.

An ion forms when an atom or molecule gains or loses an elec-
tron and becomes charged. An ionic bond is the attraction be-
tween two oppositely charged ions,

lonic bond
A,

f Al
Electron
transfer -
forms ions O"
— L

Na a Na* cl
Sodium atom Chlorine atom Sedium ion Chloride ion
(a cation) {an anion}

Weak bonds reinforce the shapes of large molecules and help
molecules adhere to each other. A hydrogen bond is an attrac-
tion between a hydrogen atom carrying a partial positive charge
(8+) and an electronegative atom (§—). Van der Waals interac-
tions occur between transiently positive and negative regions of
molecules.

A molecule’s shape is determined by the positions of its atoms’
valence orbitals. Covalent bonds result in hybrid orbitals, which
are responsible for the shapes of H;O, CH,, and many more
complex biological molecules. Shape is usually the basis for the
recognition of one biological molecule by another.

In terms of electron sharing between atoms, compare nonpolar co-
valent bonds, polar covalent honds, and the farmation of ions.

CONCEPT 24

Chemical reactions make and break chemical bonds
(pp. 40-41)

+ Chemical reactions change reactants into products while con-
serving matter. All chemical reactions are theoretically revers-
ible. Chemical equilibrium is reached when the forward and
reverse reaction rates are equal.

What would happen to the concentration of products if more reac-
tants were added to a reaction that was in chemical equilibrium? How
would this addition affect the equilibrium?

TEST YOUR UNDERSTANDING

LEVEL 1: KNOWLEDGE/COMPREHENSION

1. In the term trace element, the adjective frace means that
(A) the element is required in very small amounts.
(B) the element can be used as a label to trace atoms through
an orgamsms metabolism.
(C) the element is very rare on Earth.
(D) the element enhances health but is not essential for the
organism’s long-term survival,



2. Compared with *'P, the radioactive isotope *P has
(A) adifferent atomic number.

{B) one more proton.

(C} one more electron.

(D) one more neutron.

3. The reactivity of an atom arises from

{A) the average distance of the outermost electron shell from
the nucleus.

(B) the existence of unpaired electrons in the valence shell.

{C) the sum of the potential energies of all the electron shells,

(D) the potential energy of the valence shell.

4. Which statement is true of all atoms that are anions?

(A) The atom has more electrons than protons.

(B) The atom has more protons than electrons.

(C) The atom has fewer protons than does a neutral atom of
the same element.

(D} The atom has more neutrons than protons.

5. Which of the following statements correctly describes any
chemical reaction that has reached equilibrium?

(A) The concentrations of products and reactants are equal.
(B} The reaction is now irreversible.

(C) Both forward and reverse reactions have halted.

(D) The rates of the forward and reverse reactions are equal.

LEVEL 2: APPLICATION/ANALYSIS

6. We can represent atoms by listing the number of protons,
neutrons, and electrons-—for example, %p+, 24°, 2¢” for helium.

Which of the following represents the '*0 isotope of oxygen?

(A) 7p", 240, 9"

(B) 8p*, 104" 8¢~

(C) 9", 91, 96

(D) 10p", 84% 9¢

7. The atomic number of sulfur is 16, Sulfur combines with hy-

drogen by covalent bonding to form a compound, hydrogen
sulfide. Based on the number of valence electrons in a sulfur
atom, predict the molecular formula of the compound.

(A) HS (C) H,S

(B) HS, (D) H,S

8. What coefficients must be placed in the following blanks so
that all atoms are accounted for in the products?

CeHpOg—__ CHO+____CO,

(A) 21 @ 53
B 31 (D) 2;2
9. Draw Lewis dot structures for each hypothetical
molecule shown below, using the correct number of valence
electrons for each atom. Determine which molecule makes
sense because each atom has a complete valence shell and each
bond has the correct number of electrons. Explain what makes
the other molecules nonsensical, considering the number of
bonds each type of atom can make,

||

H—O0—C—C=0
|

{a) H (b) H

11.

12,

13.

SCIENTIFIC INQUIRY/Science Practices 3 & 4
Female silkworm moths {Bomi-
byx mori} attract males by
emitting chemical signals that
spread through the air. A male
hundreds of meters away can
detect these molecules and

fly toward their source. The
sensory organs responsible for
this behavior are the comblike
antennae visible in the photo-
graph shown here. Each fila-
ment of an antenna is equipped
with thousands of receptor

cells that detect the sex attractant.

(a) Based on what you learned in this chapter, propose a
hypothesis to account for the ability of the male moth to
detect a specific molecule in the presence of many other
molecules in the air.

(b) Describe predictions your hypothesis enables you to
make.

{(c) Design an experiment to test one of these predictions.

CONNECT TO BIG IDEA 4

While waiting at an airport, Neil Campbell once overheard this
claim: “It’s paranoid and ignorant to worry about industry or
agriculture contaminating the envirenment with their chemi-
cal wastes. After all, this stuff is just made of the same atoms
that were already present in our envirenment.” Drawing on
your knowledge of electron distribution, bonding, and emer-
gent properties (see Concept 1.1), write a short essay (100150
words) countering this argument.

SYNTHESIZE YOUR KNOWLEDGE

SCIENTIFIC INQUIRY /5cience Practice 7

This bombardier beetle is spraying a boiling hot liquid that
contains irritating chemicals, used as a defense mechanism
against its enemies. The beetle stores two sets of chemicals
separately in its glands. Using what you learned about chemis-
try in this chapter, propose a possible explanation for why the
beetle is not harmed by the chemicals it stores and what causes
the explosive discharge.

For selected answers, see Appendix A,

LEVEL 3: SYNTHESIS/EVALUATION | Al

10. CONNECT TO BIG IDEA 1
The percentages of naturally occurring elements making up
the human body (see Table 2.1) are similar to the percentages
of these elements found in other organisms. How could you
account for this similarity among organisms? Explain your
thinking.
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