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A Note about Principles of Biology . . .
A recent trend in science education is the phenomenon called “flipping the classroom.” This phrase refers to 
the idea that some of the activities that used to be done in class are now done out of class, and vice versa. For 
example, instead of spending the entire class time lecturing about textbook and other materials, some of the class 
time is spent engaging students in various activities, such as problem solving, working through case studies, and 
designing experiments. This approach is called active learning. For many instructors, the classroom has become 
more learner-centered rather than teacher-centered. A learner-centered classroom provides a rich environment in 
which students can interact with each other and with their instructors. Instructors and fellow students often provide 
formative assessment—immediate feedback that helps each student understand if his or her learning is on the 
right track.

What are some advantages of active learning? Educational studies reveal that active learning usually promotes 
greater learning gains. In addition, active learning often focuses on skill development rather than the memorization 
of facts that are easily forgotten. Students become trained to “think like scientists” and to develop a skill set that 
enables them to apply scientific reasoning.

A common concern among instructors who are beginning to try out active learning is that they think they will 
have to teach their students less material. However, this may not be the case. Although students may be provided 
with online lectures, “flipping the classroom” typically gives students more responsibility for understanding the text-
book material on their own. Along these lines, Principles of Biology is intended to provide students with a resource 
that can be effectively used out of the classroom. Several key pedagogical features include the following:

•	 Focus on Core Concepts: Although it is intended for majors in the biological sciences, Principles of Biology 
is a shorter textbook that emphasizes core concepts. Twelve principles of biology are enunciated in Chapter 1 
and those principles are emphasized throughout the textbook with specially labeled figures. An effort has also 
been made to emphasize some material in bulleted lists and numbered lists, so students can more easily see 
the main points.

•	 Learning Outcomes: Each section of every chapter begins with a set of learning outcomes. These outcomes 
help students understand what they should be able to do if they have mastered the material in that section. 
Certain learning outcomes, labeled as SCISKILLS, emphasize experimental skills needed in the study of biol-
ogy. Skills such as analyze data, form hypotheses, make predictions, make calculations, are skills that scientists 
generally perform and students majoring in biology should practice. 

•	 Formative Assessment: When students are expected to learn textbook material on their own, it is imperative that 
they be given regular formative assessments so they can gauge whether or not they are mastering the material. 
Formative assessment is a major feature of this textbook and is bolstered by McGraw-Hill Connect®—a state-of-
the-art digital assignment and assessment platform. In Principles of Biology, formative assessment is provided in 
multiple ways.

1. Each section of every chapter ends with multiple-choice questions.
2. Most figures have concept check questions so students can determine if they understand the key points in 

the figure.
3. End-of-chapter questions continue to provide students with feedback regarding their mastery of the material.
4. Further assessment tools are available in Connect. Question banks, Test banks, and Quantitative Question 

banks can be assigned by the professor. McGraw-Hill SmartBook® allows for individual study as well as 
assignments from the professor.

•	 Quantitative Analysis: Many chapters have a subsection that emphasizes quantitative reasoning, an impor-
tant skill for careers in science and medicine. In these subsections, the quantitative nature of a given topic is 
described, and then students are asked to solve a problem related to that topic.

•	 BioConnections and Evolutionary Connections: To help students broaden their understanding of biology, two 
recurring features are BioConnections and Evolutionary Connections. BioConnections are placed in key figure 
legends in each chapter and help students relate a topic they are currently learning to another topic elsewhere 
in the textbook, often in a different unit. Evolutionary Connections provide a framework for understanding how 
a topic in a given chapter relates to evolution, the core unifying theme in biology.

A Note about Principles of Biology v
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vivi A Note about Principles of Biology

•	 New BioTIPS: In Connect, the digital partner to this textbook, we have a new feature called BioTIPS, which is 
intended to help students refine problem-solving skills. Most of the BioTIPS are called out with icons in the 
textbook, but additional BioTIPS are included in the SmartBook. The BioTIPS themselves are accessed through 
links in SmartBook. BioTIPS will focus on 11 strategies that will help students solve problems: 

 1. Make a drawing. 
 2. Compare and contrast. 
 3. Relate structure and function. 
 4. Sort out the steps in a complicated process. 
 5. Propose a hypothesis. 
 6. Design an experiment. 
 7. Predict the outcome. 
 8. Interpret data. 
 9. Use statistics. 
10. Make a calculation. 
  11. Search the literature. 

BioTIPS will provide students with practice at applying these problem-solving strategies.
 Overall, the pedagogy of Principles of Biology has been designed to foster student learning. Instead of being a 
collection of “facts and figures,” Principles of Biology is intended to be an engaging and motivating textbook in which 
formative assessment allows students to move ahead and learn the material in a productive way. 

Content Changes to the Second Edition
The author team of Principles of Biology is fully committed to keeping the content up to date; the second edition has 
five new chapters that reflect modern trends in the field. They are intended to achieve three goals:

•	 Prepare Students for Careers in Modern Biology: Chapters 11, 16, and 24 are concerned with the topics of 
Non-coding RNAs, Epigenetics, and Microbiomes, respectively. The emerging importance of these areas in 
the field of medicine is dramatic. It’s difficult to pick up a newspaper and not see a story that concerns at 
least one of these areas and its impact on human health. For example, researchers are now studying how the 
manipulation of certain non-coding RNAs may be used as therapeutic tools to treat diseases such as cancer. 
Similarly, these same topics have broad importance in the fields of agriculture, biotechnology, and environ-
mental science. 

•	 An Emphasis on Systems Biology: The first edition of Principles of Biology already had an emphasis on sys-
tems biology and trying to relate topics in biology to its evolutionary foundation. In the second edition, we have 
added a new chapter to the animal unit (Chapter 41) that explores how the whole body responds to a major 
challenge to homeostasis (hemorrhage). This allows students to appreciate how various organs and organ sys-
tems work together as a larger integrated system—the animal body.

•	 Impact on Society: Not only do we want to help our students learn biology and prepare them for careers in this 
field, we also want them to appreciate their roles as citizens of the world. Chapter 46 pulls together many of the 
key topics involving the impact of humans on the environment, thereby making students aware of current and 
future problems. This chapter may inspire some students to pursue a career in ecology or environmental science, 
and may encourage others to educate the public regarding the negative effects that humans have had on the 
environment and ways to evoke positive changes. 

To make room for this material and other updated material, some chapters have been streamlined and combined, and 
obsolete methods have given way to new techniques described in these new chapters. The major content changes 
that have occurred in the second edition are summarized below.

Chapter 1 An Introduction to Biology. Has a new section on the adaptations that have occurred during the 
evolution of polar bears. 

Chapter 4 Evolutionary Origin of Cells and their General Features. This chapter now begins with a section on the 
evolutionary origin of cells. 
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NEW Chapter 11 The Expression of Genetic Information via Genes II: Non-coding RNAs. This “first of its kind 
chapter” recognizes the great importance of non-coding RNAs in biology and devotes an entire chapter to this topic. 
The author team feels it is long overdue. 

NEW Chapter 16 Transmission of Genetic Information from Parents to Offspring II: Epigenetics, Linkage, and 
Extranuclear Inheritance. Due to the rapidly expanding topic of epigenetics, the inheritance chapter in the first 
edition has been split into two chapters. Chapter 16, which is the second chapter devoted to inheritance, has four 
sections on epigenetics and also includes the topics of linkage and extranuclear inheritance. 

Chapter 18 Genetic Technologies: How Biologists Study Genes and Genomes. Has a new section on CRISPR-Cas 
technology, which is used to introduce mutations into genes. 

Chapter 19 Evolution of Life I: How Populations Change from Generation to Generation. The Evolution unit 
has been reorganized so that it now begins with a description of the basic mechanisms that underlie evolutionary 
change. 

Chapter 22 The History of Life on Earth and Human Evolution. The topic of human evolution has been moved 
from the Diversity unit to the Evolution unit. The description of human evolution has been greatly expanded, 
and has new topics including how humans are still evolving and the level of genetic variation in modern human 
populations. 

Chapter 23 Diversity of Microbial Life: Archaea, Bacteria, Protists, and Fungi. This chapter on the diversity of 
prokaryotic and eukaryotic microbial life has been heavily revised to integrate material previously covered in separate 
chapters. Newer concepts of phylogenetic diversification of these groups have been incorporated into evolutionary 
tree diagrams. 

This revision provides several pedagogical advantages. A focus on microbial diseases of humans and crops, a 
continuing thread through coverage of bacteria, and also protists and fungi, reveals greater pathogen diversity than 
students may previously have realized. The diversity of technological applications involving microbes, previously 
described in several separate places, has now been aggregated at the end of the chapter. Long important in terms 
of food or antibiotic production, microbial applications are now taking on new relevance to the fields of environmen-
tal pollution control and renewable biofuels. 
 Finally, by integrating fundamental aspects of four microbial groups, Chapter 23 now provides the broad 
diversity background necessary to comprehend microbiomes, a topic of vast medical, ecological, and technological 
importance that is presented in a new chapter.

NEW Chapter 24 Microbiomes: Microbial Systems on and Around Us. This entirely new chapter integrates 
information about the occurrence of microbes (archaea, bacteria, protists, and fungi) within complex organism-
gene systems known as microbiomes, a major frontier of biological sciences. The new chapter expands the much 
briefer and scattered introductions to symbiotic relationships between microbes, plants, and animals presented 
in the first edition. New Chapter 24 begins by linking basic information on microbial life provided in Chapter 
23 with important environments in which microbiomes occur: physical environments such as oceans, ice, and 
soils, and biotic environments that include the bodies of humans and agricultural plants. The new chapter then 
focuses on genetic methods that microbiologists use to comprehend and compare Earth’s microbiomes. This 
helps students to review and extend basic genetics presented earlier in the text and understand important 
applications of genetic and genomic technologies. The new chapter also focuses on evolutionary and diversity 
aspects of microbiomes that are key to fostering agricultural production and human health, thereby connecting 
students to previous text chapters describing fundamental principles of evolutionary biology.

Chapter 25 Plant Evolution and Diversity. New information about the evolutionary history of plants has been 
incorporated to maximize currency, without increasing complexity or level of detail. A new BioTIPS feature, which 
aims to foster student understanding of experimental design in the scientific process, has been developed for the 
popular Feature Investigation on Cannabis secondary metabolites, of high societal significance.

Chapter 26 Invertebrates: The Vast Array of Animal Life Without a Backbone. Our animal classification as depicted 
in Figure 26.2 has been reworked and redrawn to reflect the position of the Ctenophora or comb jellies, as the 
earliest diverging animal clade. Additional photographs have also been added to Figure 26.12 to illustrate the polyp 

A Note about Principles of Biology vii
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and medusa form of cnidarians. We have also included a new multi-part figure, Figure 26.32, to illustrate the different 
echinoderm classes.

Chapter 27 Vertebrates: Fishes, Amphibians, Reptiles and Mammals. The material on primates and human evolution 
has been moved to Chapter 22, The History of Life on Earth and Human Evolution. 

Chapter 28 An Introduction to Flowering Plant Form and Function. A BioTIPS feature designed to help students 
interpret graphical quantitative information has been developed for the Feature Investigation, which focuses on leaf 
structural variation.

Chapter 29 How Flowering Plants Sense and Interact with Their Environments. Some new images have been 
incorporated.

Chapter 30 How Flowering Plants Obtain and Transport Nutrients. Some new images have been incorporated. 

Chapter 31 How Flowering Plants Reproduce and Develop. A new BioTIPS feature, based on the Feature 
Investigation about flower blooming, not only fosters student ability to interpret graphical quantitative information, 
but also leads them to make additional calculations to answer new questions about the topic. 

Chapter 32 General Features of Animal Bodies, and Homeostasis as a Defining Principle of Animal Biology. This 
chapter now includes a section entitled “Principles of Homeostasis of Internal Fluids,” which has been moved here 
from later in the Animal Unit where it was previously covered (former Chapter 38). New “Test Yourself” questions and 
several improved figures and new concept checks have been added.

Chapter 33 Neuroscience I: The Structure, Function, and Evolution of Nervous Systems. New figures, including 
an electron micrograph of a cross section through a nerve, have been added, while several existing figures have 
been modified with additional labeling or text boxes to improve clarity. Numerous SCISKILLS features have been 
incorporated throughout the section-opening learning outcomes.

Chapter 34 Neuroscience II: How Sensory Systems Allow Animals to Interact with the Environment. Numerous 
subheadings are now interspersed in the chapter to help the reader navigate through difficult passages and to 
help the instructor and student organize the readings. Numerous SCISKILLS have been incorporated throughout the 
section-opening learning outcomes, and new concept checks have been added. Throughout the chapter, material 
has been updated to reflect key new research, particularly with respect to olfaction and balance.

Chapter 35 How Muscles and Skeletons are Adaptations for Movement, Support, and Protection. In addition to 
numerous SCISKILLS features, a new conceptual question has been added and several figures have been improved 
for even greater clarity. 

Chapter 36 Circulatory and Respiratory Systems: Transporting Solutes and Exchanging Gases. The former  
chapters on circulation and respiration (chapters 36 and 37) have now been merged into one cohesive chapter  
that covers both topics in a fully integrated way. As one example, a new table has been added that covers  
the relationship between an animal’s body mass and various respiratory parameters; this table now parallels a similar  
one that was present in the former Circulatory System chapter that described the relationship between body  
mass and circulatory features. As with other chapters, numerous SCISKILLS features, figure modifications, and 
assessments have added or updated. A new figure depicting human bronchioles in health and disease has also been  
added.

Chapter 37 Digestive and Excretory Systems Help Maintain Nutrient, Water, and Energy Balance and Remove 
Waste Products from Animal Bodies. The former chapters on digestion and nutrition, and the excretory system, 
have now been integrated into one chapter. The combined focus is now on nutrient processing and energy balance 
and the elimination of soluble wastes. Numerous text boxes and figure labels have been adjusted in the artwork to 
enhance understanding. The advantages and disadvantages of generating a particular type of nitrogenous waste are 

viiiviii A Note about Principles of Biology
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now elaborated. SCISKILLS features have been added to all sections. Two new concept checks and Bioconnection 
features have been added.

Chapter 38 How Endocrine Systems Influence the Activities of all Other Organ Systems. Several text boxes, 
labels and figure legends have been modified for additional detail to improve understanding. SCISKILLS features 
have been added to each section, and the text has been updated to reflect modern research in endocrinology.

Chapter 39 The Production of Offspring: Reproduction and Development. The Impact on Public Health section has 
been reorganized with numerous subheadings for clarity. SCISKILLS have been added, as has a new Bioconnections 
question. Certain key figures have been updated or modified for clarity.

Chapter 40 Immune Systems: How Animals Defend Against Pathogens and Other Dangers. The opening section 
is now reorganized with subheadings for clarity, and includes discussions of some important animal diseases. 
Additional new subheadings also break up complex text throughout the chapter. SCISKILLS and a new test question 
have been added, and key figures have been improved for clarity or detail, or updated (such as latest figures on the 
number of people living with HIV/AIDS as of today).

NEW Chapter 41 Integrated Responses of Animal Organ Systems to a Challenge to Homeostasis. This new chapter 
integrates the functions of all organ systems found in animals, using a challenge to homeostasis (hemorrhage) as the 
central theme. It introduces ten new figures and a new table covering topics such as baroreceptors, chemoreceptors, 
Starling forces and many others, all in the context of an integrated response to a large homeostatic insult.

Chapter 43: Population Growth and Species Interactions. Two new BioTIPS questions have been added to better 
familiarize students with mark-recapture analyses and competition and resource utilization. The material on human 
population growth has been moved to Chapter 46. There are three new conceptual and collaborative questions.

Chapter 44: Communities and Ecosystems: Ecological Organization of Large Scales. Chapter 44 has been 
reworked to include a discussion of both community and ecosystem ecology together in the same chapter. We 
have combined chapters 45 and 46 from the first edition. However, the material on biogeochemical cycles has been 
moved to Chapter 46.

Chapter 45: How Climate Affects the Distribution of Species on Earth. This chapter uses elements of Chapter 43:  
Ecology and the Physical Environment, from the first edition and expands on them. In the first section, 45.1, Climate, we 
show what causes global temperature and precipitation differentials across the Earth. In the next section, 45.2, Major 
Biomes, we describe and illustrate the major biomes on Earth.

NEW Chapter 46: The Age of Humans. This is a new chapter. We begin by introducing the concept of a new 
geological era, the Anthropocene, and then discuss the effects of humans on natural systems. We start with an 
examination of human population growth, which continues in an upward trend. Next, we explain how humans are 
contributing to climate change via global warming. This is followed by section 46.3, Pollution and Human Influences 
on Biogeochemical Cycles. In this section we describe human influences on the carbon, water, phosphorous, and 
nitrogen cycles from the burning of fossil fuels, the use of chemical fertilizers and pesticides, and other factors. 
This can lead to biomagnification, as explained next in section 46.4. One of the biggest effects of humans is habitat 
destruction and in section 46.5 we detail the effects of deforestation and agriculture on wildlife loss. In section 46.6, 
Overexploitation, we discuss the effects of overhunting and overfishing on land mammals, whales, birds, fishes, 
and plants. Lastly, in section 46.7, Invasive Species, we consider the many and varied effects of deliberate and 
accidental plant and animal introductions on native wildlife via competition, predation and parasitism.

Chapter 47: Biodiversity and Conservation Biology. We have updated Table 47.1, which provides details of the 
world’s ecosystem services. The material on causes of extinction and loss of biodiversity has been moved to chapter 
46. However, section 47.3, Conservation Strategies, has been expanded to include new material and figures on crisis 
ecoregions and “last of the wild” in addition to megadiversity countries and biodiversity hot spots.

 ixA Note about Principles of Biology ix
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Principles of Biology and its online assets have been carefully crafted to help students work efficiently and effectively through the material 
in the course, making the most of their study time. This Guiding You Through Principles of Biology section explains how students can use 
the text and Connect® to help them succeed in majors biology.
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The three types of membrane proteins are transmembrane pro-

teins, lipid-anchored proteins, and peripheral membrane proteins. 

Transmembrane proteins and lipid-anchored proteins are called 

integral membrane proteins, because a portion of them is inte-

grated into the hydrophobic region of the membrane. Each of the 

three types has a different way of associating with a membrane 

(Figure 5.2).

 1. Transmembrane proteins span or traverse the membrane 

from one leaflet to the other. Transmembrane segments within 

these proteins have stretches of nonpolar amino acids that 

are inserted into the hydrophobic interior of the phospholipid 

bilayer, making it possible for a portion of the protein to 

traverse the membrane. In most transmembrane proteins, each 

transmembrane segment is folded into an α helix structure. 

Such a segment is stable in a membrane because the nonpolar 

amino acids interact favorably with the nonpolar tails of the 

lipid molecules.

 2. Lipid-anchored proteins are proteins that associate with a 

membrane because they have a lipid molecule that is covalently 

attached to an amino acid side chain within the protein. The lipid 

tail is inserted into the hydrophobic portion of the membrane, 

thereby keeping the protein firmly attached to the membrane.

 3. Peripheral membrane proteins are proteins that are 

noncovalently bound to regions of transmembrane membrane 

proteins that project out from the membrane or to the polar head 

groups of phospholipids (see Figure 5.1). Peripheral membrane 

proteins are typically bound to the membrane by hydrogen bonds 

or ionic bonds (or both).

Figure 5.2  Types of membrane proteins.  Integral membrane proteins 

are of two types: transmembrane proteins and lipid-anchored 

proteins. Peripheral membrane proteins are noncovalently bound 

to the hydrophilic regions of integral membrane proteins or to the 

polar head groups of lipids. Inset: The protein bacteriorhodopsin 

contains seven transmembrane segments, depicted as cylinders,  

in an α helix structure. Bacteriorhodopsin is found in halophilic  

(salt-loving) archaea.

5.1 Reviewing the Concepts

•	 A plasma membrane separates a cell from its surroundings. 

Biological membranes provide interfaces for carrying out vital 

cellular functions (Table 5.1).

•	 The accepted model of membranes is the fluid-mosaic model, 

and its basic framework is the phospholipid bilayer. Biological 

membranes also contain proteins, and some membranes have 

attached carbohydrates (Figure 5.1).

•	 The three main types of membrane proteins are transmembrane 

proteins, lipid-anchored proteins, and peripheral membrane pro-

teins. Transmembrane proteins and lipid-anchored proteins are 

classified as integral membrane proteins (Figure 5.2).

5.1 Testing Your Knowledge

1. Which of the following is not a characteristic of a biological 

membrane?
a. contains a bilayer of phospholipids

b. contains proteins that are inserted into the membrane

c. contains a high percentage of water molecules

d. has carbohydrates attached to lipids and proteins

e. has asymmetric leaflets

2. A membrane protein that is noncovalently attached to a protein 

or a lipid is
a. a transmembrane protein.

b. a lipid-anchored protein.

c. a peripheral membrane protein.

d. a glycoprotein.

e. all of the above.

 5.2 Fluidity of Membranes

Learning Outcomes

1. Describe the fluidity of membranes.

2. SCISKILLS ⊲ Predict how fluidity will be affected by 

changes in lipid composition.

3. SCISKILLS ⊲ Analyze the results of experiments indicating 

that certain membrane proteins can diffuse laterally within 

the membrane.

Let’s now turn our attention to the dynamic properties of membranes. 

Although a membrane provides a critical interface between a cell and 

its environment, it is not a solid, rigid structure. Rather, biological 

membranes exhibit properties of fluidity, which means that individ-

ual molecules remain in close association yet have the ability to read-

ily move within the membrane. In this section, we will examine the 

fluid properties of biological membranes.

Membranes Are Semifluid

Though membranes are often described as fluid, it is more appro-

priate to say they are semifluid, because movements of lipids 

and membrane proteins occur in only two dimensions. In a fluid 

Skills Development 

At the beginning of each section, Learning Outcomes inform 
students of concepts they should understand. New to the second 
edition are skills-based Learning Outcomes. Labeled as SCISKILLS, 
these Learning Outcomes are specific to the skills students will 
acquire when mastering the material and provide a specific 
understanding of how such skills may be assessed. SCISKILLS 
is a mental action such as analyze data, form hypotheses, make 
predictions, or perform calculations. These are skills scientists 
generally perform and students should practice.

EMPHASIZING SKILLS DEVELOPMENT AND PROBLEM SOLVING

 The emphasis on skills development continues in the Feature 
Investigations. Feature Investigations provide a complete 
description of experiments, including data analysis, so students 
can understand how experimentation leads to an understanding of 
biological concepts.
 The Quantitative Analysis feature helps develop analytical 
skills. This feature walks through biological concepts that have a 
quantitative component. The Crunching the Numbers provides a 
sample problem to test understanding.
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8.2 Reviewing the Concepts

•	 The binding of a signaling molecule, also called a ligand, to a 

receptor is usually very specific and alters the conformation of 

the receptor (Figure 8.5).

•	 A ligand binds to a receptor with an affinity that is measured as 

a dissociation constant, or Kd
 value. The Kd

 value is inversely 

related to the affinity between the ligand and its receptor.

8.2 Testing Your Knowledge

1. When a ligand (signaling molecule) binds to a receptor,

a. the ligand is converted to a product.

b. the ligand forms a covalent bond with the receptor.

c. the receptor undergoes a conformational change.

d. the receptor is rapidly degraded.

e. the receptor phosphorylates the ligand.

2. A receptor has a Kd
 for its ligand of 50 nM. At a ligand concentra-

tion of 100 nM,

a. a small percentage of receptors will have ligand bound to them.

b. 50% of the receptors will have ligand bound to them.

c. most receptors will have ligand bound to them.

d. all receptors will have ligand bound to them.

e. none of the above.

The binding of a ligand to its receptor causes a 

conformational change in the receptor, resulting

in receptor activation.

Ligand (signaling molecule)

Cytosol

Inactive
receptor

Ligand

binding

Activated
receptor

Figure 8.5 Receptor activation.

BioConnections:  Look back at Figure 6.5. How is the 

binding of a ligand to its receptor similar to the binding of a 

substrate to an enzyme? How are they different?

In general, the binding and release between a ligand and its receptor 

are relatively rapid, and therefore an equilibrium is reached when 

the rate of formation of new ligand•receptor complexes equals the 

rate at which existing ligand•receptor complexes dissociate:

kon [Ligand][Receptor] = koff [Ligand•Receptor complex]

Rearranging,

  [Ligand][Receptor]    koff

_______________________ = ____ = Kd

[Ligand•Receptor complex]   kon

Kd
 is called the dissociation constant between a ligand and its 

receptor. The Kd value is inversely related to the affinity between 

the ligand and receptor. A low Kd value indicates that a receptor has 

a high affinity for its ligand.

Let’s look carefully at the left side of this equation and 

consider what it means. At a ligand concentration where half 

of the receptors are bound to a ligand, the concentration of the 

ligand•receptor complex equals the concentration of receptor that 

doesn’t have ligand bound. At this ligand concentration, [Receptor] 

and [Ligand•Receptor complex] cancel out of the equation because 

they are equal. Therefore, at a ligand concentration where half of 

the receptors have bound ligand

Kd = [Ligand]

When the ligand concentration is above the Kd value, most of the 

receptors are likely to have ligand bound to them. In contrast, if 

Quantitative Analysis

RECEPTORS HAVE A MEASURABLE 

AFFINITY FOR THEIR LIGANDS

the ligand concentration is substantially below the Kd value, most 

receptors will not be bound by their ligand. The Kd values for many 

different ligands and their receptors have been experimentally 

determined. How is this information useful? It allows researchers 

to predict when a signaling molecule is likely to cause a cellular 

response. If the concentration of a signaling molecule is far below 

the Kd value, a cellular response is not likely because relatively few 

receptors will form a complex with the signaling molecule.

Crunching the Numbers: Type I diabetes is a human 

disease in which the pancreas is unable to make sufficient amounts 

of the hormone insulin. The disorder often begins in childhood, 

but its onset may occur in adulthood. Type I diabetes affects over 

1 million Americans.

After a nondiabetic person eats a meal, a proper amount of 

insulin is secreted into the bloodstream. Insulin binds to the insulin 

receptor found on the surfaces of certain cell types, such as mus-

cle cells, and promotes the uptake of glucose from the blood into 

the cells. The insulin receptor on skeletal muscle cells has a Kd 

of approximately 0.2 nM. Keisha, who does not have type I dia-

betes, eats a meal and her blood insulin level rises to 0.45 nM. 

Ryan has type I diabetes. If he is not given insulin by injection, his 

blood insulin level following a meal rises to only 0.06 nM. For both 

Keisha and Ryan, is the percentage of insulin receptors that have 

insulin bound under these conditions above or below 50%? Why 

does Ryan have to take regular insulin injections?
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Problem Solving
A new feature will help students develop their problem solving 
skills. BioTIPS, which stands for Topic, Information, and Problem 
Solving Strategy is a feature available in Connect. Icons appearing 
throughout the book indicate the textual material supporting the 
BioTIPS online. These solved problems follow a consistent pattern 
in which students are given advice on how to solve problems in 
biology using different types of problem solving strategies. These 
strategies include: Make a drawing; Compare and contrast; Relate 
structure and function; Sort out the steps in a complicated process; 
Propose a hypothesis; Design an experiment; Predict the outcome; 
Interpret data; Use statistics; Make a calculation; and Search the 
literature. 

 A biological question related to chapter content is posed. The 
BioTIPS then walks the student through the process of answering 
the question. First, they help the student identify the topic of the 
question—what is really being asked in the question? Then they help 
the student collect information that was presented in the chapter that 
is related to the question. Finally, they help the student settle on one 
or more strategies that can be followed to answer the question. The 
answers are provided to complete the problem solving process. 

USING STUDENT USAGE DATA TO MAKE IMPROVEMENTS

To help guide the revision for the second edition, student usage 
data and input were used, derived from thousands of SmartBook® 

users of the first edition. SmartBook “heat maps” provided a quick 
visual snapshot of chapter usage data and the relative difficulty 
students experienced in mastering the content. These data 
directed the authors to evaluate text content that was particularly 
challenging for students. These same data were also used to revise 
the SmartBook questions.

•	 If the data indicated that the subject was more difficult than 
other parts of the chapter, as evidenced by a high propor-
tion of students responding incorrectly to the questions, the 
authors revised or reorganized the content to be as clear and 
illustrative as possible by rewriting the section, providing addi-
tional examples or revised figures to assist visual learners, etc.

•	 In other cases, one or more of the SmartBook questions for a 
section was not as clear as it might be or did not appropriately 
reflect the content in the chapter. In these cases the question, 
rather than the text, was edited.

Below is an example of one of the heat maps. The color-coding 
of highlighted sections indicates the various levels of difficulty 
students experienced in learning the material, topics highlighted in 
red being the most challenging for students. 
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MEMBRANES: THE INTERFACE BETWEEN CELLS AND THEIR ENVIRONMENT 107products of cellular metabolism must be released from cells before they 
reach toxic levels. For example, a transporter removes lactic acid, a by-
product of muscle cells during exercise. Other transporters, which are 
involved with ion transport, play an important role in regulating internal 
pH and controlling cell volume. Transporters tend to be much slower 
than channels. Their rate of transport is typically 100 to 1,000 ions or 
molecules per second.Transporters are named according to the number of solutes 

they bind and the direction in which they transport those solutes 
(Figure 5.15).
•	 Uniporters bind a single ion or molecule and transport it 

across the membrane.
•	 Symporters bind two or more ions or molecules and transport 

them in the same direction.•	 Antiporters bind two or more ions or molecules and transport 
them in opposite directions. 

Active Transport Is the Movement  of Solutes Against a GradientAs mentioned, active transport is the movement of a solute across a 
membrane against its concentration gradient—that is, from a region 
of low concentration to higher concentration. Active transport is ener-
getically unfavorable and requires an input of energy. Two general 
types are found:
•	 Primary active transport involves the functioning of a 

pump—a type of transporter that directly uses energy to 
transport a solute against a concentration gradient. Figure 5.16a 
shows a pump that uses energy in the form of ATP to  
transport H+ against a gradient. Such a pump establishes an H+ 
electrochemical gradient across a membrane.•	 Secondary active transport involves the use of a pre-

existing gradient to drive the active transport of another 

(a) Uniporter

(b) Symporter

Two solutes move inopposite directions.

(c) Antiporter

A single solute moves in one direction.

Two solutes move in thesame direction.

Figure 5.15  Types of transporters based on the direction of transport.
A pump actively exports H+ against a gradient. Extracellularenvironment An H+/sucrose symporter uses the H+gradient to transport sucrose against aconcentration gradient into the cell.

 (a) Primary active transport 

 (b) Secondary active transport

ATP ADP +
H+

Sucrose

H+

Cytosol

Pi

Figure 5.16  Types of active transport.  (a) During primary active transport, a pump directly uses energy, in this case from ATP, to transport a 

solute against a concentration gradient. The pump shown here uses ATP to establish an H+ electrochemical gradient. (b) Secondary active 

transport via symport involves the use of this gradient to drive the active transport of a solute, such as sucrose.

bro75121_fm_i-xxviii.indd   11 29/11/16   10:40 am
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12.2 Reviewing the Concepts
•	 Repressors and activators are regulatory transcription factors 

that bind to DNA and affect the transcription of genes. Small 
effector molecules control the ability of regulatory transcription 
factors to bind to DNA (Figure 12.5).

•	 An operon is an arrangement of two or more protein-encoding 
genes controlled by a single promoter and an operator. The lac 
operon is an example of an inducible operon. The lac repressor 
exerts negative control by binding to the operator and prevent-
ing RNA polymerase from transcribing the operon. When allolac-
tose binds to the repressor, a conformational change occurs that 
prevents the repressor from binding to the operator so transcrip-
tion can proceed (Figures 12.6, 12.7).

•	 Positive control of the lac operon occurs when the catabolite 
activator protein (CAP) binds to the CAP site in the presence of 
cAMP. This causes a bend in the DNA, which promotes the bind-
ing of RNA polymerase to the promoter (Figure 12.8).

•	 Glucose inhibits cAMP production, which in turn inhibits the 
expression of the lac operon, because CAP cannot bind to the CAP 
site. This form of regulation provides bacteria with a more efficient 
utilization of their resources because the bacteria use one sugar 
at a time (Figure 12.9).

12.2 Testing Your Knowledge

1. Let’s suppose that a mutation in the lacI gene prevented the lac 
repressor from being made. How would this mutation affect the 
expression of the lac operon?
a. It would be expressed only in the presence of lactose in the 

environment.
b. It would be expressed in the presence or absence of lactose 

in the environment.
c. It would be expressed only in the absence of lactose in the 

environment.
d. It would never be expressed.

 12.3 Regulation of Transcription  
in Eukaryotes: Roles  
of Transcription Factors

Learning Outcomes

1. Explain the concept of combinatorial control.

2. Describe how RNA polymerase and general transcription 
factors initiate transcription at the core promoter.

3. Discuss how activators, coactivators, repressors, and TFIID 
play a role in gene regulation.

Regulation of transcription in eukaryotes follows some of the same 
principles as those found in bacteria. For example, activator and 
repressor proteins are involved in regulating genes by influencing the 

Figure 12.9 considers the four possible environmental conditions 
that an E. coli bacterium might experience with regard to the two 
sugars lactose and glucose.

•	 High lactose and high glucose (Figure 12.9a): The rate of 
transcription of the lac operon is low to moderate, because 
CAP does not activate transcription. Under these conditions, 
the bacterium primarily uses glucose rather than lactose.  
The bacterium conserves energy by using one type of sugar  
at a time.

•	 High lactose and low glucose (Figure 12.9b): The transcription 
rate of the lac operon is very high because CAP is bound to 
the CAP site and the lac repressor is not bound to the operator. 
Under these conditions, the bacterium readily metabolizes 
lactose.

•	 Low lactose and low or high glucose (Figure 12.9c,d): When 
lactose levels are low, the lac repressor prevents transcription of 
the lac operon, whether glucose levels are high or low.

DNA

Three- 
dimensional
structure of
CAP bound
to the CAP
site cAMP

CAP dimer

CAP site

Operator

RNA polymerase

CAP cAMP

mRNA

Promoter

Transcription 
occurs.

CAP site

Binding of RNA polymerase 
to promoter is enhanced
by CAP binding.

Figure 12.8 Positive control of the lac operon by the catabolite activator 
protein (CAP). When cAMP is bound to CAP, CAP binds to the DNA 
and causes it to bend. This bend facilitates the binding of RNA 
polymerase.
© Thomas Steitz, Howard Hughes Medical Institute, Yale University

BioConnections:  Refer back to Figure 8.13. What is the 
function of cAMP in eukaryotic cells?
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linkage is to notice that a phosphate group connects two 

sugar molecules. From this perspective, the linkage in DNA 

strands is called a phosphodiester linkage, which has two 

phosphoester bonds.

•	 The phosphates and sugar molecules form the backbone of a 

DNA or RNA strand, and the bases (thymine, adenine, cytosine, 

and guanine) project from the backbone.

•	 A strand has a directionality based on the orientation of the 

sugar molecules within that strand. In Figure 9.5, the direction 

of the strand is said to be 5ʹ to 3ʹ when going from top to 

bottom. The 5ʹ end of a DNA strand has a phosphate group, 

and the 3ʹ end has an —OH group. This strand is abbreviated 

5ʹ–TACG–3ʹ to indicate its directionality.

DNA Has a Repeating, Antiparallel Helical  

Structure Formed by the Complementary  

Base Pairing of Nucleotides

The DNA double helix has several distinguishing features 

(Figure	9.6a):

•	 DNA is a double-stranded structure with the sugar-phosphate 

backbone on the outside and the bases on the inside. It is a 

helical structure, which means it is cylindrically spiral.

•	 The double helix is stabilized by hydrogen bonding between 

the bases in opposite strands to form base pairs. Because 

hydrogen bonds are relatively weak, they can be easily broken 

and rejoined.

•	 Base pairing is specific. An adenine (A) in one strand forms two 

hydrogen bonds with a thymine (T) in the opposite strand, or 

a guanine (G) forms three hydrogen bonds with a cytosine (C) 

(Figure	9.6b). This specificity is called the AT/GC rule.

•	 Due to the AT/GC rule, the base sequences of two DNA strands 

are complementary to each other. For example, if one strand has 

the sequence of 5ʹ–GCGGATTT–3ʹ, the opposite strand must be 

3ʹ–CGCCTAAA–5ʹ.

•	 One complete turn of the double helix is 3.4 nm in length and 

comprises about 10 base pairs.

•	 With regard to their 5ʹ and 3ʹ directionality, the two strands 

of a DNA double helix are antiparallel. If you look at 

Figure 9.6, one strand runs in the 5ʹ to 3ʹ direction from top 

to bottom, whereas the other strand is oriented 3ʹ to 5ʹ from 

top to bottom.

•	 As shown in Figure	9.7, two grooves, called the major groove 

and the minor groove, spiral around the double helix. This 

figure shows a space-filling model in which the atoms are 

depicted as spheres. It emphasizes the surface of DNA. The 

sugar-phosphate backbone is on the outermost surface of the 

double helix. The indentations where the atoms of the bases 

make contact with the surrounding water are termed grooves. 

The major groove occurs where the DNA backbones of the 

two strands are farther apart, whereas the minor groove is 

where they are closer together.

Biology Principle

The Genetic Material Provides a Blueprint  

for Reproduction

The covalent linkage of a sequence of bases allows DNA to store 

information.

Figure	9.5	 The structure of a DNA strand.	 Nucleotides are 

covalently bonded to each other in a linear manner. Notice 

the directionality of the strand and that it carries a particular 

sequence of bases. An RNA strand has a very similar structure, 

except the sugar is ribose rather than deoxyribose and uracil is 

substituted for thymine.

Concept Check:   What is the difference between a 

phosphoester bond and a phosphodiester linkage?
258 CHAPTER 12

5. For the lac operon, what would be the expected effects of a mutation 
in the operator that prevented the binding of the repressor protein?
a. The operon would always be turned on.
b. The operon would always be turned off.
c. The operon would always be turned on, except when glucose is 

present.
d. The operon would be turned on only in the presence of lactose.
e. The operon would be turned on only in the presence of lactose 

and the absence of glucose.
6. The presence of _____ in the environment of E. coli prevents CAP 

from binding to the DNA, resulting in _____ in transcription of the 
lac operon.
a. lactose, an increase d. glucose, a decrease
b. glucose, an increase e. lactose, a decrease
c. cAMP, a decrease

7. Regulatory elements that function to increase transcription levels in 
eukaryotes are called
a. promoters. d. transcriptional start sites.
b. silencers. e. activators.
c. enhancers.

8. DNA methylation in many eukaryotic organisms usually causes
a. increased translation levels.
b. decreased translation levels.
c. increased transcription levels.
d. decreased transcription levels.
e. introns to be removed.

9. _____ refers to the phenomenon where a single type of pre-mRNA 
may give rise to multiple types of mRNAs due to different patterns 
of intron and exon removal.
a. Spliceosomes d. Polycistronic mRNA
b. Variable expression  e. RNA-induced silencing
c. Alternative splicing

10. Which of the following statements regarding alternative splicing is 
false?
a. It involves different splicing patterns that alter the exons found 

within an mRNA.
b. It allows cells to make different proteins at different stages of 

development.
c. It allows cells to make different proteins in different cell types.
d. It is less common in complex eukaryotes.
e. All of the above are true.

Conceptual Questions
1. What is the difference between inducible and repressible operons?
2. Transcriptional regulation often involves a regulatory protein that 

binds to a segment of DNA and a small effector molecule that 
binds to the regulatory protein. Do the following terms apply to a 
regulatory protein, a segment of DNA, or a small effector molecule? 
(a) repressor, (b) inducer, (c) operator, (d) corepressor, (e) activator

3. PRINCIPLES  A principle of biology is that the genetic material 
provides a blueprint for reproduction. Explain how gene regulation 
is an important mechanism for reproduction and sustaining life.

Collaborative Questions
1. Discuss the advantages and disadvantages of genetic regulation at 

the different levels described in Figure 12.4.
2. Discuss the advantages and disadvantages of combinatorial control 

of eukaryotic genes.
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  BioConnections BioConnections are questions found 
in selected figure legends in each chapter that help 
students make connections between biological concepts. 
BioConnections help students understand that their 
study of biology involves linking concepts together and 
building on previously learned information. Answers to the 
BioConnections are found in Appendix B.

Unit openers serve two purposes. They allow the student to see the 
big picture of the unit. In addition, the unit openers draw attention to 
the principles of biology that will be emphasized in that unit.

Principles of Biology are introduced 
in Chapter 1 and are then threaded 
throughout the entire textbook. 
This is achieved in two ways. First, 
the principles are highlighted 
in selected figures in which the 
specific principle is illustrated.

In addition, a Conceptual 
Question at the end of 
each chapter is directly 
aimed at exploring a 
particular Biology Principle 
related to the content of 
the chapter.
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UNIT III

GENETICS
Genetics is the branch of biology that deals with inheritance—
the transmission of characteristics from parents to offspring. We 
begin this unit by examining the structure of the genetic material, 
namely DNA, at the molecular and cellular levels. We will explore 
the structure and replication of DNA and examine how the DNA 
is packaged into chromosomes (Chapter 9). We will then consider 
how segments of DNA are organized into units called genes and 
explore how genes are used to make products such as RNA and 
proteins (Chapters 10 through 12). The expression of genes is 
largely responsible for the characteristics of living organisms. We 
will also examine how mutations can alter the properties of genes 
and even lead to diseases such as cancer (Chapter 13).

In Chapter 14, we turn our attention to the mechanisms of how 
genes are transmitted from parent to offspring. This topic begins 
with a discussion of how chromosomes are sorted and transmit-
ted during cell division. Chapters 15 and 16 explore the relation-
ships between the transmission of genes and the outcome of an 
offspring’s traits. We will look at genetic patterns called Mendelian 
inheritance, named after Gregor Mendel, the 19th-century biolo-
gist who discovered them, as well as more complex patterns that 
could not have been predicted from Mendel’s work.

Chapters 9 through 16 focus on the fundamental properties of 
the genetic material and heredity. The remaining chapters explore 
additional topics that are of importance to biologists. In Chapter 17, we 
will examine some of the unique genetic properties of bacteria and 
viruses. Chapter 18 describes genetic technologies that are used by 
researchers, clinicians, and biotechnologists to unlock the mysteries 
of genes and provide tools and applications that benefit humans, and 
explores the entire genomes of bacteria, archaea, and eukaryotes.

The following biology principles will be emphasized 
in this unit:

•	 The genetic material provides a blueprint for reproduction.  
Throughout this unit, we will see how the genetic material 
carries the information for reproduction and to sustain life.

•	 Structure determines function. In Chapters 9 through 14, 
we will examine how the structure of DNA, RNA, genes, and 
chromosomes underlies their functions.

•	 Living organisms interact with their environment. In 
Chapters 15 and 16 we will explore the interactions between 
an organism’s genes and its environment.

•	 Biology affects our society. In Chapter 18, we will examine 
genetic technologies that have many applications in our society.

•	 Biology is an experimental science. Most chapters in this unit 
have a Feature Investigation that describes a pivotal experi-
ment that provided insights into our understanding of genetics.

(9) © Prof. Kenneth Seddon & Dr. Timothy 
Evans, Queen's Univ. Belfast/SPL/Science Source; 
(10) © Dr. Elena Kiseleva/SPL/Science Source; 
(11) © Mauro Giacca, Ana Eulalio, Miguel Mano; 
(12) © Daniel Gage, University of Connecticut; 
(13) © Patrick Sheandell/PhotoAlto RF; (14) © Biophoto 
Associates/Science Source; (15) © Tomas Rodriguez/
Corbis RF; (16) © Andia/Alamy; (17) © Norm Thomas/
Science Source; (18) © Fumihiro Sugiyama
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GENETICS
Genetics is the branch of biology that deals with inheritance—
the transmission of characteristics from parents to offspring. We 
begin this unit by examining the structure of the genetic material, 
namely DNA, at the molecular and cellular levels. We will explore 
the structure and replication of DNA and examine how the DNA 
is packaged into chromosomes (Chapter 9). We will then consider 
how segments of DNA are organized into units called genes and 
explore how genes are used to make products such as RNA and 
proteins (Chapters 10 through 12). The expression of genes is 
largely responsible for the characteristics of living organisms. We 
will also examine how mutations can alter the properties of genes 
and even lead to diseases such as cancer (Chapter 13).

In Chapter 14, we turn our attention to the mechanisms of how 
genes are transmitted from parent to offspring. This topic begins 
with a discussion of how chromosomes are sorted and transmit-
ted during cell division. Chapters 15 and 16 explore the relation-
ships between the transmission of genes and the outcome of an 
offspring’s traits. We will look at genetic patterns called Mendelian 
inheritance, named after Gregor Mendel, the 19th-century biolo-
gist who discovered them, as well as more complex patterns that 
could not have been predicted from Mendel’s work.

Chapters 9 through 16 focus on the fundamental properties of 
the genetic material and heredity. The remaining chapters explore 
additional topics that are of importance to biologists. In Chapter 17, we 
will examine some of the unique genetic properties of bacteria and 
viruses. Chapter 18 describes genetic technologies that are used by 
researchers, clinicians, and biotechnologists to unlock the mysteries 
of genes and provide tools and applications that benefit humans, and 
explores the entire genomes of bacteria, archaea, and eukaryotes.

The following biology principles will be emphasized 
in this unit:

•	 The genetic material provides a blueprint for reproduction.  
Throughout this unit, we will see how the genetic material 
carries the information for reproduction and to sustain life.

•	 Structure determines function. In Chapters 9 through 14, 
we will examine how the structure of DNA, RNA, genes, and 
chromosomes underlies their functions.

•	 Living organisms interact with their environment. In 
Chapters 15 and 16 we will explore the interactions between 
an organism’s genes and its environment.

•	 Biology affects our society. In Chapter 18, we will examine 
genetic technologies that have many applications in our society.

•	 Biology is an experimental science. Most chapters in this unit 
have a Feature Investigation that describes a pivotal experi-
ment that provided insights into our understanding of genetics.

(9) © Prof. Kenneth Seddon & Dr. Timothy 
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(10) © Dr. Elena Kiseleva/SPL/Science Source; 
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(12) © Daniel Gage, University of Connecticut; 
(13) © Patrick Sheandell/PhotoAlto RF; (14) © Biophoto 
Associates/Science Source; (15) © Tomas Rodriguez/
Corbis RF; (16) © Andia/Alamy; (17) © Norm Thomas/
Science Source; (18) © Fumihiro Sugiyama
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 xiii

Strengthen Problem Solving Skills and Key  
Concept Development with Connect®

Problem Solving Skills

Detailed Feedback in Connect®

Learning is a process of iterative development, of making mistakes, 
reflecting, and adjusting over time. The question and test banks in 
Connect® for Principles of Biology, Second Edition, are more than 
direct assessments; they are self-contained learning experiences that 
systematically build student learning over time. 
 For many students, choosing the right answer is not necessarily 
based on applying content correctly; it is more a matter of increasing 
their statistical odds of guessing. A major fault with this approach is stu-
dents don’t learn how to process the questions correctly, mostly because 
they are repeating and reinforcing their mistakes rather than reflect-
ing and learning from them. To help students develop problem solving 
skills, all higher level Blooms questions in Connect are supported with 
hints, to help students focus on important information for answering the 
question. After submitting an answer, the student is given detailed feed-
back that walks through the problem solving process, using Socratic 
questions in a decision tree-style framework to scaffold learning. Each 
step models and reinforces the learning process. 
 The feedback for each higher level Blooms question (Apply, 
Analyze, Evaluate) follows a similar process: Clarify Question, 
Gather Content, Choose Answer, Reflect on Process.

Key Concept Development

SmartBook with Learning Resources
To help students understand key concepts, SmartBook® for Principles 
of Biology, Second Edition, is enhanced with Learning Resources. 
Based on student usage data, derived from thousands of SmartBook 
users of the first edition, concepts that proved more challenging for 
students are supported with Learning Resources to enhance the text-
book presentation. Learning Resources, such as animations and tuto-
rials, are indicated in Smartbook adjacent to the textbook content. If a 
student is struggling with a concept based on his/her performance of 
the SmartBook questions, the student is given an option to review the 
Learning Resource or the student can click on the Learning Resources 
at any time.
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Principles of Biology, Second Edition, and its online assets have 
been carefully crafted to help professors and students work 
efficiently and effectively through the material in the course, making 
the most of instructional and study time.

Prepare for the Course
Many biology students struggle the first few weeks of class. Many 
institutions expect students to start majors biology having a working 
knowledge of basic chemistry and cellular biology. LearnSmart 
Prep is now available in Connect. Professors can assign modules 
in LearnSmart Prep to help students get up to speed on core 
concepts, or students can access LearnSmart Prep directly through 
the LearnSmart Prep link.

LearnSmart Prep is an adaptive 
learning tool designed to increase 
student success and aid retention 

through the first few weeks of class. Using this digital tool, majors 
biology students can master some of the most fundamental and 
challenging principles of biology before they begin to struggle in the 
first few weeks of class.

1   A diagnostic establishes your baseline comprehension and 
knowledge; then the program generates a learning plan tailored 
to your academic needs and schedule.

3   Using LearnSmart Prep, you can identify the content you don’t 
understand, focus your time on content you need to know but 
don’t, and therefore improve your chances of success in your 
majors biology course.

2   As you work through the learning plan, the program asks you 
questions and tracks your mastery of concepts. If you answer 
questions about a particular concept incorrectly, the program 
will provide a learning resource (ex. animation or tutorial) on 
that concept, then ensure that you understand the concept by 
asking you more questions. Didn’t get it the first time? Don’t 
worry—LearnSmart Prep will keep working with you!

Tying it all
together develops

critical-thinking
skills

Prepare for
the course

Prepare before
class

Engage in class

xiv Using Connect® and Principles of Biology, Second Edition

Using Connect® and Principles of Biology,  
Second Edition
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Prepare Before Class
Students who are most successful in college are those who have 
developed effective study skills and who use those skills before, 
during, and after class.

Students can maximize time in class by previewing the material 
before stepping into the lecture hall. Principles of Biology, Second 
Edition, is available in two formats: the printed text as well as 
the online SmartBook. Students can use either of these options 
to preview the material before lecture. Becoming familiar with 
terminology and basic concepts will allow students to follow along 
in class and engage in the content in a way that allows for better 
retention.

Professors can help students prepare for class by making preclass 
assignments. SmartBook assignments are effective for introducing 
terminology and general concepts.

SmartBook provides a personalized, adaptive reading experience.

Powered by an intelligent diagnostic and adaptive engine, SmartBook 
facilitates the reading process by identifying what content a student knows 
and doesn’t know through adaptive assessments.

▲

SmartBook asks you questions that identify gaps 
in your knowledge. The reading experience then 
continuously adapts in response to the assessments—
highlighting the material you need to review based  
on what you don’t know. ▲

The reports in SmartBook help identify 
topics where you need more work.

Tying it all
together develops

critical-thinking
skills

Prepare for
the course

Prepare before
class

Engage in class

Using Connect® and Principles of Biology, Second Edition xv

The SmartBook experience starts 
by previewing key concepts from 
the chapter and ensuring that you 
understand the big ideas.

▲
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Engage in Class
McGraw-Hill Connect® provides online presentation, assignment, 
and assessment solutions. It connects students with the tools 
and resources they’ll need to achieve success. A robust set of 
questions and activities is presented in the Question Bank and a 
separate set of questions to use for exams is presented in the Test 
Bank. Instructors can edit existing questions and author entirely 
new problems. They can track individual student performance—
by question, assignment, or in relation to the class overall—with 
detailed grade reports.

Tying it all
together develops

critical-thinking
skills

Prepare for
the course

Prepare before
class

Engage in class

1   Preclass assignments to help students engage in the content 
during class.

2   Connect Insight is Connect’s visual analytics dashboard for 
instructors and students.

  Interactive and traditional questions 
help assess students’ knowledge of 
the material.

▶

 Provides at-a-glance student performance on 
assignments. Instructors can use the information 
for a just-in-time approach to teaching.

▶

Assignments are accessed through 
Connect and could include homework 
assignments, quizzes, SmartBook assign-
ments, and other resources.

▶

Presents data that empower 
students to improve performance 
that is efficient and effective.

▶

xvi Using Connect® and Principles of Biology, Second Edition
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Tying It All Together
Follow up class with assessment that helps students develop critical-
thinking skills. Set up assignments from the various assessment 
banks in Connect.
 The Question and Test Banks contain higher order critical-
thinking questions that require students to demonstrate a more 
in-depth understanding of the concepts—instructors can quickly 
and easily filter the banks for these questions using higher level 
Blooms tags.

Tying it all
together develops

critical-thinking
skills

Prepare for
the course

Prepare before
class

Engage in class

Detailed Feedback All higher level Blooms 
questions that involve problem solving contain 
detailed feedback in Connect. The feedback 
walks students through the steps of the problem-
solving process and helps them evaluate their 
scientific-thinking skills. 

▶

Many chapters also contain a Quantitative Question Bank. 
These are more challenging algorithmic questions, intended to 
help your students practice their quantitative reasoning skills. 
Hints and guided solution options step students through a 
problem.

▶

Using Connect® and Principles of Biology, Second Edition xvii
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Required=Results

McGraw-Hill Connect®   

Learn Without Limits
Connect is a teaching and learning platform 
that is proven to deliver better results for 
students and instructors. 

Connect empowers students by continually 
adapting to deliver precisely what they 
need, when they need it, and how they need 
it, so your class time is more engaging and 
effective.

Mobile

Connect Insight® 

Connect Insight is Connect’s new one-of-a-kind 
visual analytics dashboard—now available for both 
instructors and students—that provides at-a-glance 
information regarding student performance, which is 
immediately actionable. By presenting assignment, assessment, 
and topical performance results together with a time metric 
that is easily visible for aggregate or individual results, Connect 
Insight gives the user the ability to take a just-in-time approach 
to teaching and learning, which was never before available. 
Connect Insight presents data that empowers students and 
helps instructors improve class performance in a way that is 
efficient and effective.

73% of instructors who use 
Connect require it; instructor 
satisfaction increases by 28% 

when Connect is required.

Students can view  
their results for any 

Connect course.

Analytics

Connect’s new, intuitive mobile interface gives students 
and instructors flexible and convenient, anytime–anywhere 
access to all components of the Connect platform.

©Getty Images/iStockphoto 

 Using Connect improves retention 
rates by 19.8%, passing rates by  
12.7%, and exam scores by 9.1%.
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SmartBook®  

Proven to help students improve grades and 
study more efficiently, SmartBook contains the 
same content within the print book, but actively 
tailors that content to the needs of the individual. 
SmartBook’s adaptive technology provides precise, 
personalized instruction on what the student 
should do next, guiding the student to master 
and remember key concepts, targeting gaps in 
knowledge and offering customized feedback, 
and driving the student toward comprehension 
and retention of the subject matter. Available on 
tablets, SmartBook puts learning at the student’s 
fingertips—anywhere, anytime.

Adaptive

Over 8 billion questions have been 
answered, making McGraw-Hill 

Education products more intelligent, 
reliable, and precise.

THE ADAPTIVE 
READING EXPERIENCE 
DESIGNED TO TRANSFORM 
THE WAY STUDENTS READ

More students earn A’s and 
B’s when they use McGraw-Hill 
Education Adaptive products.

www.mheducation.com
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The lives of most science-textbook authors do not revolve around an 
analysis of writing techniques. Instead, we are people who understand 
science and are inspired by it, and we want to communicate that infor-
mation to our students. Simply put, we need a lot of help to get it 
right.
 Editors are a key component that help the authors modify the 
content of their book so it is logical, easy to read, and inspiring. The 
editorial team for Principles of Biology, Second Edition, has been a 
catalyst that kept this project rolling. The members played various 
roles in the editorial process. Justin Wyatt, Brand Manager for Majors 
Biology, did an outstanding job of overseeing the development of this 
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Chapter Outline
1.1 Principles of Biology and the 

Levels of Biological Organization

1.2 Unity and Diversity of Life

1.3 Biology as a Scientific Discipline

Assess and Discuss

Biology is the study of life. The diverse 
forms of life found on Earth provide 
biologists with an amazing array of 
organisms to study. In many cases, the 
investigation of living things leads to 
discoveries with far-reaching benefits. 
Certain ancient civilizations, such as 
the Greeks, Romans, and Egyptians, 
discovered that the bark of the white 
willow tree (Salix alba) could be used 
to fight fever. Chemists determined that 
willow bark contains a substance called 
salicylic acid, which led to the develop-
ment of the related compound acetyl-
salicylic acid, more commonly known 
as aspirin (Figure 1.1). Today, aspirin is not 
only taken for fever and pain relief but 
is also recommended for the preven-
tion of heart attacks and strokes.

As a more recent example, research-
ers determined that the venom from 
certain poisonous snakes contains a 
chemical that lowers blood pressure 
in humans. By analyzing that chemi-
cal, scientists have developed drugs 
called ACE inhibitors that treat high 
blood pressure (Figure 1.2).

These are just a couple of the 
many discoveries that make biology an 

intriguing discipline. The study of life not 
only reveals the fascinating characteris-
tics of living species but also leads to the 
development of medicines and research 
tools that benefit the lives of people.

To make new discoveries, biologists 
view life from many different perspec-
tives. What is the composition of living 
things? How is life organized? How do 
organisms reproduce? Sometimes the 
questions posed by biologists are fun-
damental and even philosophical in 
nature. How did living organisms origi-
nate? Can we live forever? What is the 
physical basis for memory? Can we 
save endangered species?

Future biologists will continue to 
make important advances. Biologists 
are scientific explorers looking for 
answers to some of life’s most enduring 
mysteries. Unraveling these mysteries 
presents an exciting challenge to the 
best and brightest minds. The rewards 
of a career in biology include the 
excitement of forging into uncharted 
territory, the thrill of making discoveries 
that can improve the health and lives 
of people, and the goal of trying to 
preserve the environment and protect 

An Introduction to Biology 1
The polar bear (Ursus maritimus). The polar bear 
exhibits many characteristics that are adaptations 
to living in the cold Arctic climate and hunting 
seals.

© micheldenijs/Getty Images RF
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 1.1 Principles of Biology and the Levels  
of Biological Organization

Learning Outcomes

1. Describe the principles of biology.

2. Explain how life can be viewed at different levels  
of biological complexity.

Because biology is the study of life, a good way to begin a biology 
textbook is to distinguish living organisms from nonliving objects. At 
first, the distinction might seem obvious. A person is alive, but a rock 
is not. However, the distinction between living and nonliving may 
seem less obvious when we consider microscopic entities. Is a bac-
terium alive? What about a virus or a chromosome? In this section, 
we will examine the principles that underlie the characteristics of all 
forms of life and explore other broad principles in biology. We will 
then consider the levels of organization that biologists study, ranging 
from atoms and small molecules to very large geographical areas.

The Study of Life Has Revealed a Set  
of Unifying Principles
In the course of studying a vast number of species, biologists have 
learned that a set of principles applies to all fields of biology. Twelve 
broad principles are described in Figure 1.3. The first eight principles 

are often used as criteria for defining the basic features of life. You 
will see these 12 principles at many points as you pro gress through 
this textbook. In particular, we will draw your attention to them at the 
beginning of each unit, and we will refer to them within particular 
figures in Chapters 2 through 47. It should be noted that the princi-
ples of biology are also governed by the laws of chemistry and phys-
ics, which are discussed in Chapters 2, 3, and 6.

Principle 1: Cells are the simplest units of life. The term 
organism can be applied to all living things. Organisms maintain 
an internal order that is separated from the environment (Figure 
1.3a). The simplest unit of such organization is the cell, which we 
will examine in Unit II. One of the foundations of biology is the 
cell theory, which states that (1) all organisms are composed of one 
or more cells, (2) cells are the smallest units of life, and (3) new cells 
come from pre-existing cells by cell division. Unicellular organisms 
are composed of one cell, whereas multicellular organisms such as 
plants and animals contain many cells. In plants and animals, each 
cell has an internal order, and the cells within the organism have spe-
cific arrangements and functions.

Principle 2: Living organisms use energy. The maintenance of 
organization requires energy. Therefore, all living organisms acquire 
energy from the environment and use that energy to maintain their 
internal order. Cells carry out a variety of chemical reactions that 
are responsible for the breakdown of energy-yielding nutrients. Such 

2 CHAPTER 1

endangered species. For these and many other compelling 
reasons, students seeking challenging and rewarding careers 
may wish to choose biology as a lifelong pursuit.

In this chapter, we will begin our survey of biology by 
examining the basic principles that underlie the characteristics 

of all living organisms. We then take a deeper look at the pro-
cess of evolution and how it explains the unity and diversity 
that we observe among living and extinct species. Finally, 
we will explore the general approaches that scientists follow 
when making new discoveries.

Aspirin

C

CH3

O

OH

O

O

Figure 1.1  The white willow (Salix alba) and aspirin.  Modern aspirin, 
acetylsalicylic acid, was developed after analysis of a chemical 
found in the bark of the white willow tree.
© blickwinkel/Alamy

ACE inhibitor (Lotensin)
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Figure 1.2  The Brazilian arrowhead viper and inhibitors of high blood 
pressure. Originally found in the venom of the Brazilian arrowhead 
viper (Bothrops jararaca/jararacussa), angiotensin-converting enzyme 
(ACE) inhibitors, including benazepril (Lotensin, chemical structure 
shown here), are commonly used to treat high blood pressure.
© Francois Gohier/Science Source
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(g) 

13.7 μm

Populations of organisms
evolve from one generation
to the next:
Populations of organisms
change over the course of
many generations. Evolution
results in traits that promote 
survival and reproductive
success. 

(h) All species (past and
present) are related by an
evolutionary history:
The three mammal species
shown here share a common
ancestor, which was also a
mammal.

(i) Structure determines
function:
In the example seen here,
webbed feet (on ducks)
function as paddles for
swimming. Nonwebbed feet
(on chickens) function better
for walking on the ground.

( New properties of life
emerge from complex
interactions:
Our ability to see is an
emergent property due to
interactions among many
types of cells in the eye and
neurons that send signals to
the brain.

(k) Biology is an experimental
science:
The discoveries of biology are
made via experimentation,
which leads to theories and
biological principles.

(l) 
Many discoveries in biology
have had major effects on our
society. For example,
biologists developed Bt-corn,
which is resistant to insect
pests and is widely planted
by farmers.

Biology affects our society:

j)

(a) 

 Organisms maintain an 
 internal order. The simplest 
 unit of organization is the cell. 
 Yeast cells are shown here. 

(b) Living organisms use
      energy: 

Organisms need energy to 
maintain internal order.
These algae harness light
energy via photosynthesis.
Energy is used in chemical 
reactions collectively known 
as metabolism.

(c) 

(d) 

Organisms regulate their 
cells and bodies, maintaining 
relatively stable internal 
conditions, a process called 
homeostasis. For example,
this bird maintains its internal
body temperature on a cold day.

(e) 
 

Growth produces more or
larger cells, whereas
development produces
organisms with a defined 
set of characteristics.

(f) 

Cells are the simplest
units of life: 

Living organisms interact
with their environment:

Living organisms maintain
homeostasis:

Living organisms grow
and develop:

The genetic material
provides a blueprint for
reproduction:
To sustain life over many 
generations, organisms must 
reproduce. Due to the 
transmission of genetic 
material, offspring tend to 
have traits like their parents.

Organisms respond to
environmental changes. 
These plants are growing
toward the light.

Figure 1.3  Twelve principles of biology.  The first eight principles are often used as criteria for defining the basic features of life. Note: The 
12 principles described here were modeled after the themes and core competencies described in Vision and Change in Undergraduate 
Biology, a report that was published in 2009 and organized by the American Association for the Advancement of Science. Vision and Change 
proposed five themes. We have divided them into 10 principles to make them more accessible to beginning biology students. The five Vision 
and Change themes are related to our principles in the following manner: (1) evolution (principles g and h); (2) structure and function (principle i);  
(3) information flow, exchange, and storage (principles e and f); (4) pathways and transformations of energy and matter (principles b, c, and d); 
(5) systems (principles a and j). The last two principles are modeled after two core competencies described in Vision and Change: ability to 
apply the process of science (principle k) and ability to understand the relationship between science and society (principle l).
(a) © David Scharf/SPL/Science Source; (b) © Alexis Rosenfeld/Science Source; (c) © Cathlyn Melloan/Getty Images; (d) © Cliff Keeler/Alamy RF; (e) © Frank 
Krahmer/Getty Images RF; (f) © Paul Hanna/Reuters/Corbis; (g) © Mehgan Murphy, National Zoo/AP Photo; (h) © Heinrich van den Berg/Getty Images; (i) © G.K. & 
Vikki Hart/Getty Images RF; (j) © Maria Teijeiro/Getty Images RF; (k) © Corbis/SuperStock RF; (l) © Bill Barksdale/agefotostock

BioConnections:  Look ahead to Figure 4.15. Which of these principles is this figure emphasizing?
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reactions often release energy in a process called cellular respiration. 
The energy may be used to synthesize the components that make up 
individual cells and living organisms. Chemical reactions involved 
with the breakdown and synthesis of cellular molecules are collectively 
known as metabolism. Plants, algae, and certain bacteria directly 
harness light energy to produce their own nutrients in the process of 
photosynthesis (Figure 1.3b). They are the primary producers of food 
on Earth. In contrast, some organisms, such as animals and fungi, are 
 consumers—they must use other organisms as food to obtain energy.

Principle 3: Living organisms interact with their environment.  
To survive, living organisms must interact with their environment, 
which includes other organisms they may encounter. All organisms 
must respond to environmental changes. In the winter, many species of 
mammals develop a thicker coat of fur that protects them from the cold 
temperatures. Plants respond to changes in the angle of the Sun. If you 
place a plant in a window, it will grow toward the light (Figure 1.3c).

Principle 4: Living organisms maintain homeostasis.  
Although life is a dynamic process, living cells and organisms regu-
late their cells and bodies to maintain relatively stable internal condi-
tions, a process called homeostasis (from the Greek, meaning to 
stay the same). The degree to which homeostasis is achieved varies 
among different organisms. For example, most mammals and birds 
maintain a relatively stable body temperature in spite of chang-
ing environmental temperatures (Figure 1.3d), whereas reptiles and 
amphibians tolerate a wider fluctuation in body temperature. By com-
parison, all organisms continually regulate their cellular metabolism 
so that nutrient molecules are used at an appropriate rate and new 
cellular components are synthesized when they are needed.

Principle 5: Living organisms grow and develop. All living 
organisms grow and develop. Growth produces more or larger cells, 
which usually results in an increase in size and weight. Multicellular 
organisms, such as plants and animals, begin life at a single-cell stage 
(for example, a fertilized egg) and then undergo multiple cell divi-
sions to develop into a complete organism with many cells. Among 
unicellular organisms such as bacteria, new cells are relatively small, 
and they increase in volume by the synthesis of additional cellular 
components. Development is a series of changes in the state of a 
cell, a tissue, an organ, or an organism, eventually resulting in organ-
isms with a defined set of characteristics (Figure 1.3e).

Principle 6: The genetic material provides a blueprint for 
reproduction. All living organisms have a finite life span. To sustain 
life, organisms must reproduce, or generate offspring (Figure 1.3f). 
A key feature of reproduction is that offspring tend to have character-
istics that greatly resemble those of their parent(s). How is this pos-
sible? All living organisms contain genetic material composed of 
deoxyribonucleic acid (DNA), which provides a blueprint for the orga-
nization, development, and function of living things. During reproduc-
tion, a copy of this blueprint is transmitted from parent to offspring. DNA 
is heritable, which means that offspring inherit DNA from their parents.

As discussed in Unit III, genes, which are segments of DNA, 
govern the characteristics, or traits, of organisms. Most genes are 

transcribed into a type of RNA (ribonucleic acid) molecule called 
messenger RNA (mRNA) that is then translated into a polypeptide 
with a specific amino acid sequence. A protein is composed of one 
or more polypeptides. The structures and functions of proteins are 
largely responsible for the traits of living organisms.

Principle 7: Populations of organisms evolve from one gen-
eration to the next. The first six characteristics of life, which we 
have just considered, apply to individual organisms over the short 
run. Over the long run, another universal characteristic of life is 
biological evolution, or simply evolution, which refers to a heri-
table change in a population of organisms from generation to genera-
tion. As a result of evolution, populations become better adapted to 
the environment in which they live. For example, the long snout of 
an anteater is an adaptation that enhances its ability to obtain food, 
namely ants, from hard-to-reach places (Figure 1.3g). Over the course 
of many generations, the fossil record indicates that the long snout 
occurred via biological evolution in which modern anteaters evolved 
from populations of organisms with shorter snouts.

In many chapters of this textbook, you will find a subsection 
called Evolutionary Connections, which focuses on the evolutionary 
aspects of the chapter’s material.

Principle 8: All species (past and present) are related by an 
evolutionary history. Principle 7 considers evolution as an ongoing 
process that happens from one generation to the next. Evidence from a 
variety of sources, including the fossil record and DNA sequences, also 
indicates that all organisms on Earth share a common ancestry. For 
example, the three species of mammals shown in Figure 1.3h shared 
a common ancestor in the past, which was also a mammal. We will 
discuss evolutionary relationships further in Section 1.2.

Principle 9: Structure determines function. In addition to the 
preceding eight characteristics of life, biologists have identified other 
principles that are important in all fields of biology. The principle that 
structure determines function pertains to very tiny biological mol-
ecules as well as very large biological structures. For example, at the 
microscopic level, a cellular protein called actin naturally assembles 
into structures that are long filaments. The function of these filaments 
is to provide support and shape to cells. At the macroscopic level, 
let’s consider the feet of different birds (Figure 1.3i). Aquatic birds 
have webbed feet that function as paddles for swimming. By com-
parison, the feet of nonaquatic birds are not webbed and are better 
adapted for grasping food, perching on branches, and running along 
the ground. In this case, the structure of a bird’s feet, webbed versus 
nonwebbed, is a critical feature that affects their function.

Principle 10: New properties of life emerge from complex 
interactions.  In biology, when individual components in an organ-
ism interact with each other or with the external environment to create 
novel structures and functions, the resulting characteristics are called 
emergent properties. For example, the human eye is composed of 
many different types of cells that are organized to sense incoming light 
and transmit signals to the brain (Figure 1.3j). Our ability to see is an 
emergent property of this complex arrangement of different cell types.
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Principle 11: Biology is as an experimental science. Biology 
is an inquiry process. Biologists are curious about the characteristics 
of living organisms and ask questions about those characteristics. For 
example, a cell biologist may wonder why a cell produces a specific 
protein when it is confronted with high temperature. An ecologist may 
ask herself why a particular bird eats insects in the summer and seeds 
in the winter. To answer such questions, biologists typically gather addi-
tional information and ultimately form a hypothesis, which is a proposed 
explanation for a natural phenomenon. The next stage is to design one 
or more experiments to test the validity of a hypothesis (Figure 1.3k).

Like evolution, experimentation is such a key aspect of biology 
that many chapters of this textbook include a Feature Investigation—
an actual research study that showcases the experimental approach.

Principle 12: Biology affects our society. The influence of 
biology is not confined to textbooks and classrooms. The work of 
 biologists has far-reaching effects in our society. For example, biolo-
gists have discovered drugs that are used to treat many different 
human diseases. Likewise, biologists have created technologies that 
have many uses. Examples include the use of microorganisms to 
make medical products, such as human insulin, and the genetic engi-
neering of crops to make them resistant to particular types of insect 
pests (Figure 1.3l).

Living Organisms Are Studied  
at Different Levels of Organization
The organization of living organisms can be analyzed at different lev-
els of biological complexity, starting with the smallest level of orga-
nization and progressing to levels that are physically much larger and 
more complex. Figure 1.4 depicts a scientist’s view of the levels of 
biological organization.

 1. Atoms: An atom is the smallest unit of an element that has the 
chemical properties of the element. All matter is composed of 
atoms.

 2. Molecules and macromolecules: As discussed in Unit I, 
atoms bond with each other to form molecules. Many smaller 
molecules bonded together to form a large polymer is called a 
macromolecule. Carbohydrates, proteins, and nucleic acids 
(DNA and RNA) are important macromolecules found in living 
organisms.

 3. Cells: Molecules and macromolecules associate with each 
other to form larger structures such as cells. A cell is surrounded 
by a membrane and contains a variety of molecules and 
macromolecules. As noted earlier, a cell is the simplest unit of life.

 4. Tissues: In the case of multicellular organisms such as plants 
and animals, many cells of the same type associate with each 
other to form tissues. An example is muscle tissue.

 5. Organs: In complex multicellular organisms, an organ is 
composed of two or more types of tissue. For example, the 
heart is composed of several types of tissue, including muscle, 
nervous, and connective tissue.

 6. Organism: All living things can be called organisms. 
Biologists classify organisms as belonging to a particular 
species, which is a related group of organisms that share a 

distinctive form and set of attributes in nature. The members of 
the same species are closely related genetically. In Units VI and 
VII, we will examine plants and animals at the level of cells, 
tissues, organs, and complete organisms.

 7. Population: A group of organisms of the same species that 
occupy the same environment is called a population.

 8. Community: A biological community is an assemblage 
of populations of different species that live in the same 
environment. The types of species found in a community are 
determined by the environment and by the interactions of 
species with each other.

 9. Ecosystem: Researchers may extend their work beyond 
living organisms and also study the physical environment. 
Ecologists analyze ecosystems, which are formed by 
interactions between a community of organisms and its physical 
environment. Unit VIII considers biology from populations to 
ecosystems.

 10. Biosphere: The biosphere includes all of the places on the 
Earth where living organisms exist. Life is found in the air, in 
bodies of water, on the land, and in the soil.

1.1 Reviewing the Concepts
•	 Biology is the study of life. Discoveries in biology help us under-

stand how life exists, and they have many practical applications, 
such as the development of drugs to treat human diseases 
(Figures 1.1, 1.2).

•	 Eight principles underlie the characteristics that are common 
to all forms of life. All living things (1) are composed of cells as 
their simplest unit; (2) use energy; (3) interact with their environ-
ment; (4) maintain homeostasis; (5) grow and develop; and (6) 
have genetic material for reproduction. Also, (7) populations of 
organisms evolve from one generation to the next and (8) are 
connected by an evolutionary history (Figure 1.3).

•	 Additional important principles of biology are that (9) structure 
determines function; (10) new properties emerge from complex 
interactions; (11) biology is an experimental science; and (12) biol-
ogy influences our society.

•	 Living organisms can be viewed at different levels of biological 
organization: atoms, molecules and macromolecules, cells, tis-
sues, organs, organisms, populations, communities, ecosystems, 
and the biosphere (Figure 1.4).

1.1 Testing Your Knowledge

1. The wing of a bird, the wing of an insect, and the wing of a bat 
have similar shapes. Which principle of biology does this obser-
vation pertain to?
a. Living organisms use energy.
b. Living organisms maintain homeostasis.
c. Structure determines function.
d. Populations of organisms evolve from one generation to 

the next.
e. All of the above are correct.
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2. Which of the following is the most complex level of biological 
organization?
a. organism b. tissue c. community d. population

 1.2 Unity and Diversity of Life

Learning Outcomes

1. Explain the two basic mechanisms by which evolutionary 
change occurs: vertical descent with mutation and 
horizontal gene transfer.

2. Outline how organisms are classified (taxonomy).

3. Describe how evolution accounts for unity and diversity in 
biology.

Unity and diversity are two words that often are used to describe the 
living world. As we have seen, all modern forms of life display a 
common set of characteristics that distinguish them from nonliving 
objects. In this section, we will explore how this unity of common 
traits is rooted in the phenomenon of biological evolution. Life on 
Earth is united by an evolutionary past in which modern organisms 
have evolved from populations of pre-existing organisms.

Evolutionary unity does not mean that organisms are exactly 
alike. The Earth has many different types of environments, ranging 
from tropical rain forests to salty oceans, from hot and dry deserts to 
cold mountaintops. Diverse forms of life have evolved in ways that 
help them prosper in the different environments the Earth has to offer. 
In this section, we will begin to examine the unity and diversity that 
exist within the biological world.

Atoms1 Molecules and 
macromolecules

2

Cells3

Tissues4
Organs5

Organism6

Population7

Community8
Ecosystem9

Biosphere10

Figure 1.4  The levels of biological organization.

Concept Check:  At which level of biological organization would you place a herd of buffalo?
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Modern Forms of Life Are Connected  
by an Evolutionary History
Life began on Earth as primitive cells about 3.5–4 billion years ago 
(bya). Since that time, populations of living organisms have undergone 
evolutionary changes that ultimately gave rise to the species we see 
today. Understanding the evolutionary history of species can provide key 
insights into an organism’s structure and function, because evolutionary 
change involves modifications of characteristics in pre-existing popula-
tions. Over long periods of time, populations may change so that struc-
tures with a particular function may become modified to serve a new 
function. For example, the wing of a bat is used for flying, and the flip-
per of a dolphin is used for swimming. Evidence from the fossil record 
indicates that both structures were modified from a front limb that was 
used for walking in a pre-existing ancestor (Figure 1.5).

Evolutionary change occurs by two mechanisms: vertical descent 
with mutation and horizontal gene transfer. Let’s take a brief look at 
each of these mechanisms.

Vertical Descent with Mutation The traditional way to study 
evolution is to examine a progression of changes in a series of ances-
tors. Such a series is called a lineage. Biologists have traditionally 
depicted such evolutionary change in a diagram like the one shown in 
Figure 1.6, which shows a portion of the lineage that gave rise to mod-
ern horses. In this mechanism of evolution, called vertical evolution, 
new species evolve from pre-existing ones by the accumulation of 
mutations, which are heritable changes in the genetic material of 
organisms. But why would some mutations accumulate in a popula-
tion and eventually change the characteristics of an entire species? 
One reason is that a mutation may alter the traits of organisms in a 
way that increases their chances of survival and reproduction. When 
a mutation causes such a beneficial change, the frequency of the 
mutation may increase in a population from one generation to the 
next, a process called natural selection. This topic is discussed in 
Units IV and V. Evolution also involves the accumulation of neutral 
changes that do not benefit or harm a species, and evolution some-
times involves rare changes that may be harmful.

With regard to the horses shown in Figure 1.6, the fossil record 
has revealed adaptive changes in various traits such as size and 
tooth morphology. The first horses were the size of dogs, whereas 
modern horses typically weigh more than a half ton. The teeth of 
Hyracotherium were relatively small compared with those of mod-
ern horses. Over the course of millions of years, horse teeth have 
increased in size, and a complex pattern of ridges has developed on 
the molars. How do evolutionary biologists explain these changes in 
horse characteristics? They can be attributed to natural selection in 
which changing global climates favored the survival and reproduction 
of horses with certain types of traits. Over North America, where 
much of horse evolution occurred, large areas changed from dense 
forests to grasslands. Horses with genetic variation that made them 
larger were more likely to escape predators and travel greater dis-
tances in search of food. The changes seen in horses’ teeth are con-
sistent with a dietary shift from eating tender leaves to eating grasses 
and other vegetation that are more abrasive and require more chewing.

Horizontal Gene Transfer The most common way for genes to 
be transferred is in a vertical manner. This can involve the transfer of 

genetic material from a mother cell to daughter cells, or it can occur 
via gametes—sperm and egg—that unite to form a new organism. 
However, as discussed in Chapter 21, genes are sometimes transferred 
between organisms by horizontal gene transfer—a process in 
which an organism incorporates genetic material from another organ-
ism without being the offspring of that organism. In some cases, hori-
zontal gene transfer can occur between members of different species. 
For example, you may have heard in the news media that resistance 
to antibiotics among bacteria is a growing medical problem. This can 
occur by the transfer of an antibiotic resistance gene from one bacte-
rial species to another via horizontal gene transfer.

Traditionally, biologists have described evolution using dia-
grams such as that in Figure 1.6, which depict the vertical evolution 
of species over a long timescale. In this view, all living organisms 
evolved from a common ancestor, resulting in a “tree of life” that 
could describe the evolution that gave rise to all modern species. Now 
that we understand the great importance of horizontal gene transfer 
in the evolution of life on Earth, biologists have re-evaluated the con-
cept of evolution as it occurs over time. Rather than a tree of life, 
a more appropriate way to view the unity of living organisms is to 
describe it as a “web of life” (as discussed in Chapter 21; look ahead 
to Figure 21.12), which accounts for both vertical evolution and 
horizontal gene transfer.

The Classification of Living Organisms Allows Biologists 
to Appreciate the Unity and Diversity of Life
As biologists discover new species, they try to place them into groups 
based on their evolutionary history. This is a difficult task because 
researchers estimate that the Earth has between 5 and 50 million 
different species! The rationale for categorization is usually based 

Ancestral
limb

Bat wing

Dolphin
flipper

Modification over time  

Figure 1.5  An example showing a modification that has occurred as a 
result of biological evolution. The wing of a bat and the flipper of a 
dolphin are modifications of a limb that was used for walking in a 
pre-existing ancestor.

Concept Check:  Among mammals, give two examples 
of how the tail has been modified and has different purposes.
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Propalaeotherium      

Paleotherium    

Orohippus

Epihippus

Mesohippus

Miohippus  

Parahippus

Anchitherium
Hypohippus

Sinohippus

Archaeohippus

Megahippus

Merychippus

Calippus

Pliohippus

Hippidium and 
other generaEquus   

Neohipparion

Nannippus

Hipparion

Styohipparion

Figure 1.6  An example of vertical evolution: The horse 
lineage.  This diagram shows a lineage of ancestors. 
The highlighted branch gave rise to the modern horse 
genus (Equus), which evolved from ancestors that 
were much smaller. The vertical evolution shown here 
occurred due to the accumulation of mutations that 
altered the traits of the species.

Concept Check:  What is the relationship 
between vertical evolution and natural selection?

on vertical evolution. Species with a recent common ancestor are 
grouped together, whereas species whose common ancestor was in 
the very distant past are placed into different groups. The grouping of 
species is termed taxonomy.

Let’s first consider taxonomy on a broad scale. From an evolu-
tionary perspective, all forms of life can be placed into three large 
categories, or domains, called Bacteria, Archaea, and Eukarya 
(Figure 1.7). Bacteria and archaea are microorganisms that are also 
termed prokaryotic because their cell structure is relatively simple. 
At the molecular level, bacterial and archaeal cells show signifi-
cant differences in their compositions. By comparison, organisms in 
domain Eukarya are termed eukaryotic; they have larger cells with 
internal compartments that serve various functions. A defining dis-
tinction between prokaryotic and eukaryotic cells is that eukaryotic 
cells have a nucleus in which the genetic material is surrounded by a 
membrane. The organisms in domain Eukarya are divided into seven 
broad categories called supergroups.

Taxonomy involves multiple levels in which particular species 
are placed into progressively smaller and smaller groups of organ-
isms that are more closely related to each other evolutionarily. Such 
an approach emphasizes the unity and diversity of different species. 
As an example, let’s consider clownfish, which are found in the 

Indian and Pacific Oceans and are popular among saltwater aquar-
ium enthusiasts (Figure 1.8). Several species of clownfish have been 
identified. 

One species of clownfish, which is orange with white stripes, 
has several common names, including Ocellaris clownfish. The 
broadest grouping for this clownfish is the domain, Eukarya, fol-
lowed by progressively smaller divisions, from supergroup 
(Opisthokonta) to kingdom (Animalia) and eventually to species. 
In the animal kingdom, clownfish are part of a phylum, Chordata, 
the chordates, which is subdivided into classes. Clownfish are in 
a class called Actinopterygii, which includes all ray-finned fishes. 
The common ancestor that gave rise to ray-finned fishes arose about 
420 million years ago (mya). Actinopterygii is subdivided into 
several smaller orders. The clownfish are in the order Perciformes 
(bony fish). The order is, in turn, divided into families; the clownfish 
belong to the family of marine fish called Pomacentridae, which are 
often brightly colored. Families are divided into genera (singular, 
genus). The genus Amphiprion is composed of 28 different species; 
these are various types of clownfish. Therefore, the genus contains 
species that are very similar to each other in form and have evolved 
from a common (extinct) ancestor that lived relatively recently on an 
evolutionary timescale.

8 CHAPTER 1

bro75121_ch01_001-017.indd   8 28/11/16   12:28 pm



(a) Domain Bacteria: Mostly unicellular prokaryotes that inhabit 
      many diverse environments on Earth

(c) Domain Eukarya: Unicellular and multicellular organisms having cells with internal compartments that serve various functions

(b) Domain Archaea: Unicellular prokaryotes that often live in extreme 
      environments, such as hot springs

Protists: Mostly unicellular and some multicellular organisms 
that are now subdivided into seven broad groups based 
on their evolutionary relationships

Fungi: Unicellular and multicellular organisms that have a cell 
wall but cannot carry out photosynthesis; fungi usually survive 
on decaying organic material

Animals: Multicellular organisms that usually have a nervous 
system and are capable of locomotion; they must eat other 
organisms or the products of other organisms to live

Plants: Multicellular organisms that can carry out 
photosynthesis

3.2 μm6.2 μm

375 μm375 μm

Figure 1.7  The three domains of life.  (a) Bacteria and (b) Archaea are domains consisting of prokaryotic cells. The third domain, (c) Eukarya, 
comprises species that are eukaryotes.
(a) © BSIP/agefotostock RF; (b) © Eye of Science/Science Source; (c Protists) © Jan Hinsch/Getty Images; (c Plants) © Kent Foster/Science Source; (c Fungi) © Carl 
Schmidt-Luchs/SPL/Science Source; (c Animals) © Ingram Publishing/agefotostock RF

BioConnections:  Look ahead to Figure 21.1. Are fungi more closely related to plants or animals?
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