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Reinforced Binding
What does it mean?

This textbook is widely adopted by colleges 
and universities yet it is frequently used in 
high school for teaching Advanced Placement*, 
honors and electives courses. Since high 
schools frequently adopt for several years, it is 
important that a textbook can withstand the 
wear and tear of usage by multiple students. 
To ensure durability, McGraw-Hill has elected 
to manufacture this textbook in compliance 
with the “Manufacturing Standards and 
Specifi cations for Textbook Administrators” 
(MSST) published by the National Association 
of State Textbook Administrators (NASTA). 
The MSST manufacturing guidelines provide 
minimum standards for the binding, paper type, 
and other physical characteristics of a text with 
the goal of making it more durable.

*Pre-AP, AP and Advanced Placement program 
are registered trademarks of the College Entrance 
Examination Board, which was not involved in the 
production of and does not endorse these products.
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T his edition continues the evolution of the new Raven & 
Johnson’s Biology. The author team is committed to con-
tinually improving the text, keeping the student and 

learning foremost. We have an improved design and updated 
pedagogical features to complement the new art program and 
completely revised content of the transformative eighth edition 
of Biology. This latest edition of the text maintains the clear, 
 accessible, and engaging writing style of past editions while 
maintaining the clear emphasis on evolution and scientifi c 
 inquiry that made this a leading textbook for students majoring 
in biology. This emphasis on the organizing power of evolu-
tion is combined with a modern integration of the importance 
of cellular and molecular biology and genomics to offer our 
readers a text that is student-friendly while containing current 
content discussed from the most modern perspective.

We are committed to producing the best possible text 
for both student and faculty. Lead author, Kenneth Mason 
(University of Iowa) has taught majors biology at three differ-
ent major public universities for more than 15 years. Jonathan 
Losos (Harvard University) is at the cutting edge of evolution-
ary biology research and has taught evolutionary biology to 
both biology majors and nonmajors students. Susan Rundell 
Singer (Carleton College) has been deeply involved in science 
education policy issues on a national level. 

The extensive nature of the revision for the eighth edi-
tion allowed the incorporation of the most current possible 
content throughout. This has been continued in the ninth 
edition. Here we provide a more consistent approach to con-
cepts so that the reader is not buried in detail in one chapter 
and left wondering how something works in another. In all 
chapters, we provide a modern perspective emphasizing the 
structure and function of macromolecules and the evolution-
ary process that has led to this structure and function.

This modern approach is illustrated with two examples. 
First, genomics are not given one chapter and otherwise  ignored. 
Instead, results from the analysis of genomes are  presented in 
context across the text. It is important that these results are 
provided in the context of our traditional approaches and not 
just lumped into a single chapter. We do not ignore the unique 
features of this approach and therefore provide two chapters 
devoted to genomics and to genome evolution.

A second example is expanded coverage of noncoding 
RNA. It is hard to believe how rapidly miRNA have moved 
from a mere curiosity to a major topic in gene expression. We 
have included both new text and graphics on this important 
topic. The results from complete genome sequencing have 
highlighted this important category of RNA that was largely 
ignored in past texts.

The revised physiology unit has been further updated 
to strengthen the evolutionary basis for understanding this 
section. The single chapter on circulation and respiration has 
been broken into two to provide a more reasonable amount of 
material for the student in each chapter. The coverage of tem-
perature regulation has also been moved to the introductory 
chapter 43: The Animal Body and Principles of Regulation to 
provide a concrete example of regulation. All of this should 
enhance readability for the student as well as integrate this 
material even closer with the rest of the text.

The entire approach throughout the text is to emphasize 
important biological concepts. This conceptual approach is 
supported by an evolutionary perspective and an emphasis on 
scientifi c inquiry. Rather than present only dry facts, our con-
ceptual view combines an emphasis on scientifi c inquiry.

Our Consistent Themes
It is important to have consistent themes that organize and 
 unify a text. A number of themes are used throughout the book 
to unify the broad-ranging material that makes up modern 
 biology. This begins with the primary goal of this textbook to 
provide a comprehensive understanding of evolutionary theory 
and the scientifi c basis for this view. We use an experimen-
tal framework combining both historical and contemporary 
 research examples to help students appreciate the progressive 
and integrated  nature of science. 

Biology Is Based on an Understanding of Evolution
When Peter Raven and George Johnson began work on Biology
in 1982 they set out to write a text that presented biology the 
way they taught in their classrooms—as the product of evolu-
tion. We bear in mind always that all biology “only makes sense 
in the light of evolution;” so this text is enhanced by a consis-
tent evolutionary theme that is woven throughout the text, and 
we have enhanced this theme in the ninth edition. 

The enhanced evolutionary thread can be found in obvi-
ous examples such as the two chapters on molecular evolution, 
but can also be seen throughout the text. As each section con-
siders the current state of knowledge, the “what” of biological 
phenomenon, they also consider how each system may have 
arisen by evolution, the “where it came from” of biological 
phenomenon. 

We added an explicit phylogenetic perspective to the 
understanding of animal form and function. This is most ob-
vious in the numerous fi gures containing phylogenies in the 
form and function chapters. The diversity material is support-
ed by the most up-to-date approach to phylogenies of both 

Committed To Excellence
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vi committed to excellence

animals and plants. Together these current approaches add 
even more evolutionary support to a text that set the standard 
for the integration of evolution in biology.
 Our approach allows evolution to be dealt with in the 
context in which it is relevant. The material throughout this 
book is considered not only in terms of present structure and 
function, but how that structure and function may have arisen 
via evolution by natural selection.

Biology Uses the Methods of Scientific Inquiry
Another unifying theme within the text is that knowledge arises 
from experimental work that moves us progressively forward. 
The use of historical and experimental approaches throughout 
allow the student not only to see where the fi eld is now, but 
more importantly, how we arrived here. The incredible expan-
sion of knowledge in biology has created challenges for authors 
in deciding what content to keep, and to what level an introduc-
tory text should strive. We have tried to keep as much historical 
context as possible and to provide this within an experimental 
framework consistently throughout the text.
 We use a variety of approaches to expose the student to 
scientifi c inquiry. We use our new Scientifi c Thinking fi gures to 
walk through an experiment and its implications. These fi gures 
always use material that is relevant to the story being told. Data 
are also provided throughout the text, and other fi gures illus-
trate how we arrived at our current view of the topics that make 
up the different sections. Students are provided with Inquiry 
Questions to stimulate thinking about the material throughout 
the book. The questions often involve data that are presented 
in fi gures, but are not limited to this approach, also leading the 
student to question the material in the text as well.

Biology Is an Integrative Science
The explosion of molecular information has reverberated 
throughout all areas of biological study. Scientists are increas-
ingly able to describe complicated processes in terms of the 

 interaction of specifi c molecules, and this knowledge of life at 
the molecular level has illuminated relationships that were pre-
viously unknown. Using this cutting-edge information, we more 
strongly connect the different areas of biology in this edition. 
 One example of this integration concerns the structure 
and function of biological molecules—an emphasis of modern 
biology. This edition brings that focus to the entire book, using 
this as a theme to weave together the different aspects of con-
tent material with a modern perspective. Given the enormous 
amount of information that has accumulated in recent years, 
this emphasis on structure and function provides a necessary 
thread integrating these new perspectives into the fabric of the 
traditional biology text.
 Although all current biology texts have added a genom-
ics chapter, our text was one of the fi rst to do so. This chap-
ter has been updated, and we have added a chapter on the 
evolution of genomes. More importantly, the results from the 
analysis of genomes and the proteomes they encode have been 
added throughout the book wherever this information is rel-
evant. This allows a more modern perspective throughout the 
book rather than limiting it to a few chapters. Examples, for 
instance, can be found in the diversity chapters, where classifi -
cation of some organisms were updated based on new fi ndings 
revealed by molecular techniques.
 This systems approach to biology also shows up at the level 
of chapter organization. We introduce genomes in the genetics 
section in the context of learning about DNA and genomics. We 
then come back to this topic with an entire chapter at the end of 
the evolution unit where we look at the evolution of genomes, 
followed by a chapter on the evolution of development, which 
leads into our unit on the diversity of organisms. 
 Similarly, we introduce the topic of development with 
a chapter in the genetics section, return to it in the evolution 
unit, and dedicate chapters to it in both the plant and animal 
units. This layering of concepts is important because we be-
lieve that students best understand evolution, development, 
physiology, and ecology when they can reflect on the con-
nections between the microscopic and macroscopic levels of 
organization.
 We’re excited about how we moved the previous 
 high-quality textbook forward in a signifi cant way for a new 
generation of students. All of us have extensive experience 
teaching undergraduate biology, and we’ve used this knowl-
edge as a guide in producing a text that is up to date, beautiful-
ly illustrated, and pedagogically sound for the student. We’ve 
also worked to provide clear explicit learning objectives, and 
more closely integrate the text with its media support mate-
rials to provide instructors with an excellent complement to 
their teaching.

 Ken Mason, Jonathan Losos, Susan Rundell Singer

This chapter covers one of the fastest-progressing 
fi elds in biology. It must cover fundamental topics 
as well as a wide variety of real and potential 
applications of the technology. The chapter does 
all of this well. There is good continuity from one 
section to the next, which I fi nd important to 
make the text “readable.”

Michael Lentz
University of North Florida
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Cutting Edge Science
Changes to the Ninth Edition

Part I: The Molecular Basis of Life
The material in this section does not change much with time. 
However, we have updated it to make it more friendly to the 
student. The student is introduced to the pedagogical features 
that characterize the book here: learning objectives with vari-
ous levels of cognitive diffi culty, scientifi c thinking fi gures, 
and an integrated approach to guide the student through 
complex material.
 In chapter 1, the idea of emergent properties has been 
clarifi ed and material added to emphasize the nonequilibrium 
nature of biology. This will help introduce students to the 
fundamental nature of biological systems and prepare them 
for the rest of the book.

Part II: Biology of the Cell
The overall organization of this section was retained, but 
 material on cell junctions and cell-to-cell interactions was 
moved from chapter 9 to chapter 4, where it forms a natu-
ral conclusion to cell structure. Within chapter 4 microsome/
peroxisome biogenesis was clarifi ed to complete the picture 
of cell structure. The nature of trans fats is clarifi ed, a subject 
students are likely to have been exposed to but not under-
stand. A brief discussion of the distribution of lipids in differ-
ent membranes was also added.

Chapter 7 — The organization of chapter 7 was improved for 
greater clarity. ATP structure and function is introduced 
earlier, and the opening summary section covering all of 
respiration was removed. This allows the information to 
unfold in a way that is easier to digest. A new analogy was 
added for the mechanism of ATP synthase to make this 
diffi cult enzyme more approachable.

Chapter 8 — The section on bacterial photosynthesis was 
completely rewritten for clarity and accuracy. In addition 
to the emphasis we always had on the experimental 
history of photosynthesis, the scientifi c thinking fi gures 
for chapters 7 and 8 are complementary and cross 
referenced to reinforce how we accumulate evidence for 
complex phenomenon such as chemiosmosis.

Chapter 9 — The removal of the cell junction material keeps 
the focus of chapter 9 on signaling through receptors, 
making this diffi cult topic more accessible. The 
distribution of G protein-coupled receptor genes in 
humans and mouse was updated.

Chapter 10 — The discussion of bacterial cell division was 
updated again to refl ect the enormous change in our 
view of this fi eld. The organization of the chapter was 
tightened, by combining mitosis and cytokinesis as M 
phase. Not only is this a consensus view in the fi eld, it 
simplifi es the overall organization for greater clarity.

Part III: Genetic and Molecular Biology
The overall organization of this section remains the same. The 
splitting of transmission genetics into two chapters allows stu-
dents to fi rst be introduced to general principles, then tie these 
back to the behavior of chromosomes and the more complex 
topics related to genetic mapping.
 Content changes in the molecular genetics portion of this 
section are intended to do two things: (1) update material that is 
the most rapidly changing in the entire book, and (2) introduce 
the idea that RNA plays a much greater role now than appre-
ciated in the past. The view of RNA has undergone a revolu-
tion that is underappreciated in introductory textbooks. This 
has led to a complete updating of the section in chapter 16 on 
small RNAs complete with new graphics to go with the greatly 
expanded and reorganized text. This new section should both 
introduce students to exciting new material and organize it so 
as to make it coherent with the rest of the chapter. The new 
material is put into historical context and updated to distinguish 
between siRNA and miRNA, and the mechanisms of RNA 
 silencing. Material on the classical bacterial operons trp and lac 
was also refi ned for greater clarity.

Chapter 11 — The information on meiotic cohesins and 
protection of cohesins during meiosis I was clarifi ed 
and updated. This is critical for students to understand 
how meiosis actually works as opposed to memorizing 
a series of events.

Chapter 12 — The second example of epistasis, which did not 
have graphical support in the eighth edition, was removed. 
This allows the remaining example to be explored in 
greater detail. The organization of the explication of 
Mendel’s principles was tightened to improve clarity.

Chapter l4 —Material on the eukaryotic replisome was 
updated and the graphics for this refi ned from the last 
edition. Archaeal replication proteins are also introduced 
to give the student a more complete view of replication.

Chapter 15 —Has been tightened considerably. The example 
of sickle cell anemia was moved from chapter l3 to 
15, where it fi ts more naturally in a discussion of how 
mutations affect gene function. 

Chapter 17 — Our goal is to help students apply what 
they’ve learned about molecular biology to answering 
important biological questions. This chapter has been 
revised to balance newer technologies with approaches 
that continue to be used in both the research and 
education communities. RNAi applications to diseases 
like macular degeneration and next-generation 
sequencing technology are introduced by building on 
what the student already knows about DNA replication, 
transcription, and PCR. 

Chapter 18 — Our book is unique in having two chapters 
on genomes. The fi rst extends the molecular unit to 
the scale of whole genomes, and chapter 24 focuses 
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on comparative genomics after students have learned 
about evolution. This organization is core to our 
full integration of evolution throughout the book. 
Chapter 18 has been revised to demonstrate the 
broad relevance of genomics, from understanding the 
evolution of speech to identifying the source of the 
2001 anthrax attacks.

Chapter 19 — The material on stem cells was completely 
rewritten and updated. The content was reorganized to 
put it into an even more solid historical context using 
the idea of nuclear reprogramming, and how this led 
to both the cloning of mammals and embryonic stem 
cells. New information on induced pluripotent stem 
cells is included to keep this as current as possible. 
This topic is one that is of general interest and is 
another subject about which students have signifi cant 
misinformation. We strove to provide clear, well-
organized information.

Part IV: Evolution
The evolution chapters were updated with new examples. A 
strong emphasis on the role of experimental approaches to 
studying evolutionary phenomena has been maintained and 
enhanced. 

Chapter 20 — The various processes that can lead to 
evolutionary change within populations are discussed 
in detail. Notably, these processes are not considered 
in isolation, but explored through how they interact.

Chapter 21 — This chapter presents a state-of-the-art 
discussion of the power of natural selection to 
produce evolutionary change and the ever-increasing 
documentation in the fossil record of evolutionary 
transitions through time. It also discusses a variety 
of phenomena that only make sense if evolution has 
occurred and concludes with a critique of arguments 
posed against the existence of evolution.

Chapter 22 — The process of speciation and evolutionary 
diversifi cation is considered in this chapter. It includes 
current disagreements on how species are identifi ed and 
how speciation operates.

Chapter 23 — An up-to-date discussion of not only how 
phylogenies are inferred, but their broad and central 
role in comparative biology is the focus of chapter 23.

Chapter 24 — This chapter has been revised to incorporate the 
rapidly growing number of fully sequenced genomes in a 
conceptual manner. We included the paradigm-changing 
fi ndings that noncoding DNA plays a critical role in 
regulating DNA expression. This chapter and chapter 25 
illustrate how we integrate both evolution and molecular 
biology throughout our text.

Chapter 25 — With updated examples we explore the changing 
perspectives on the evolution of development. Specifi cally, 
the fi eld is shifting away from the simplifi ed view that 
changes in regulatory regions of genes are responsible for 
the evolution of form.

Part V: Diversity of Life on Earth
In revising the diversity chapters (protist, plants, and fungi) our 
emphasis was on integrating an evolutionary theme. The fungi 
chapter was restructured to refl ect the current phylogenies while 
keeping species that are familiar to instructors at the fore. While 
competitors have two plant diversity chapters, we have one. We 
integrated the diversity of fl owers and pollination strategies, 
as well as fruit diversity into the plant unit to enable students 
to fully appreciate morphological diversity because they have 
 already learned about plant structure and development. 

Chapter 26 — This chapter has been updated so instructors 
have the option of using it as a stand-alone diversity 
chapter if their syllabus is too crowded to include the 
extensive coverage of diversity in the unit. Endosymbiosis 
has been consolidated in this chapter (moving some of the 
content from chapter 4).

Chapter 27 — Material on archaeal viruses was added to 
incorporate this area of active research that is often ignored. 
The approach to HIV drug treatments was completely 
redone with revised strategies and updated graphics. The 
discussions of prions and viroids were also revised.

Chapter 28 — All health statistics in chapter 28 were 
updated, including information on TB, HIV and STDs. 
A discussion on archaeal photosynthesis was added to 
the section on microbial metabolism.

Chapter 30 — Findings of several plant genome projects 
informed the revision of the plant chapter. The remarkable 
desiccation tolerance of moss is emphasized in a Scientifi c 
Thinking fi gure exploring the genes involved in desiccation 
tolerance. New fi ndings on correlations between the rate 
of pollen tube growth and the origins of the angiosperms 
have also been integrated into the chapter.

Chapter 31 — Since the previous edition, much has been 
learned about the evolution of fungi, fundamentally 
changing relationships among groups. We revised the 
fungal phylogenies in this chapter to conform with 
the current understanding of fungal evolution, while 
contextualizing the older taxonomic groupings that may 
be more familiar to some readers.

Chapters 32–34 — These chapters have been completely 
overhauled to emphasize the latest understanding, 
synthesizing molecular and morphological information, 
on the phylogeny of animals. We refocused these chapters 
to emphasize the differences in major morphological, 
behavioral, and ecological features that differentiate 
the major animal groups, placing a strong emphasis 
on understanding the organism in the context of its 
environment. Chapter 32 is an overview, which could 
be used as a standalone chapter, setting the stage for 
Chapters 33 on non-coelomate animals and Chapter 34 
on coelomates.

Chapter 35 — This chapter on vertebrates was revised to 
incorporate current ideas on vertebrate phylogeny and to 
emphasize the phylogenetic approach to understanding 
evolutionary diversifi cation.

viii committed to excellence
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Part VI: Plant Form and Function
As with the animal unit we incorporated an evolutionary theme. 
In the Scientifi c Thinking fi gures, as well as the text, we chal-
lenge the students to combine morphological, developmental, 
and molecular approaches to asking questions about plants. 
The goal is to help students integrate their conceptual under-
standing over multiple levels of organization. In addition, most 
of the questions at the end of the chapter are new.

Chapter 36 — The section on leaf development has been 
updated to include a molecular analysis of the role of a 
key gene, UNIFOLIATA, in compound leaf development.

Chapter 39 — Throughout the unit we included relevant 
examples to illustrate core concepts in plant biology. 
Here we added information about the effect of pH on 
germination and included a Scientifi c Thinking fi gure to 
more fully engage the student in considering pH effects 
in an agricultural context. The discussion of elevated CO2 
levels and increased temperatures on plant growth was 
updated. The very complex interactions affecting carbon 
and nitrogen content in plants is addressed at the level of 
plant and cell physiology. In addition, they are discussed 
at the ecosystem level later in the text in a more coherent 
presentation of the effects of climate change.

Chapter 41 — The section of phytochrome was reorganized 
and updated. The emphasis is on guiding the student 
away from the historic examples of morphological 
responses to different day lengths to a clear, coherent 
understanding of how red and far red light affect 
the conformation of phytochrome and the signaling 
pathway it affects.

Part VII: Animal Form and Function
Several organizational changes were made to this section to 
enhance overall coherence. The entire section was reinter-
preted with the intent of better integrating evolution into all 
topics. The material on temperature regulation was moved 
from chapter 50 (8E) to the introductory chapter 43. This 
both provides an illustrative example to the introduction to 
homeostasis and removes a formerly artifi cial combination of 
temperature control and osmotic control. Respiration and cir-
culation were made into separate chapters (49 and 50), allow-
ing for greater clarity and removing an overly long chapter 
that was a barrier to understanding.

Chapter 44 — The material on synaptic plasticity was rewritten 
with new graphics added. And in chapter 46 the addition 
of learning objectives and our integrated pedagogical 
tools make a complex topic more approachable. A new 
Scientifi c Thinking fi gure was added as well.

committed to excellence ix

Chapter 51 — The osmotic regulation material in this chapter 
is more coherent as a separate section without the 
temperature regulation material.

Chapter 52 — This chapter was reorganized and 
restructured to emphasize the existence of innate 
versus adaptive immunity. This replaces the old 
paradigm of nonspecifi c versus specifi c immunity. This 
reorganization and new material also emphasize the 
evolutionary basis of innate immunity, which exists in 
invertebrates and vertebrates.

Chapter 54 — The material on organizer function was updated. 
The Scientifi c Thinking fi gure uses molecular approaches 
introduced in part III and a fi gure that was already in the 
chapter. This fi gure is much more pedagogically useful in 
this repurposing than as a static fi gure and illustrates the 
use of these fi gures.

Part VIII: Ecology and Behavior
The ecology chapters have been revised with a particular fo-
cus on providing up-to-date information on current environ-
mental issues, both in terms of the problems that exist and the 
potential action that can be taken to ameliorate them.

Chapter 55 — Completely revised with a strong emphasis on 
neuroethological approaches to understanding behavioral 
patterns, this chapter emphasizes modern molecular 
approaches to the study of behavior.

Chapter 56 — Considers the ecology of individuals and 
populations and includes up-to-date discussion of human 
population growth.

Chapter 57 — The ecology of communities is discussed in 
the context of the various ecological processes that 
mediate interactions between co-occurring species. 
With updated examples, chapter 57 illustrates how 
different processes can interact, as well as emphasizing 
the experimental approach to the study of ecology.

Chapter 58 — This chapter focuses on the dynamics of 
ecosystems. It has been updated to emphasize current 
understanding of the how ecosystems function.

Chapter 59 — The chapter has been extensively updated to 
provide the latest information on factors affecting the 
environment and human health with a clear focus on the 
biosphere and current environmental threats.

Chapter 60 — And fi nally, chapter 60 considers conservation 
biology, emphasizing the causes of species endangerment 
and what can be done. Data and examples provide the 
latest information and thinking on conservation issues.
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Scarlet kingsnake 
(Lampropeltis  
triangulum elapsoides) 

Red milk snake 
(Lampropeltis  
triangulum syspila) 

“Intergrade” form 

Eastern milk  
snake (Lampropeltis  
triangulum triangulum) 

Figure 22.1 Geographic variation in the milk snake, 
Lampropeltis triangulum. Although subspecies appear 
phenotypically quite distinctive from one another, the y are 
connected by populations that are phenotypically intermediate.

 The biological species concept focuses 
on the ability to exchange genes
What can account for both the distinctiveness of sympatric 
species and the connectedness of geographically separate 
populations of the same species? One obvious possibility is 
that each species exchanges genetic material only with other 
members of its species. If sympatric species commonly ex-
changed genes, which they generally do not, we might expect 
such species to rapidly lose their distinctions, as the gene 
pools (that is, all of the alleles present in a species) of the dif-
ferent species became homogenized. Conversely, the ability 
of geographically distant populations of a single species to 
share genes through the process of gene flow may keep these 
populations integrated as members of the same species.
 Based on these ideas, in 1942 the evolutionary biologist 
Ernst Mayr set forth the biological species concept, which 
defines species as “. . . groups of actually or potentially inter-
breeding natural populations which are reproductively isolated 
from other such groups.”
 In other words, the biological species concept says that a 
species is composed of populations whose members mate with 
each other and produce fertile offspring—or would do so if 
they came into contact. Conversely, populations whose mem-
bers do not mate with each other or who cannot produce fertile 
offspring are said to be reproductively isolated  and, therefore, 
are members of different species.
 What causes reproductive isolation? If organisms cannot 
interbreed or cannot produce fertile offspring, they clearly  belong 
to different species. However, some populations that are consid-
ered separate species can interbreed and produce fertile offspring, 

22.1 The Nature of Species and the 
Biological Species Concept

Learning Outcomes
Distinguish between the biological species concept and 1. 
the ecological species concept.
Define the two kinds of reproductive isolating mechanisms. 2. 
Describe the relationship of reproductive isolating 3. 
mechanisms to the biological species concept.

Any concept of a species must account for two phenomena: the 
distinctiveness of species that occur together at a single locality, 
and the connection that exists among different populations be-
longing to the same species.

Sympatric species inhabit the same  
locale but remain distinct
Put out birdfeeders  on your balcony or in your back yard, and 
you will attract a wide variety of birds (especially if you in-
clude different kinds of foods). In the midwestern United 
States, for example, you might routinely see cardinals, blue 
jays, downy woodpeckers, house finches—even hummingbirds 
in the  summer.
 Although it might take a few days of careful observation, 
you would soon be able to readily distinguish the many differ-
ent species. The reason is that species that occur together 
(termed sympatric) are distinctive entities that are pheno-
typically different, utilize different parts of the habitat, and 
behave differently. This observation is generally true not 
only for birds, but also for most other types of organisms.
 Occasionally, two species occur together that appear 
to be nearly identical. In such cases, we need to go beyond 
visual similarities. When other aspects of the phenotype 
are examined, such as the mating calls or the chemicals 
exuded by each species, they usually reveal great differ-
ences. In other words, even though we might have trouble 
distinguishing them, the organisms themselves have no 
such difficulties.

Populations of a species exhibit 
geographic variation
Within a single species, individuals in populations that oc-
cur in different areas may be distinct from one another. 
Such groups of distinctive individuals may be classified as sub-
species (the vague term race has a similar connotation, but is no 
longer commonly used). In areas where these populations oc-
cur close to  one another, individuals often exhibit combinations 
of features characteristic of both populations (figure 22.1).  In 
other words, even though geographically distant populations 
may appear distinct, they are usually connected by intervening 
populations that are intermediate in their characteristics.
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Species are populations of organisms that are distinct from other, co-

occurring species, and are interconnected geographically. The biological 

species concept therefore defi nes species based on their ability to 

interbreed. Reproductive isolating mechanisms prevent successful 

interbreeding between species.  The ecological species concept relies on 

adaptation and natural selection as a force for maintaining separation 

of species.

 ■ How does the ability to exchange genes explain why 
sympatric species remain distinct and geographic 
populations of one species remain connected?
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Integrated Learning Outcomes
Each section begins with specifi c Learning Outcomes that 
represent each major concept. At the end of each section, 
Learning Outcomes Reviews serve as a check to help students 
confi rm their understanding of the concepts in that section. 
Questions at the end of the Learning Outcomes Review ask 
students to think critically about what they have read.

In Print and Online
The online eBook in Connect Plus™ provides 
students with clear understanding of concepts 
through a media-rich experience. Embedded 
animations bring key concepts to life. Also, 
the ebook provides an interactive experience 
with the Learning Outcome Review questions. 
Contact your McGraw-Hill/Glencoe sales 
representative for pricing information.

Any opportunity to identify “learning outcomes” is a 
welcome addition; we are forced more and more to 
identify these in learning assessments. I would use these 
as a guide for students to understand the minimum 
material they are expected to learn from each section.

Michael Lentz
University of North Florida
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Transporter
protein

Dopamine

Cocaine

Receptor
protein

Figure 44.18 How cocaine alters events at the synapse. 
When cocaine binds to the dopamine transporters, it prevents 
reuptake of dopamine so the neurotransmitter survives longer in 
the synapse and continues to stimulate the postsynaptic cell. 
Cocaine thus acts to intensify pleasurable sensations.

NH2

Protein channel

Signal recognition
particle (SRP)

SRP binds to signal
peptide, arresting

elongation

Docking

Signal

Exit tunnel

Rough endoplasmic
reticulum (RER)

Lumen of the RERCytoplasm

Ribosome
synthesizing
peptide

Polypeptide
elongation
continues

Figure 15.22  Synthesis of proteins on RER. 
Proteins that are synthesized on RER arrive at the ER 
because of sequences in the peptide itself. A signal 
sequence in the amino terminus of the polypeptide 
is recognized by the signal recognition particle 
(SRP). This complex docks with a receptor 
associated with a channel in the ER. The peptide 
passes through the channel into the lumen of the ER 
as it is synthesized.

296 part III Genetic and Molecular Biology

 www.glencoe.com/raven9

xi

A Consistent and Instructional Visual Program
The author team collaborated with a team of medical 
and scientifi c illustrations to create the unsurpassed 
visual program. Focusing on consistency, accuracy, and 
instructional value, they created an art program that is 
intimately connected with the text narrative. The resulting 
realistic, 3-D illustrations will stimulate student interest 
and help teachers teach diffi  cult concepts. 

Companion Website
Students can enhance their understanding of the concepts with the 
rich study materials available to at www.glencoe.com/raven9. This 
open access website provides self-study options with chapter pretest 
quizzes to assess current understanding, animations that highlight 
topics students typically struggle with and textbook images that can 
be used for notetaking and study. 

The art is quite good! 
The colors are well 
saturated and the 
fi gures are clear and 
often compelling, 
particularly in showing 
the molecular 
complexity of these 
molecules and cells.

Susan J Stamler
College of DuPage
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Hypothesis: The plasma membrane is fluid, not rigid.

Prediction: If the membrane is fluid, membrane proteins may

diffuse laterally.

Test: Fuse mouse and human cells, then observe the distribution

of membrane proteins over time by labeling specific mouse and

human proteins.

Result: Over time, hybrid cells show increasingly intermixed proteins.

Conclusion: At least some membrane proteins can diffuse laterally in 

the membrane.

Further Experiments: Can you think of any other explanation for these 

observations? What if newly synthesized proteins were inserted into the 

membrane during the experiment? How could you use this basic 

experimental design to rule out this or other possible explanations?

 

 

 

 

S C I E N T I F I C  T H I N K I N G

Mouse
cell

Human
cell

Fuse 
cells

Intermixed 
membrane 
proteins

Allow time for
mixing to occur

Figure 5.4  Test of membrane fl uidity. 

Hypothesis: There are positive regulators of cell division.

Prediction: Frog oocytes are arrested in G2 of meiosis I. They can be 

induced to mature (undergo meiosis) by progesterone treatment. If 

maturing oocytes contain a positive regulator of cell division, injection of 

cytoplasm should induce an immature oocyte to undergo meiosis.

Test: Oocytes are induced with progesterone, then cytoplasm from these 

maturing cells is injected into immature oocytes.

Result: Injected oocytes progress G2 from into meiosis I.

Conclusion: The progesterone treatment causes production of a 

positive regulator of maturation: Maturation Promoting Factor (MPF).

Prediction: If mitosis is driven by positive regulators, then cytoplasm 

from a mitotic cell should cause a G1 cell to enter mitosis.

Test: M phase cells are fused with G1 phase cells, then the nucleus from 

the G1 phase cell is monitored microscopically.

Conclusion: Cytoplasm from M phase cells contains a positive regulator 

that causes a cell to enter mitosis.

Further Experiments: How can both of these experiments be 

rationalized? What would be the next step in characterizing these factors?

 

 

 

 

SC IENT IF IC  T H I N K I N G

Progesterone-
treated oocyte

Remove
cytoplasm

Inject
cytoplasm

Arrested oocyte Oocyte in meiosis I

M phase cell  G1 phase cell Fused cells

Figure 10.16    Discovery of positive regulator of cell 
division.    

Inquiry question

? Based only on amino acid sequence, how would you 
recognize an integral membrane protein?  

xii committed to preparing students for the future

Apply Your Knowledge With. . . 
NEW Scientifi c Thinking Art 
Key illustrations in every chapter highlight how the frontiers of knowledge 
are pushed forward by a combination of hypothesis and experiment. These 
fi gures begin with a hypothesis, then show how it makes explicit predictions, 
tests these by experiment and fi nally demonstrates what conclusions can be 
drawn, and where this leads. These provide a consistent framework to guide 
the student in the logic of scientifi c inquiry. Each illustration concludes with 
open-ended questions to promote scientifi c inquiry.

www.glencoe.com/raven9

Inquiry Questions
Questions that challenge students to think about and engage 
in what they are reading at a more sophisticated level. 

Knowing how scientists solve problems, and then 
using this knowledge to solve a problem (as an 
example) drives home the concept of induction 
and deduction  — I applaud this highly!

Marc LaBella
Ocean County College
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4.  What is the probability of obtaining an individual with the 
genotype CC from a cross between two individuals with the 
genotypes CC and Cc?
a. ½ c.
b. ¼ d. 16

5. You discover a new variety of plant with color varieties of 
purple and white. When you intercross these, the F1  is a lighter 
purple. You consider that this may be an example of blending 
and self-cross the F1. If Mendel is correct, what would you 
predict for the F2?
a. 1 purple:2 white:1 light purple
b. 1 white:2 purple:1 light purple
c. 1 purple:2 light purple:1 white
d. 1 light purple:2 purple:1 white

6. Mendel’s model assumes that each trait is determined by a 
single factor with alternate forms. We now know that this is too 
simplistic and that
a. a single gene may affect more than one trait.
b. a single trait may be affected by more than one gene.
c. a single gene always affects only one trait, but traits may be

affected by more than one gene.
d. a single gene can affect more than one trait, and traits may 

be affected by more than one gene.

S Y N T H E S I Z E  
1. Create a Punnett square for the following crosses and use

this to predict phenotypic ratio for dominant and recessive   
traits. Dominant alleles are indicated by uppercase letters  
and recessive are indicated by lowercase letters. For parts b and 
c, predict ratios using probability and the product rule.
a. A monohybrid cross between individuals with the genotype 

Aa and Aa
b. A dihybrid cross between two individuals

with the genotype AaBb
c. A dihybrid cross between individuals with the genotype

AaBb and aabb

2. Explain how the events of meiosis can explain both segregation 
and independent assortment.

3. In mice, there is a yellow strain that when crossed yields
2 yellow:1 black. How could you explain this observation?
How could you test this with crosses?

4. In mammals, a variety of genes affect coat color. One of these is 
a gene with mutant alleles that results in the complete loss of 
pigment, or albinism. Another controls the type of dark pigment 
with alleles that lead to black or brown colors. The albinistic 
trait is recessive, and black is dominant to brown. Two black 
mice are crossed and yield 9 black:4 albino:3 brown. How 
would you explain these results?

U N D E R S T A N D
1. What property distinguished Mendel’s investigation

from previous studies?
a. Mendel used true-breeding pea plants.
b. Mendel quantifi ed his results.
c. Mendel examined many different traits.
d. Mendel examined the segregation of traits.

2. The F1 generation of the monohybrid cross purple (PP) × white 
(pp) fl ower pea plants should
a. all have white fl owers.
b. all have a light purple or blended appearance.
c. all have purple fl owers.
d. have (¾) purple fl owers, and ¼ white fl owers.

3. The F1 plants from the previous question are allowed to self-
fertilize. The phenotypic ratio for the F2 should be
a. all purple. c. 3 purple:1 white.
b. 1 purple:1 white. d. 3 white:1 purple.

4. Which of the following is not a part of Mendel’s fi ve-element model?
a. Traits have alternative forms (what we now call alleles).
b. Parents transmit discrete traits to their offspring.
c. If an allele is present it will be expressed.
d. Traits do not blend.

5. An organism’s ___________ is/are determined by its
_____________.
a. genotype; phenotype c. alleles; phenotype
b. phenotype; genotype d. genes; alleles

6. Phenotypes like height in humans, which show a continuous 
distribution, are usually the result of
a. an alteration of dominance for multiple alleles of a single gene.
b. the presence of multiple alleles for a single gene.
c. the action of one gene on multiple phenotypes.
d. the action of multiple genes on a single phenotype.

A P P L Y
1. A dihybrid cross between a plant with long smooth leaves and a 

plant with short hairy leaves produces a long smooth F1. If this 
F1 is allowed to self-cross to produce an F2, what would you 
predict for the ratio of F2 phenotypes?
a. 9 long smooth:3 long hairy:3 short hairy:1 short smooth
b. 9 long smooth:3 long hairy:3 short smooth:1 short hairy
c. 9 short hairy:3 long hairy:3 short smooth:1 long smooth
d. 1 long smooth:1 long hairy:1 short smooth:1 short hairy

2. Consider a long smooth F2 plant from the previous question. 
This plant’s genotype
a. must be homozygous for both long alleles and hairy alleles.
b. must be heterozygous at both the leaf length gene, and the 

leaf hair gene.
c. can only be inferred by another cross.
d. cannot be determined by any means.

3. What is the probability of obtaining an individual with the 
genotype bb from a cross between two individuals with the 
genotype Bb?
 a. ½ c.
b. ¼ d. 0

Review Questions

O N L I N E  R E S O U R C E

www.ravenbiology.com
Understand, Apply, and Synthesize—enhance your study with 
animations that bring concepts to life and practice tests to assess 
your understanding. Your instructor may also recommend the 
interactive eBook, individualized learning tools, and more.
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Synthesize and Tie It 
All Together With . . . 
End-of-Chapter Conceptual 
Assessment Questions  
Thought-provoking questions at the end of 
each chapter tie the concepts together by 
asking the student to go beyond the basics to 
achieve a higher level of cognitive thinking.

Integrated Study Quizzes 
Study quizzes have been 
integrated into the Connect Plus 
ebook for students to assess their 
understanding of the information 
presented in each section. End 
of chapter questions are linked 
to the answer section of the text 
to provide for easy study. The 
notebook feature allows students 
to collect and manage notes and 
highlights from the ebook to create 
a custom study guide. 

I think that the end-of-chapter 
summary and review questions are 
thorough and written well. I very much 
like the way that they are categorized 
into understanding, application, and 
synthesizing. I use these types of 
questions on my exams. So I think that 
these end-of-chapter questions can be 
used as homework or in class work to 
help prepare students for exams.

Dr. Sharon K. Bullock
UNC Charlotte
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Committed to Biology Educators

McGraw-Hill Connect Biology 
Connect Biology™ is a 
web-based assignment 
and assessment platform 
that gives students the 

means to better connect with their coursework, with their teachers, 
and with the important concepts that they will need to know for 
success now and in the future.

With Connect Biology you can deliver assignments, quizzes, and tests 
online. A robust set of questions and activities are presented and 
tied to the textbook’s learning objectives. As a teacher, you can edit 
existing questions and author entirely new problems. Track individual 
student performance  — by question, assignment, or in relation to the 
class overall — with detailed grade reports. Integrate grade reports 
easily with Learning Management Systems (LMS) such as WebCT and 
Blackboard. And much more.

ConnectPlusTM Biology provides students with all the advantages 
of ConnectTM Biology, plus 24/7 access to an eBook. This media-
rich version of the book includes animations, videos, and inline 
assessments placed appropriately throughout the chapter. Connect 
Plus Biology allows students to practice important skills at their own 
pace and on their own schedule. By purchasing eBooks from McGraw-
Hill students can save as much as 50% on selected titles delivered on 
the most advanced eBook platforms available. Contact your Glencoe/
McGraw-Hill sales representative to discuss eBook pricing and 
packaging options.

Powerful Presentation Tools
Everything you need for outstanding presentation in one place! 

 ■ FlexArt Image PowerPoints — including every piece of art 
that has been sized and cropped specifi cally for superior 
presentations as well as labels that you can edit, fl exible art 
that can be picked up and moved, tables, and photographs

 ■ Animation PowerPoints — Numerous full-color animations 
illustrating important processes. Harness the visual impact 
of concepts in motion by 
importing these slides into 
classroom presentations or 
online course materials

 ■ Lecture PowerPoints — with 
fully embedded animations

 ■ Labeled and unlabeled JPEG 
images — Full-color digital fi les 
of all illustrations, which can 
be readily incorporated into 
presentations, exams, or custom-
made classroom materials

Presentation Center
In addition to the images from your book, this online digital library 
contains photos, artwork, animations, and other media from an array 
of McGraw-Hill textbooks that can be used to create customized 
lectures, visually enhance tests and quizzes, and make compelling 
course websites or attractive printed support materials. 

Quality Test Bank
All questions have been written to fully align with the Learning 
Outcomes and content of the text. Provided within a computerized 
test bank powered by McGraw-Hill’s fl exible electronic testing 
program EZ Test Online, teachers can create paper and online tests 
or quizzes in this easy to use program! A new tagging scheme allows 
you to sort questions by diffi  culty level, topic, and section. Imagine 
being able to create and access your test or quiz anywhere, at any 
time, without installing the testing software. Now, with EZ Test 
Online, teachers can select questions from multiple McGraw-Hill test 
banks or author their own, and then either print the test for paper 
distribution or give it online.
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Active Learning Exercises
Supporting biology faculty in their eff orts to make introductory courses 
more active and student-centered is critical to improving 
undergraduate biological education. Active learning can broadly be 
described as strategies and techniques in which students are engaged 
in their own learning, and is typically characterized by the utilization of 
higher order critical thinking skills. The use of these techniques is critical 
to biological education because of their powerful impact on students’ 
learning and development of scientifi c professional skills.

Active learning strategies are highly valued and have been shown to: 

■ Help make content relevant
■ Be particularly adept at addressing common misconceptions
■ Help students to think about their own learning (metacognition)
■ Promote meaningful learning of content by emphasizing 

application

■ Foster student interest in science

Guided Activities have been provided for teachers to use in their 
course for both in-class and out-of-class activities. The Guided 
Activities make it easy for you to incorporate active learning into 
your course and are fl exible to fi t your specifi c needs. 

Teacher’s Manual for *Advanced 
Placement Biology 
This robust teacher’s resource was developed specifi cally for Advanced 
Placement Biology courses using Biology, 9th Edition by Raven, Mason, 
Losos, and Singer. Each chapter includes a chapter discussion, pacing 
suggestions, “student misconceptions and common pitfalls”, activities, 
web resources, lab suggestions and other resources as appropriate. 
Each chapter also includes sample multiple choice and free-response 
questions similar to questions on the AP Exam.

AP* Achiever
Advanced Placement Exam Preparation Guide 
for Biology
The AP* Achiever was written specifi cally for students enrolled in an 
Advanced Placement Biology course. The AP Achiever is designed to 
be used with one of the top selling college biology textbooks, Biology, 
9th Edition by Raven, Mason, Losos, and Singer, although it can be used 
eff ectively with any college level biology textbook.

The AP* Achiever includes:

 ■ An introduction to the AP Biology Course and Exam; including 
comprehensive tips on writing essays for the free-response 
section of the exam.

 ■ Each chapter includes a chapter summary and sections 
highlighting critical material required for the AP Biology Exam. 
Each chapter also includes sample multiple choice and free-
response questions with answers and explanations.

■ Two complete practice exams parallel the Advanced Placement 
Biology Exam in terms of question type, style, format and 
number of questions. Each practice exam includes answers and 
thorough explanations. 

Test Bank for *Advanced 
Placement Biology
A test bank to accompany Biology, 9th Edition by Raven, Mason, Losos, 
and Singer has been adapted specifi cally for Advanced Placement 
courses. There are 5 choices for each multiple choice question 
and many questions refer to fi gures, diagrams and data sets. Free-
response questions are included for each chapter.

Laboratory Manuals
Biology Laboratory Manual, Ninth Edition
Vodopich and Moore ISBN: 0-07-338306-6
This laboratory manual is designed for an 
introductory course for biology majors 
with a broad survey of basic laboratory 
techniques. The experiments and procedures 
are simple, safe, easy to perform, and 
especially appropriate for large classes. 
Few experiments require a second class 
meeting to complete the procedure. Each exercise includes many 
photographs, traditional topics, and experiments that help students 
learn about life. Procedures within each exercise are numerous 
and discrete so that an exercise can be tailored to the needs of the 
students, the style of the instructor, and the facilities available. 

Biological Investigations Lab Manual, 
Ninth Edition 
Dolphin ISBN: 0-07-338305-8
This independent lab manual can be used for 
a one- or two-semester majors’ level general 
biology lab and can be used with any majors’ 
level general biology textbook. The labs are 
investigative and ask students to use more 
critical thinking and hands-on learning. The 
author emphasizes investigative, quantitative, and comparative 
approaches to studying the life sciences. 

Focus on Evolution
Understanding Evolution, Seventh Edition 
Rosenbaum and Volpe ISBN: 0-07-338323-6
As an introduction to the principles of 
evolution, this paperback text is ideally suited 
as a main text for general evolution or as a 
supplement for general biology, genetics, 
zoology, botany, anthropology, or any life 
science course that utilizes evolution as the 
underlying theme of all life. 

rav32223_fm_AP_i-xxviii.indd   xvrav32223_fm_AP_i-xxviii.indd   xv 11/24/09   10:37:22 AM11/24/09   10:37:22 AM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



Apago PDF Enhancer

xvi

Committed to Quality

360° Development Process
McGraw-Hill’s 360° Development 
Process is an ongoing, never-ending, 
education-oriented approach to 
building accurate and innovative print 
and digital products. It is dedicated to 
continual large-scale and incremental 
improvement, driven by multiple user 
feedback loops and checkpoints. This 
is initiated during the early planning 

stages of our new products, intensifi es during the development 
and production stages, then begins again after publication in 
anticipation of the next edition.

This process is designed to provide a broad, comprehensive spectrum 
of feedback for refi nement and innovation of our learning tools, for 
both student and instructor. The 360° Development Process includes 
market research, content reviews, course- and product-specifi c 
symposia, accuracy checks, and art reviews. We appreciate the 
expertise of the many individuals involved in this process.

Contributing Authors
Active Learning Exercises 

 Frank Bailey, Middle Tennessee State University 

 Steve Howard, Middle Tennessee State University

 Michael Rutledge, Middle Tennessee State University 

Chapter Contributors

 Daphne Fautin, University of Kansas

 Shelley Jansky, University of Wisconsin, Madison

 Stephanie Pandolfi , Wayne State University

 James Traniello, Boston University

Instructor’s Manual

 Mark Hens, University of North Carolina, Charlotte

Integrated eBook Study Guide

 David Bos, Purdue University

 Koy Miskin, Purdue University

 Kathleen Broomall, Miami University, Oxford

Test Bank 

 Brian Bagatto, University of Akron

 Tom Sasek, University of Louisiana at Monroe

 Stephanie Pandolfi , Wayne State University

Connect Content Contributors 

 Susan Hengeveld, Indiana University

 Salvatore Tavormina, Austin Community College

 Scott Cooper, University of Wisconsin, LaCrosse

 Brian Shmaefsky, Lone Star College

 Phil Gibson, Oklahoma University 

 Morris Maduro, University of California, Riverside

 Matt Neatrour, Northern Kentucky University

 Leslie Jones, Valdosta State

 Lynn Preston, Tarrant County College

Website

 Tom Pitzer, Florida International University

 Marceau Ratard, Delgado Community College 

 Amanda Rosenzweig, Delgado Community College

Instructor Media

 Mark Browning, Purdue University

 Brenda Leady, University of Toledo

Digital Board of Advisors
We are indebted to the valuable advice and direction of an 
outstanding group of advisors, led by Melissa Michael, University 
of Illinois at Urbana-Champaign. Other board members include: 

 Randy Phillis, University of Massachusetts

 John Merrill, Michigan State

 Russell Borski, North Carolina State

 Deb Pires, University of California, Los Angeles

 Bill Wischusen, Louisiana State University

 David Scicchitano, New York City University

 Michael Rutledge, Middle Tennessee State

 Lynn Preston, Tarrant County College

 Karen Gerhart, University of California, Davis

 Jean Heitz, University of Wisconsin, Madison

 Mark Lyford, University of Wyoming

General Biology Symposia
Every year McGraw-Hill conducts several General Biology Symposia, 
which are attended by instructors from across the country. These 
events are an opportunity for editors from McGraw-Hill to gather 
information about the needs and challenges of instructors teaching 
the major’s biology course. It also off ers a forum for the attendees 
to exchange ideas and experiences with colleagues they might 
not have otherwise met. The feedback we have received has been 
invaluable and has contributed to the development of Biology and 
its supplements. A special thank you to recent attendees:

Sylvester Allred Northern Arizona 
University

Michael Bell Richland College
Arlene Billock University of Louisiana 

Lafayette
Stephane Boissinot Queens College, the 

City University of New York
David Bos Purdue University
Scott Bowling Auburn University
Jacqueline Bowman Arkansas Technical 

University
Arthur Buikema Virginia Polytechnic 

Institute

Anne Bullerjahn Owens Community 
College

Helaine Burstein Ohio University
Raymond Burton Germanna 

Community College
Peter Busher Boston University
Richard Cardullo University of 

California — Riverside
Jennifer Ciaccio Dixie State College
Anne Barrett Clark Binghamton 

University
Allison Cleveland University of South 

Florida, Tampa
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Jennifer Coleman University of 
Massachusetts, Amherst

Sehoya Cotner University of Minnesota
Mitch Cruzan Portland State University
Laura DiCaprio Ohio University
Kathyrn Dickson California State College, 

Fullerton
Cathy Donald-Whitney Collin County 

Community College
Stanley Faeth Arizona State University
Donald French Oklahoma State 

University
Douglas Gaffi  n University of Oklahoma
Karen Gerhart University of California, 

Davis
Cynthia Giff en University of 

Wisconsin — Madison
William Glider University of Nebraska, 

Lincoln
Christopher Gregg Louisiana State 

University
Stan Guff ey The University of Tennessee
Bernard Hauser University of Florida, 

Gainesville
Jean Heitz Unversity of Wisconsin —

 Madison
Mark Hens University of North Carolina, 

Greensboro
Albert Herrera University of Southern 

California

Ralph James Hickey Miami University of 
Ohio, Oxford

Brad Hyman University of California — 
Riverside

Kyoungtae Kim Missouri State University
Sherry Krayesky University of Louisiana, 

Lafayette
Jerry Kudenov University of Alaska 

Anchorage
Josephine Kurdziel University of 

Michigan
Ellen Lamb University of North 

Carolina — Greensboro
Brenda Leady University of Toledo
Graeme Lindbeck Valencia Community 

College
Susan Meiers Western Illinois University
Michael Meighan University of 

California, Berkeley
John Mersfelder Sinclair Community 

College
Melissa Michael University of Illinois at 

Urbana-Champaign
Leonore Neary Joliet Junior College
Shawn Nordell Saint Louis University
John Osterman University of Nebraska—

Lincoln
Stephanie Pandolfi  Wayne State 

University
C.O. Patterson Texas A&M University

Nancy Pencoe State University of West 
Georgia

Roger Persell Hunter College
Marius Pfeiff er Tarrant County 

College NE
Steve Phelps University of Florida
Debra Pires University of California, 

Los Angeles
Eileen Preston Tarrant County 

College NW
Rajinder Ranu Colorado State University
Marceau Ratard Delgado Community 

College City Park
Melanie Rathburn Boston University
Robin Richardson Winona State 

University
Amanda Rosenzweig Delgado 

Community College — City Park
Laurie Russell Saint Louis University
Connie Russell Angelo State University
David Scicchitano New York 

University
Timothy Shannon Francis Marion 

University
Brian Shmaefsky Lone Star 

College — Kingwood
Richard Showman University of South 

Carolina
Robert Simons University of California, 

Los Angeles

Steve Skarda Linn Benton Community 
College

Steven D. Skopik University of Delaware
Phillip Sokolove University of Maryland
Brad Swanson Central Michigan 

University
David Thompson Northern Kentucky 

University
Maureen Tubbola St. Cloud State 

University
Ashok Upadhyaya University of South 

Florida, Tampa
Anthony Uzwiak Rutgers University
Rani Vajravelu University of Central 

Florida
Gary Walker Appalachian State 

University
Pat Walsh University of Delaware
Elizabeth Weiss-Kuziel University of 

Texas at Austin
Holly Williams Seminole Community 

College
David Williams Valencia Community 

College, East Campus
Michael Windelspecht Appalachian 

State University
Mary Wisgirda San Jacinto College, 

South Campus
Jay Zimmerman St. John’s University

9th Edition Reviewers
Tamarah Adair Baylor University
Gladys Alexandre-Jouline University of 

Tennessee at Knoxville
Gregory Andraso Gannon University
Jorge E. Arriagada St. Cloud State 

University
David Asch Youngstown State University
Jeff rey G. Baguley University of 

Nevada — Reno
Suman Batish Temple University
Donald Baud University of Memphis
Peter Berget Carnegie Mellon University
Randall Bernot Ball State University
Deborah Bielser University of Illinois—

Champaign
Wendy Binder Loyola Marymount 

University
Todd A. Blackledge University of Akron
Andrew R. Blaustein Oregon State 

University
Dennis Bogyo Valdosta State University
David Bos Purdue University
Robert Boyd Auburn University
Graciela Brelles-Marino California State 

Polytechnic University—Pomona
Joanna Brooke DePaul University
Roxanne Brown Blinn College
Mark Browning Purdue University
Cedric O. Buckley Jackson State 

University
Arthur L. Buikema, Jr. Virginia Tech
Sharon Bullock UNC — Charlotte
Lisa Burgess Broward College
Scott Carlson Luther College
John L. Carr University of Louisiana — 

Monroe
Laura Carruth Georgia State University
Dale Cassamatta University of North 

Florida
Peter Chabora Queens College—CUNY

Tien-Hsien Chang Ohio State University
Genevieve Chung Broward College
Cynthia Church Metropolitan State 

College of Denver
William Cohen University of Kentucky
James Collins Kilgore College
Joanne Conover University of 

Connecticut
Iris Cook Westchester Community 

College
Erica Corbett Southeastern Oklahoma 

State University
Robert Corin College of Staten 

Island — CUNY
William G. R. Crampton University of 

Central Florida
Scott Crousillac Louisiana State 

University—Baton Rouge
Karen A. Curto University of Pittsburgh
Denise Deal Nassau Community 

College
Philias Denette Delgado Community 

College
Mary Dettman Seminole Community 

College—Oviedo
Ann Marie DiLorenzo Montclair State 

University
Ernest DuBrul University of Toledo
Richard Duhrkopf Baylor University
Susan Dunford University of Cincinnati
Andrew R. Dyer University of South 

Carolina — Aiken
Carmen Eilertson Georgia State 

University
Richard P. Elinson Duquesne University
William L. Ellis Pasco-Hernando 

Community College
Seema Endley Blinn College
Gary Ervin Mississippi State University
Karl Fath Queens College — CUNY

Zen Faulkes The University of Texas —
 Pan American

Myriam Feldman Lake Washington 
Technical College

Melissa Fierke State University of
New York

Gary L. Firestone University of 
California — Berkeley

Jason Flores UNC — Charlotte
Markus Friedrich Wayne State University
Deborah Garrity Colorado State 

University
Christopher Gee University of North 

Carolina-Charlotte
John R. Geiser Western Michigan 

University
J.P. Gibson University of Oklahoma
Matthew Gilg University of North Florida
Teresa Golden Southeastern Oklahoma 

State University
Venkat Gopalan Ohio State 

University
Michael Groesbeck Brigham Young 

University
Theresa Grove Valdosta State 

University
David Hanson University of 

New Mexico
Paul Hapeman University of Florida
Nargess Hassanzadeh-Kiabi 

California State University—
Los Angeles

Stephen K. Herbert University of 
Wyoming

Hon Ho State University of New York at 
New Paltz

Barbara Hunnicutt Seminole Community 
College

Steve Huskey Western Kentucky 
University

Cynthia Jacobs Arkansas Tech 
University

Jason B. Jennings Southwest Tennessee 
Community College

Frank J. Jochem Florida International 
University—Miami

Norman Johnson University of 
Massachusetts

Gregory A. Jones Santa Fe Community 
College

Jerry Kaster University of Wisconsin—
Milwaukee

Mary Jane Keith Wichita State 
University

Mary Kelley Wayne State University
Scott Kight Montclair State 

University
Wendy Kimber Stevenson University
Jeff  Klahn University of Iowa
David S. Koetje Calvin College
Olga Kopp Utah Valley University
John C. Krenetsky Metropolitan State 

College of Denver
Patrick J. Krug California State 

University — LA
Robert Kurt Lafayette College
Marc J. LaBella Ocean County College
Ellen S. Lamb University of North 

Carolina — Greensboro
David Lampe Duquesne University
Grace Lasker Lake Washington Technical 

College
Kari Lavalli Boston University
Shannon Erickson Lee California Sate 

University- Northridge 
Zhiming Liu Eastern New Mexico 

University
J. Mitchell Lockhart Valdosta State 

University
David Logan Clark Atlanta University
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Thomas A. Lonergan University of New 
Orleans

Andreas Madlung University of Puget 
Sound

Lynn Mahaff y University of Delaware
Jennifer Marcinkiewicz Kent State 

University
Henri Maurice University of Southern 

Indiana
Deanna McCullough University of 

Houston—Downtown
Dean McCurdy Albion College
Richard Merritt Houston Community 

College—Northwest
Stephanie Miller Jeff erson State 

Community College
Thomas Miller University of California, 

Riverside
Hector C. Miranda, Jr. Texas Southern 

University
Jasleen Mishra Houston Community 

College
Randy Mogg Columbus State 

Community College
Daniel Moon University of North Florida
Janice Moore Colorado State University
Richard C. Moore Miami University
Juan Morata Miami Dade College—

Wolfson
Ellyn R. Mulcahy Johnson County 

Community College
Kimberlyn Nelson Pennsylvania State 

University
Howard Neufeld Appalachian State 

University
Jacalyn Newman University of Pittsburgh
Margaret N. Nsofor Southern Illinois 

University — Carbondale
Judith D. Ochrietor University of North 

Florida
Robert O’Donnell SUNY—Geneseo
Olumide Ogunmosin Texas Southern 

University

Nathan O. Okia Auburn 
University — Montgomery

Stephanie Pandolfi  Michigan State 
University 

Peter Pappas County College of Morris
J. Payne Bergen Community College
Andrew Pease Stevenson University
Craig Peebles University of Pittsburgh
David G. Pennock Miami University
Beverly Perry Houston Community 

College
John S. Peters College of 

Charleston, SC
Stephanie Toering Peters Wartburg 

College
Teresa Petrino-Lin Barry University
Susan Phillips Brevard Community 

College—Palm Bay
Paul Pillitteri Southern Utah University
Thomas Pitzer Florida International 

University—Miami
Uwe Pott University of Wisconsin—

Green Bay
Nimala Prabhu Edison State College
Lynn Preston Tarrant County College—

NW
Kelli Prior Finger Lakes Community 

College
Penny L. Ragland Auburn Montgomery
Marceau Ratard Delgado Community 

College
Michael Reagan College of St. Benedict/

St. John’s University
Nancy A. Rice Western Kentucky 

University
Linda Richardson Blinn College
Amanda Rosenzweig Delgado 

Community College
Cliff  Ross University of North Florida
John Roufaiel SUNY—Rockland 

Community College
Kenneth Roux Florida State University
Ann E. Rushing Baylor University

Sangha Saha Harold Washington 
College

Eric Saliim North Carolina Central 
University

Thomas Sasek University of 
Louisiana — Monroe

Leena Sawant Houston Community 
College

Emily Schmitt Nova Southeastern 
University

Mark Schneegurt Wichita State 
University

Brenda Schoff stall Barry University
Scott Schuette Southern Illinois 

University 
Pramila Sen Houston Community 

College
Bin Shuai Wichita State University
Susan Skambis Valencia Community 

College
Michael Smith Western Kentucky 

University
Ramona Smith Brevard Community 

College
Nancy G. Solomon Miami University
Sally K. Sommers Smith Boston 

University
Melissa Spitler California State 

University—Northridge
Ashley Spring Brevard Community 

College
Moira Van Staaden Bowling Green State 

University
Bruce Stallsmith University of 

Alabama — Huntsville
Susan Stamler College of DuPage
Nancy Staub Gonzaga University
Stanley Stevens University of Memphis
Ivan Still Arkansas Tech University
Gregory W. Stunz Texas A&M 

University — Corpus Christi
Ken D. Sumida Chapman University
Rema Suniga Ohio Northern University

Bradley Swanson Central Michigan 
University

David Tam University of North Texas
Franklyn Tan Te Miami Dade College—

Wolfson
William Terzaghi Wilkes University
Melvin Thomson University of 

Wisconsin—Parkside
Martin Tracey Florida International 

University
James Traniello Boston University
Bibit Halliday Traut City College of San 

Francisco
Alexa Tullis University of Puget Sound
Catherine Ueckert Northern Arizona 

University
Mark VanCura Cape Fear CC/University 

of NC Pembroke
Charles J. Venglarik Jeff erson State 

Community College
Diane Wagner University of Alaska —

 Fairbanks
Maureen Walter Florida International 

University
Wei Wan Texas A&M University
James T. Warren, Jr. Penn State Erie
Delon Washo-Krupps Arizona State 

University
Frederick Wasserman Boston University
Raymond R. White City College of San 

Francisco
Stephen W. White Ozarks Technical 

Community College
Kimberlyn Williams California State 

University-San Bernardino
Martha Comstock Williams Southern 

Polytechnic State University
David E. Wolfe American River College
Amber Wyman Finger Lakes Community 

College
Robert D. Young, Jr. Blinn College

Previous Edition Reviewers and Contributors
Art Review Panel 
David K. Asch Youngstown State 

University
Karl J. Aufderheide Texas A&M University
Brian Bagatto University of Akron
Andrew R. Blaustein Oregon State 

University
Nancy Maroushek Boury Iowa State 

University
Mark Browning Purdue University
Jeff  Carmichael University of North 

Dakota
Wes Colgan III Pikes Peak Community 

College
Karen A. Curto University of Pittsburgh
Donald Deters Bowling Green State 

University
Ernest F. DuBrul University of Toledo
Ralph P. Eckerlin Northern Virginia 

Community College
Julia Emerson Amherst College
Frederick B. Essig University of South 

Florida
Sharon Eversman Montana State 

University, Bozeman
Barbara A. Frase Bradley University
T. H. Frazzetta University of Illinois, 

Urbana—Champaign
Douglas Gaffi  n University of Oklahoma
John R. Geiser Western Michigan 

University

Gonzalo Giribet Harvard University
John Graham Bowling Green State 

University
Susan E. Hengeveld Indiana University
Richard Hill Michigan State University
David Julian University of Florida
Pamela J. Lanford University of 

Maryland, College Park
James B. Ludden College of DuPage
Duncan S. MacKenzie Texas A&M 

University
Patricia Mire University of Louisiana, 

Lafayette
Janice Moore Colorado State University
Jacalyn S. Newman University of 

Pittsburgh
Robert Newman University of North 

Dakota
Nicole S. Obert University of Illinois, 

Urbana-Champaign
David G. Oppenheimer University of 

Florida
Ellen Ott-Reeves Blinn College, Bryan
Laurel Bridges Roberts University of 

Pittsburgh
Deemah N. Schirf The University of 

Texas, San Antonio
Mark A. Sheridan North Dakota State 

University
Richard Showman University of South 

Carolina

Phillip Snider Jr. Gadsden State 
Community College

Nancy G. Solomon Miami University
David Tam University of North Texas
Marty Tracey Florida International 

University
Michael J. Wade Indiana University
Jyoti R. Wagle Houston Community 

College System, Central
Andy Wang The University of Iowa
Cindy Martinez Wedig University of 

Texas, Pan American
Elizabeth A. Weiss University of Texas, 

Austin
C. B. Wolfe The University of North 

Carolina, Charlotte

End-of-Chapter Pedagogy 
and Inquiry Contributors 
Arthur Buikema Virginia Polytechnic 

Institute
Merri Lynn Casem California State 

University-Fullerton
Mark Lyford University of Wyoming
Peter Niewiarowski University 

of Akron
Thomas Pitzer Florida International 

University
Laurel Roberts University of Pittsburgh
Michael Windelspecht Appalachian 

State University

Reviewers and Accuracy 
Checkers 
Barbara J. Abraham Hampton University
Richard Adler University of Michigan, 

Dearborn
Sylvester Allred Northern Arizona 

University
Steven M. Aquilani Delaware County 

Community College
Jonathan W. Armbruster Auburn 

University
Gregory A. Armstrong The Ohio State 

University
Jorge E. Arriagada St. Cloud State 

University
David K. Asch Youngstown State 

University
Brian Bagatto University of Akron
Garen Baghdasarian Santa Monica 

College
Anita Davelos Baines The University of 

Texas, Pan American
Ronald A. Balsamo Jr. Villanova 

University
Michael Bartlett Portland State 

University
Vernon W. Bauer Francis Marion 

University
James E. Baxter Ohlone College
George W. Benz Middle Tennessee State 

University

rav32223_fm_AP_i-xxviii.indd   xviiirav32223_fm_AP_i-xxviii.indd   xviii 11/23/09   3:01:46 PM11/23/09   3:01:46 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



Apago PDF Enhancer

committed to quality xix

Gerald K. Bergtrom University of 
Wisconsin, Milwaukee

Arlene G. Billock University of Louisiana, 
Lafayette

Catherine S. Black Idaho State University
Michael W. Black California Polytechnic 

State University
Robert O. Blanchard University of New 

Hampshire
Andrew R. Blaustein Oregon State 

University
Mary A. Bober Santa Monica College
Nancy Maroushek Boury Iowa State 

University
M. Deane Bowers University of Colorado
Scott A. Bowling Auburn University
Benita A. Brink Adams State College
Anne Bullerjahn Owens Community 

College
Ray D. Burkett Southwest Tennessee 

Community College
Helaine Burstein Ohio University
Scott Burt Truman State University
Carol T. Burton Bellevue Community 

College
Jennifer Carr Burtwistle Northeast 

Community College
Jorge Busciglio University of California, 

Irvine
Pat Calie Eastern Kentucky University
Christy A. Carello The Metropolitan State 

College of Denver
Michael Carey University of Scranton
Jeff  Carmichael University of North 

Dakota
Michael J. Carlisle Trinity Valley 

Community College
John H. Caruso University of New 

Orleans
Thomas T. Chen University of 

Connecticut
Cynthia Church The Metropolitan State 

College of Denver
Linda T. Collins University of Tennessee, 

Chattanooga
Scott T. Cooper University of Wisconsin, 

La Crosse
Joe R. Cowles Virginia Tech
Nigel M. Crawford University of 

California, San Diego
James Crowder Brookdale Community 

College
Karen A. Curto University of Pittsburgh
Bela Dadhich Delaware County 

Community College
Lydia B. Daniels University of Pittsburgh
Terry Davin Penn Valley Community 

College
Joseph S. Davis University of Florida
Neta Dean Stony Brook University
Kevin W. Dees Wharton County Junior 

College
D. Michael Denbow Virginia Tech
Donald Deters Bowling Green State 

University
Hudson DeYoe University of Texas, Pan 

American
Randy DiDomenico University of 

Colorado
Nd Dikeocha College of the Mainland
Robert S. Dill Bergen Community College
Diane M. Dixon Southeastern Oklahoma 

State University
Kevin Dixon University of Illinois
John S. Doctor Duquesne University
Ernest F. DuBrul University of Toledo
Charles Duggins Jr. University of South 

Carolina

Richard P. Elinson Duquesne University
Johnny El-Rady University of South 

Florida
Frederick B. Essig University of South 

Florida
David H. Evans University of Florida
Guy E. Farish Adams State College
Daphne G. Fautin University of Kansas
Bruce E. Felgenhauer University of 

Louisiana, Lafayette
Carolyn J. Ferguson Kansas State 

University
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Community College
Irwin Forseth University of Maryland
Gail Fraizer Kent State University
Barbara A. Frase Bradley University
Sylvia Fromherz University of Northern 

Colorado
Phillip E. Funk DePaul University
Caitlin R. Gabor Texas State University, 

San Marcos
Purti P. Gadkari Wharton County Junior 

College
John R. Geiser Western Michigan 

University
Frank S. Gilliam Marshall University
Miriam S. Golbert College of the Canyons
Scott A. Gordon University of Southern 

Indiana
John S. Graham Bowling Green State 

University
David A. Gray California State University, 

Northridge
William F. Hanna Massasoit Community 

College
Kyle E. Harms Louisiana State University
Kerry D. Heafner University of Louisiana, 

Monroe
Susan E. Hengeveld Indiana University
Charles Henry University of Connecticut, 

Storrs
Peter Heywood Brown University
Juliana G. Hinton McNeese State 

University
Margaret L. Horton University of North 

Carolina, Greensboro
James Horwitz Palm Beach Community 

College
Laura A. Houston Montgomery College
Feng Sheng Hu University of Illinois
Allen N. Hunt Elizabethtown Community 

and Technical College
David C. Jarrell University of Mary 

Washington
Jennifer L. Jeff ery Wharton County 

Junior College
William Jeff ery University of Maryland, 

College Park
Lee Johnson The Ohio State University
Craig T. Jordan The University of Texas, 

San Antonio
Ronald L. Jones Eastern Kentucky 

University
Robyn Jordan University of Louisiana, 

Monroe
Walter S. Judd University of Florida
David Julian University of Florida
Daniel Kainer Montgomery College
Ronald C. Kaltreider York College of 

Pennsylvania
Thomas C. Kane University of Cincinnati
Donald A. Kangas Truman State 

University
William J. Katembe Delta State 

University
Steven J. Kaye Red Rocks Community 

College

Stephen R. Kelso University of Illinois, 
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Nancy S. Kirkpatrick Lake Superior State 
University
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Florida
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P. T. Magee University of Minnesota, 

Minneapolis
Richard Malkin University of California, 

Berkeley
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University
Kathleen A. Marrs Indiana University 
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Mexico
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Peter J. Martinat Xavier University, Los 

Angeles
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University
Robin G. Maxwell The University of 

North Carolina, Greensboro
Brenda S. McAdory Tennessee State 

University
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Technology
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University, Mankato
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Austin
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University
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YIntroduction 

You are about to embark on a journey—a journey of discovery about the nature of life. Nearly 180 years ago, a young English 
naturalist named Charles Darwin set sail on a similar journey on board H.M.S. Beagle; a replica of this ship is pictured here. 
What Darwin learned on his five-year voyage led directly to his development of the theory of evolution by natural selection, 
a theory that has become the core of the science of biology. Darwin’s voyage seems a fitting place to begin our exploration of 
biology—the scientific study of living organisms and how they have evolved. Before we begin, however, let’s take a moment 
to think about what biology is and why it’s important.

Chapter Outline

1.1 The Science of Life

1.2 The Nature of Science

1.3 An Example of Scientifi c Inquiry: 
Darwin and Evolution

1.4 Unifying Themes in Biology

Chapter 1
The Science of Biology  
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CHAPTER

1.1 The Science of Life

Learning Outcomes
1. Explain the importance of biology as a science.
2. Describe the characteristics of living systems.
3. Recognize the hierarchical organization of 

living systems.

This is the most exciting time to be studying biology in the his-
tory of the field. The amount of data available about the natural 
world has exploded in the last 25 years, and we are now in a 
position to ask and answer questions that previously were only 
dreamed of.
 We have determined the entire sequence of the human ge-
nome and are in the process of sequencing the genomes of other 
species at an ever-increasing pace. We are closing in on a descrip-
tion of the molecular workings of the cell in unprecedented de-
tail, and we are in the process of finally unveiling the mystery of 
how a single cell can give rise to the complex organization seen 
in multicellular organisms. With robotics, advanced imaging, 
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and analytical techniques, we have tools available that were for-
merly the stuff of science fiction.
 In this text, we attempt to draw a contemporary picture of 
the science of biology, as well as provide some history and ex-
perimental perspective on this exciting time in the discipline.   In 
this introductory chapter, we examine the nature of biology and 
the foundations of science in general to put into context the 
information presented in the rest of the text.

Biology unifi es much of natural science
The study of biology is a point of convergence for the informa-
tion and tools from all of the natural sciences. Biological sys-
tems are the most complex chemical systems on Earth, and 
their many functions are both determined and constrained by 
the principles of chemistry and physics. Put another way, no 
new laws of nature can be gleaned from the study of biology—
but that study does illuminate and illustrate the workings of 
those natural laws.
 The intricate chemical workings of cells are based on every-
thing we have learned from the study of chemistry. And every 
level of biological organization is governed by the nature of en-
ergy transactions learned from the study of thermodynamics. Bi-
ological systems do not represent any new forms of matter, and 
yet they are the most complex organization of matter known. The 
complexity of living systems is made possible by a constant source 
of energy—the Sun. The conversion of this energy source into 
organic molecules by photosynthesis is one of the most beautiful 
and complex reactions known in chemistry and physics.

 The way we do science is changing to grapple with in-
creasingly difficult modern problems. Science is becoming 
more interdisciplinary, combining the expertise from a vari-
ety of exciting new fields such as nanotechnology. Biology is 
at the heart of this multidisciplinary approach because bio-
logical problems often require many different approaches to 
arrive at  solutions . 

Life defi es simple defi nition
In its broadest sense, biology is the study of living things—the sci-
ence of life. Living things come in an astounding variety of shapes 
and forms, and biologists study life in many different ways. They 
live with gorillas, collect fossils, and listen to whales. They read 
the messages encoded in the long molecules of heredity and count 
how many times a hummingbird’s wings beat each second.
 What makes something “alive”? Anyone could deduce that 
a galloping horse is alive and a car is not, but why? We cannot say, 
“If it moves, it’s alive,” because a car can move, and gelatin can 
wiggle in a bowl. They certainly are not alive. Although we can-
not define life with a single simple sentence, we can come up 
with a series of seven characteristics shared by living systems:

 ■ Cellular organization. All organisms consist of one or 
more cells. Often too tiny to see, cells carry out the basic 
activities of living. Each cell is bounded by a membrane 
that separates it from its surroundings.

 ■ Ordered complexity. All living things are both complex 
and highly ordered. Your body is composed of many 
different kinds of cells, each containing many complex 
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Figure 1.1  Hierarchical organization of living systems. 
 Life is highly organized from the simplest atoms to complex 
multicellular organisms. Along this hierarchy of structure, atoms 
form molecules that are used to form organelles, which in turn 
form the functional subsystems within cells. Cells are organized 
into tissues, and then into organs and organ systems such as the 
nervous system pictured. This organization extends beyond 
individual organisms to populations, communities, ecosystems, and 
fi nally the entire biosphere.

molecular structures. Many nonliving things may also be 
complex, but they do not exhibit this degree of ordered 
complexity.

 ■ Sensitivity. All organisms respond to stimuli. Plants grow 
toward a source of light, and the pupils of your eyes 
dilate when you walk into a dark room.

 ■ Growth, development, and reproduction. All organisms 
are capable of growing and reproducing, and they all possess 
hereditary molecules that are passed to their offspring, 
ensuring that the offspring are of the same species.

 ■ Energy utilization. All organisms take in energy and use 
it to perform many kinds of work. Every muscle in your 
body is powered with energy you obtain from the food 
you eat.

 ■ Homeostasis. All organisms maintain relatively constant 
internal conditions that are different from their 
environment, a process called homeostasis.

 ■ Evolutionary adaptation. All organisms interact with 
other organisms and the nonliving environment in ways 
that influence their survival, and as a consequence, 
organisms evolve adaptations to their environments.

Living systems show hierarchical organization
The organization of the biological world is hierarchical—that 
is, each level builds on the level below it.

The Cellular Level.1.  At the cellular level (fi gure 1.1),   
atoms, the fundamental elements of matter, are joined 
together into clusters called molecules. Complex 

biological molecules are assembled into tiny structures 
called organelles within membrane-bounded units we 
call cells. The cell is the basic unit of life. Many 
 indepen dent organisms are composed only of single cells. 
Bacteria are single cells, for example. All animals and 
plants, as well as most fungi and algae, are multicellular—
composed of more than one cell.
The Organismal Level.2.  Cells in complex multicellular 
organisms exhibit three levels of organization. The most 
basic level is that of tissues, which are groups of similar 
cells that act as a functional unit. Tissues, in turn, are 
grouped into organs—body structures composed of 
several different tissues that act as a structural and 
 func tional unit. Your brain is an organ composed of nerve 
cells and a variety of associated tissues that form protective 
coverings and contribute blood. At the third level of 
organization, organs are grouped into organ systems. The 
nervous system, for example, consists of sensory organs, the 
brain and spinal cord, and neurons that convey signals.

chapter 1 The Science of Biology 3www.ravenbiology.com
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The Populational Level.3.  Individual organisms can be 
categorized into several hierarchical levels within the living 
world. The most basic of these is the population—a group 
of organisms of the same species living in the same place. 
All populations of a particular kind of organism together 
form a species, its members similar in appearance and able 
to interbreed. At a higher level of biological organization, a 
biological community consists of all the populations of 
different species living together in one place.
Ecosystem Level. 4. At the highest tier of biological 
organization, a biological community and the physical 
habitat within which it lives together constitute an 
ecological system, or ecosystem. For example, the soil, 
water, and atmosphere of a mountain ecosystem interact 
with the biological community of a mountain meadow in 
many important ways.
The Biosphere. 5. The entire planet can be thought of as 
an ecosystem that we call the biosphere.

As you move up this hierarchy, novel properties emerge. These 
emergent properties result from the way in which compo-
nents interact, and they often cannot be deduced just from 
looking at the parts themselves. Examining individual cells, for 
example, gives little hint about the whole animal. You, and all 
humans, have the same array of cell types as a giraffe. It is be-
cause the living world exhibits many emergent properties that 
it is difficult to define “life.” 
 The previous descriptions of the common features and 
organization of living systems begins to get at the nature of 
what it is to be alive. The rest of this book illustrates and ex-
pands on these basic ideas to try to provide a more complete 
account of living systems.

Learning Outcomes Review 1.1
Biology is a unifying science that brings together other natural sciences, 
such as chemistry and physics, to study living systems. Life does not have 
a simple defi nition, but living systems share a number of properties that 
together describe life. Living systems can also be organized hierarchically, 
from the cellular level to the entire biosphere, with emerging properties 
that may exceed the sum of the parts.

  ■ Can you study biology without studying other sciences?

 1.2 The Nature of Science

Learning Outcomes
 1. Describe the types of reasoning used by biologists.
 2. Demonstrate how to formulate a hypothesis.

Much like life itself, the nature of science defies simple descrip-
tion. For many years scientists have written about the “scien-

tific method” as though there is a single way of doing science. 
This oversimplification has contributed to confusion on the 
part of nonscientists about the nature of science.
 At its core, science is concerned with developing an in-
creasingly accurate understanding of the world around us using 
observation and reasoning. To begin with, we assume that natu-
ral forces acting now have always acted, that the fundamental 
nature of the universe has not changed since its inception, and 
that it is not changing now. A number of complementary ap-
proaches allow understanding of natural phenomena—there is 
no one “right way.”
 Scientists also attempt to be as objective as possible in 
the interpretation of the data and observations they have col-
lected. Because scientists themselves are human, this is not 
completely possible, but because science is a collective en-
deav or subject to scrutiny, it is self-correcting. One person’s 
results are verified by others, and if the results cannot be re-
peated, they are  rejected.

Much of science is descriptive
The classic vision of the scientific method is that observations 
lead to hypotheses that in turn make experimentally testable 
predictions. In this way, we dispassionately evaluate new ideas 
to arrive at an increasingly accurate view of nature. We discuss 
this way of doing science later in this chapter, but it is impor-
tant to understand that much of science is purely descriptive: In 
order to understand anything, the first step is to describe it 
completely. Much of biology is concerned with arriving at an 
increasingly accurate description of nature.
 The study of biodiversity is an example of descriptive sci-
ence that has implications for other aspects of biology in addi-
tion to societal implications. Efforts are currently underway to 
classify all life on Earth. This ambitious project is purely de-
scriptive, but it will lead to a much greater understanding of 
biodiversity as well as the effect our species has on biodiversity.
 One of the most important accomplishments of molecular 
biology at the dawn of the 21st century was the completion of the 
sequence of the human genome. Many new hypotheses about hu-
man biology will be generated by this knowledge, and many ex-
periments will be needed to test these hypotheses, but the 
determination of the sequence itself was descriptive science.

Science uses both deductive 
and inductive reasoning
The study of logic recognizes two opposite ways of arriving at 
logical conclusions: deductive and inductive reasoning. Science 
makes use of both of these methods, although induction is the 
primary way of reasoning in hypothesis-driven science.

Deductive  reasoning  
Deductive reasoning applies general principles to predict spe-
cific results. More than 2200 years ago, the Greek scientist Era-
tosthenes used Euclidean geometry and deductive reasoning to  
accurately estimate the circumference of the Earth (figure 1.2).  
Deductive reasoning is the reasoning of mathematics and 
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Figure 1.2  Deductive reasoning: how Eratosthenes estimated the 
circumference of the earth using deductive reasoning. 1. On a day when sunlight 
shone straight down a deep well at Syene in Egypt, Eratosthenes measured the length of the 
shadow cast by a tall obelisk in the city of Alexandria, about 800 kilometers (km) away. 
2. The shadow’s length and the obelisk’s height formed two sides of a triangle. Using the 
recently developed principles of Euclidean geometry, Eratosthenes calculated the angle, a, 
to be 7° and 12 ,́ exactly �0 of a circle (360°).  3. If angle a is �0 of a circle, then the distance 

between the obelisk (in Alexandria) and the well (in Syene) must be equal to �0 the 
circumference of the Earth. 4. Eratosthenes had heard that it was a 50-day camel trip 

from Alexandria to Syene. Assuming that a camel travels about 18.5 km per day, he 
estimated the distance between obelisk and well as 925 km (using different units of 

measure, of course). 5. Eratosthenes thus deduced the circumference of the Earth 
to be 50 × 925 = 46,250 km. Modern measurements put the distance from the 
well to the obelisk at just over 800 km. Employing a distance of 800 km, 
Eratosthenes’s value would have been 50 × 800 = 40,000 km. The actual 
circumference is 40,075 km.

Figure 1.3  How science is done. This diagram illustrates 
how scientifi c investigations proceed. First, scientists make 
observations that raise a particular question. They develop a number 
of potential explanations (hypotheses) to answer the question. Next, 
they carry out experiments in an attempt to eliminate one or more of 
these hypotheses. Then, predictions are made based on the 
remaining hypotheses, and further experiments are carried out to 
test these predictions. The process can also be iterative. As 
experimental results are performed, the information can be used to 
modify the original hypothesis to fi t each new observation.

 philosophy, and it is used to test the validity of general ideas in 
all branches of knowledge. For example, if all mammals by defi-
nition have hair, and you find an animal that does not have hair, 
then you may conclude that this animal is not a mammal. A bi-
ologist uses deductive reasoning to infer the species of a speci-
men from its characteristics.

Inductive reasoning
In inductive reasoning, the logic flows in the opposite direc-
tion, from the specific to the general. Inductive reasoning uses 
specific observations to construct general scientific principles. 
For example, if poodles have hair, and terriers have hair, and ev-
ery dog that you observe has hair, then you may conclude that all 
dogs have hair. Inductive reasoning leads to generalizations that 
can then be tested. Inductive reasoning first became important to 
science in the 1600s in Europe, when Francis Bacon, Isaac New-
ton, and others began to use the results of particular experiments 
to infer general principles about how the world operates.
 An example from modern biology is the role of homeo-
box genes in development. Studies in the fruit fly, Drosophila 
melanogaster, identified genes that could cause dramatic changes 
in developmental fate, such as a leg appearing in the place of an 
antenna. When the genes themselves were isolated and their 
DNA sequence determined, it was found that similar genes 
were found in many animals, including humans. This led to the 
general idea that the homeobox genes act as switches to control 
developmental fate.

Hypothesis-driven science 
makes and tests predictions
Scientists establish which general principles are true from 
among the many that might be true through the process of sys-
tematically testing alternative proposals. If these proposals 
prove inconsistent with experimental observations, they are re-
jected as untrue. Figure 1.3  illustrates the process.
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Result: No growth occurs in sterile swan-necked flasks. When the neck is 

broken off, and the broth is exposed to air, growth occurs.

Conclusion: Growth in broth is of preexisting microorganisms.

 

 

 

 

S C I ENT I F IC  T H I N K I N G

Question:  What is the source of contamination that occurs in a flask of 

nutrient broth left exposed to the air?

Germ Hypothesis: Preexisting microorganisms present in the air 

contaminate nutrient broth.

Prediction: Sterilized broth will remain sterile if microorganisms are 

prevented from entering flask.

Spontaneous Generation Hypothesis: Living organisms will 

spontaneously generate from nonliving organic molecules in broth.

Prediction: Organisms will spontaneously generate from organic 

molecules in broth after sterilization.

Test: Use swan-necked flasks to prevent entry of microorganisms. To 

ensure that broth can still support life, break swan-neck after sterilization.

Flask is sterilized
by boiling the broth.

Unbroken flask
remains sterile.

Broken flask becomes
contaminated after
exposure to germ-laden air.

Broken
neck
of flask

Figure 1.4  Experiment to test spontaneous generation 
versus germ hypothesis.

 After making careful observations, scientists construct a 
hypothesis, which is a suggested explanation that accounts for 
those observations. A hypothesis is a proposition that might be 
true. Those hypotheses that have not yet been disproved are 
retained. They are useful because they fit the known facts, but 
they are always subject to future rejection if, in the light of new 
information, they are found to be incorrect.
 This process can also be iterative, that is, a hypothesis can 
be changed and refined with new data. For instance, geneticists 
George Beadle and Edward Tatum studied the nature of ge-
netic information to arrive at their “one-gene/one-enzyme” 
hypothesis (see chapter 15). This hypothesis states that a gene 
represents the genetic information necessary to make a single 
enzyme. As investigators learned more about the molecular na-
ture of genetic information, the hypothesis was refined to “one-
gene/one-polypeptide” because enzymes can be made up of 
more than one polypeptide. With still more information about 
the nature of genetic information, other investigators found 
that a single gene can specify more than one polypeptide, and 
the hypothesis was refined again.

Testing hypotheses
We call the test of a hypothesis an experiment. Suppose that a 
room appears dark to you. To understand why it appears dark, you 
propose several hypotheses. The first might be, “There is no light in 
the room because the light switch is turned off.” An alternative hy-
pothesis might be, “There is no light in the room because the light-
bulb is burned out.” And yet another hypothesis might be, “I am 
going blind.” To evaluate these hypotheses, you would conduct an 
experiment designed to eliminate one or more of the hypotheses.
 For example, you might test your hypotheses by flipping 
the light switch. If you do so and the room is still dark, you have 
disproved the first hypothesis: Something other than the set-
ting of the light switch must be the reason for the darkness. 
Note that a test such as this does not prove that any of the other 
hypotheses are true; it merely demonstrates that the one being 
tested is not. A successful experiment is one in which one or 
more of the alternative hypotheses is demonstrated to be in-
consistent with the results and is thus rejected.
 As you proceed through this text, you will encounter many hy-
potheses that have withstood the test of experiment. Many will con-
tinue to do so; others will be revised as new observations are made by 
biologists. Biology, like all science, is in a constant state of change, 
with new ideas appearing and replacing or refining old ones.

Establishing controls
Often scientists are interested in learning about processes that 
are influenced by many factors, or variables. To evaluate alterna-
tive hypotheses about one variable, all other variables must be 
kept constant. This is done by carrying out two experiments in 
parallel: a test experiment and a control experiment. In the test 
experiment, one variable is altered in a known way to test a par-
ticular hypothesis. In the control experiment, that variable is 
left unaltered. In all other respects the two experiments are iden-
tical, so any difference in the outcomes of the two experiments 
must result from the influence of the variable that was changed.
 Much of the challenge of experimental science lies in de-
signing control experiments that isolate a particular variable 
from other factors that might influence a process.

Using predictions
A successful scientific hypothesis needs to be not only valid but 
also useful—it needs to tell us something we want to know. A 
hypothesis is most useful when it makes predictions because 
those predictions provide a way to test the validity of the hypoth-
esis. If an experiment produces results inconsistent with the pre-
dictions, the hypothesis must be rejected or modified. In contrast, 
if the predictions are supported by experimental testing, the hy-
pothesis is supported. The more experimentally supported pre-
dictions a hypothesis makes, the more valid the hypothesis is.
 As an example, in the early history of microbiology it was 
known that nutrient broth left sitting exposed to air becomes con-
taminated. Two hypotheses were proposed to explain this observa-
tion: spontaneous generation and the germ hypothesis. Spontaneous 
generation held that there was an inherent property in organic 
molecules that could lead to the spontaneous generation of life. 
The germ hypothesis proposed that preexisting microorganisms 
that were present in the air could contaminate the nutrient broth.
 These competing hypotheses were tested by a number of 
experiments that involved filtering air and boiling the broth to 
kill any contaminating germs. The definitive experiment was 
performed by Louis Pasteur, who constructed flasks with curved 
necks that could be exposed to air, but that would trap any con-
taminating germs. When such flasks were boiled to sterilize 
them, they remained sterile, but if the curved neck was broken 
off, they became contaminated (figure 1.4) . 
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 This result was predicted by the germ hypothesis—that 
when the sterile flask is exposed to air, airborne germs are de-
posited in the broth and grow. The spontaneous generation 
hypothesis predicted no difference in results with exposure to 
air. This experiment disproved the hypothesis of spontaneous 
generation and supported the hypothesis of airborne germs un-
der the conditions tested.

Reductionism breaks larger systems 
into their component parts
Scientists often use the philosophical approach of reduction-
ism to understand a complex system by reducing it to its work-
ing parts. Reductionism has been the general approach of 
biochemistry, which has been enormously successful at unrav-
eling the complexity of cellular metabolism by concentrating 
on individual pathways and specific enzymes. By analyzing all 
of the pathways and their components, scientists now have an 
overall picture of the metabolism of cells.
 Reductionism has limits when applied to living systems, 
however—one of which is that enzymes do not always behave 
exactly the same in isolation as they do in their normal cellular 
context. A larger problem is that the complex interworking of 
many interconnected functions leads to emergent properties 
that cannot be predicted based on the workings of the parts. 
For example, an examination of all of the proteins and RNAs 
in a ribosome in isolation would not lead to predictions about 
the nature of protein synthesis. On a higher level, understand-
ing the physiology of a single Canada goose, would not lead to 
predictions about flocking behavior. Biologists are just begin-
ning to come to grips with this problem and to think about 
ways of dealing with the whole as well as the workings of the 
parts. The emerging field of systems biology focuses on this 
different  approach.

Biologists construct models 
to explain living systems
Biologists construct models in many different ways for a variety 
of uses. Geneticists construct models of interacting networks of 
proteins that control gene expression, often even drawing car-
toon figures to represent that which we cannot see. Population 
biologists build models of how evolutionary change occurs. 
Cell biologists build models of signal transduction pathways 
and the events leading from an external signal to internal events. 
Structural biologists build actual models of the structure of 
proteins and macromolecular complexes in cells.
 Models provide a way to organize how we think about a 
problem. Models can also get us closer to the larger picture 
and away from the extreme reductionist approach. The work-
ing parts are provided by the reductionist analysis, but the 
model shows how they fit together. Often these models sug-
gest other experiments that can be performed to refine or test 
the model.
 As researchers gain more knowledge about the actual 
flow of molecules in living systems, more sophisticated ki-
netic models can be used to apply information about isolated 
enzymes to their cellular context. In systems biology, this 

modeling is being applied on a large scale to regulatory net-
works during development, and even to modeling an entire 
bacterial cell.

The nature of scientifi c theories
Scientists use the word theory in two main ways. The first 
meaning of theory is a proposed explanation for some natural 
phenomenon, often based on some general principle. Thus, we 
speak of the principle first proposed by Newton as the “theory 
of gravity.” Such theories often bring together concepts that 
were previously thought to be unrelated.
 The second meaning of theory is the body of intercon-
nected concepts, supported by scientific reasoning and experi-
mental evidence, that explains the facts in some area of study. 
Such a theory provides an indispensable framework for orga-
nizing a body of knowledge. For example, quantum theory in 
physics brings together a set of ideas about the nature of the 
universe, explains experimental facts, and serves as a guide to 
further questions and experiments.
 To a scientist, theories are the solid ground of science, 
expressing ideas of which we are most certain. In contrast, 
to the general public, the word theory usually implies the 
opposite—a lack of knowledge, or a guess. Not surprisingly, this 
difference often results in confusion. In this text, theory will al-
ways be used in its scientific sense, in reference to an accepted 
general principle or body of knowledge.
 Some critics outside of science attempt to discredit evolution 
by saying it is “just a theory.” The hypothesis that evolution has oc-
curred, however, is an accepted scientific fact—it is support ed by 
overwhelming evidence. Modern evolutionary theory is a complex 
body of ideas, the importance of which spreads far beyond explain-
ing evolution. Its ramifications permeate all areas of biology, and it 
provides the conceptual framework that unifies biology as a science. 
Again, the key is how well a hypothesis fits the observations. Evolu-
tionary theory fits the observations very well.

Research can be basic or applied
In the past it was fashionable to speak of the “scientific method” 
as consisting of an orderly sequence of logical, either–or steps. 
Each step would reject one of two mutually incompatible alter-
natives, as though trial-and-error testing would inevitably lead 
a researcher through the maze of uncertainty to the ultimate 
scientific answer .  If this were the case, a computer would make 
a good scientist. But science is not done this way.
 As the British philosopher Karl Popper has pointed out, 
successful scientists without exception design their experi-
ments with a pretty fair idea of how the results are going to 
come out. They have what Popper calls an “imaginative pre-
conception” of what the truth might be. Because insight and 
imagination play such a large role in scientific progress, some 
scientists are better at science than others—just as Bruce 
Springsteen stands out among songwriters or Claude Monet 
stands out among Impressionist painters.
 Some scientists perform basic research, which is intended 
to extend the boundaries of what we know. These individuals 
typically work at universities, and their research is usually sup-
ported by grants from various agencies and foundations.
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Figure 1.5  Charles 
Darwin. This newly 
rediscovered photograph 
taken in 1881, the year 
before Darwin died, 
appears to be the last 
ever taken of the great 
biologist. 

 The information generated by basic research contributes to 
the growing body of scientific knowledge, and it provides the sci-
entific foundation utilized by applied research. Scientists who con-
duct applied research are often employed in some kind of industry. 
Their work may involve the manufacture of food additives, the 
creation of new drugs, or the testing of environmental quality.
 Research results are written up and submitted for publi-
cation in scientific journals, where the experiments and conclu-
sions are reviewed by other scientists. This process of careful 
evaluation, called peer review, lies at the heart of modern sci-
ence. It helps to ensure that faulty research or false claims are 
not given the authority of scientific fact. It also provides other 
scientists with a starting point for testing the reproducibility of 
experimental results. Results that cannot be reproduced are not 
taken seriously for long.

Learning Outcomes Review 1.2
Much of science is descriptive, amassing observations to gain an accurate 
view. Both deductive reasoning and inductive reasoning are used in 
science. Scientifi c hypotheses are suggested explanations for observed 
phenomena. When a hypothesis has been extensively tested and no 
contradictory information has been found, it becomes an accepted theory. 
Theories are coherent explanations of observed data, but they may be 
modifi ed by new information.

 ■ How does a scientific theory differ from a hypothesis?

1.3  An Example of Scientifi c 
Inquiry: Darwin and Evolution

Learning Outcomes
1. Describe Darwin’s theory of evolution by natural 

selection.
2. List evidence that supports the theory of evolution.

Darwin’s theory of evolution explains and describes how organ-
isms on Earth have changed over time and acquired a diversity 
of new forms. This famous theory provides a good example 
of how a scientist develops a hypothesis and how a scientific 
theory grows and wins acceptance.
 Charles Robert Darwin (1809–1882; figure 1.5)  was an 
English naturalist who, after 30 years of study and observation, 
wrote one of the most famous and influential books of all time. 
This book, On the Origin of Species by Means of Natural Selection,
created a sensation when it was published, and the ideas Dar-
win expressed in it have played a central role in the develop-
ment of human thought ever since.

The idea of evolution existed prior to Darwin
In Darwin’s time, most people believed that the different kinds 
of organisms and their individual structures resulted from di-

rect actions of a Creator (many people still believe this). Species 
were thought to have been specially created and to be un-
changeable over the course of time.
 In contrast to these ideas, a number of earlier naturalists 
and philosophers had presented the view that living things must 
have changed during the history of life on Earth. That is, 
evolution has occurred, and living things are now different 
from how they began. Darwin’s contribution was a concept he 
called natural selection, which he proposed as a coherent, logical 
explanation for this process, and he brought his ideas to wide 
public attention.

Darwin observed diff erences 
in related organisms
The story of Darwin and his theory begins in 1831, when he 
was 22 years old. He was part of a five-year navigational map-
ping expedition around the coasts of South America 
(figure 1.6),  aboard H.M.S. Beagle. During this long voyage, 
Darwin had the chance to study a wide variety of plants and 
animals on continents and islands and in distant seas. Darwin 
observed a number of phenomena that were of central impor-
tance to his reaching his ultimate conclusion.
 Repeatedly, Darwin saw that the characteristics of similar 
species varied somewhat from place to place. These geographi-
cal patterns suggested to him that lineages change gradually as 
species migrate from one area to another. On the Galápagos 
Islands, 960 km (600 miles) off the coast of Ecuador, Darwin 
encountered a variety of different finches on the various islands. 
The 14 species, although related, differed slightly in appear-
ance, particularly in their beaks (figure 1.7). 
 Darwin thought it was reasonable to assume that all these 
birds had descended from a common ancestor arriving from 
the South American mainland several million years ago. Eating 
different foods on different islands, the finches’ beaks had 
changed during their descent—“descent with modification,” or 
evolution. (These finches are discussed in more detail in 
chapters 21 and 22.)
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Figure 1.7  Three Galápagos fi nches and what they eat. On the Galápagos Islands, Darwin observed 14 different species of fi nches 
differing mainly in their beaks and feeding habits. These three fi nches eat very different food items, and Darwin surmised that the different 
shapes of their bills represented evolutionary adaptations that improved their ability to eat the foods available in their specifi c habitats.

Figure 1.6  The fi ve-year voyage of H.M.S. Beagle. Most of the time was spent exploring the coasts and coastal islands of South 
America, such as the Galápagos Islands. Darwin’s studies of the animals of the Galápagos Islands played a key role in his eventual development 
of the concept of evolution by means of natural selection.

 In a more general sense, Darwin was struck by the fact that 
the plants and animals on these relatively young volcanic islands 
resembled those on the nearby coast of South America. If each 
one of these plants and animals had been created independently 
and simply placed on the Galápagos Islands, why didn’t they re-
semble the plants and animals of islands with similar climates—
such as those off the coast of Africa, for example? Why did they 
resemble those of the adjacent South American coast instead?

Darwin proposed natural selection 
as a mechanism for evolution
It is one thing to observe the results of evolution, but quite 
another to understand how it happens. Darwin’s great achieve-
ment lies in his ability to move beyond all the individual obser-
vations to formulate the hypothesis that evolution occurs 
because of natural selection.  
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Figure 1.8  Geometric and arithmetic progressions. A 
geometric progression increases by a constant factor (for example, 
the curve shown increases ×3 for each step), whereas an arithmetic 
progression increases by a constant difference (for example, the line 
shown increases  +2 for each step). Malthus contended that the 
human growth curve was geometric, but the human food 
production curve was only arithmetic.

Inquiry questionInnInn

? What is the effect of reducing the constant factor by which 
the geometric progression increases? Might this effect be 
achieved with humans? How?

Darwin and Malthus
Of key importance to the development of Darwin’s insight was 
his study of Thomas Malthus’s An Essay on the Principle of Popula-
tion (1798). In this book, Malthus stated that populations of 
plants and animals (including human beings) tend to increase 
geometrically, while humans are able to increase their food sup-
ply only arithmetically. Put another way, population increases 
by a multiplying factor—for example, in the series 2, 6, 18, 54, 
the starting number is multiplied by 3. Food supply increases 
by an additive factor—for example, the series 2, 4, 6, 8 adds 2 to 
each starting number. Figure 1.8  shows the difference that 
these two types of relationships produce over time.
 Because populations increase geometrically, virtually any 
kind of animal or plant, if it could reproduce unchecked, would 
cover the entire surface of the world surprisingly quickly. In-
stead, populations of species remain fairly constant year after 
year, because death limits population numbers.
 Sparked by Malthus’s ideas, Darwin saw that although ev-
ery organism has the potential to produce more offspring than 
can survive, only a limited number actually do survive and pro-
duce further offspring. Combining this observation with what he 
had seen on the voyage of the Beagle, as well as with his own ex-
periences in breeding domestic animals, Darwin made an impor-
tant association: Individuals possessing physical, behavioral, or 

other attributes that give them an advantage in their environ-
ment are more likely to survive and reproduce than those with 
less advantageous traits. By surviving, these individuals gain the 
opportunity to pass on their favorable characteristics to their off-
spring. As the frequency of these characteristics increases in the 
population, the nature of the population as a whole will gradually 
change. Darwin called this process selection.

Natural selection
Darwin was thoroughly familiar with variation in domesticated ani-
mals, and he began On the Origin of Species with a detailed discussion 
of pigeon breeding. He knew that animal breeders selected certain 
varieties of pigeons and other animals, such as dogs, to produce cer-
tain characteristics, a process Darwin called artificial  selection.
 Artificial selection often produces a great variation in 
traits. Domestic pigeon breeds, for example, show much greater 
variety than all of the wild species found throughout the world. 
Darwin thought that this type of change could occur in nature, 
too. Surely if pigeon breeders could foster variation by artificial 
selection, nature could do the same—a process Darwin called 
natural selection.

Darwin drafts his argument
Darwin drafted the overall argument for evolution by natural 
selection in a preliminary manuscript in 1842. After showing 
the manuscript to a few of his closest scientific friends, how-
ever, Darwin put it in a drawer, and for 16 years turned to 
other research. No one knows for sure why Darwin did not 
publish his initial manuscript—it is very thorough and outlines 
his ideas in detail . 
 The stimulus that finally brought Darwin’s hypothesis 
into print was an essay he received in 1858. A young English 
naturalist named Alfred Russel Wallace (1823–1913) sent the 
essay to Darwin from Indonesia; it concisely set forth the hy-
pothesis of evolution by means of natural selection, a hypothe-
sis Wallace had developed independently of Darwin. After 
receiving Wallace’s essay, friends of Darwin arranged for a joint 
presentation of their ideas at a seminar in London. Darwin then 
completed his own book, expanding the 1842 manuscript he 
had written so long ago, and submitted it for publication.

The predictions of natural 
selection have been tested
More than 120 years have elapsed since Darwin’s death in 1882. 
During this period, the evidence supporting his theory has grown 
progressively stronger. We briefly explore some of this evidence 
here; in chapter 22, we will return to the theory of evolution by 
natural selection and examine the evidence in more detail.

The fossil record
Darwin predicted that the fossil record would yield intermedi-
ate links between the great groups of organisms—for example, 
between fishes and the amphibians thought to have arisen from 
them, and between reptiles and birds. Furthermore, natural se-
lection predicts the relative positions in time of such transitional  
forms. We now know the fossil record to a degree that was un-
thinkable in the 19th century, and although truly “intermediate” 
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Figure 1.9  Homology 
among vertebrate limbs. 
The forelimbs of these fi ve 
vertebrates show the ways in 
which the relative proportions of 
the forelimb bones have changed 
in relation to the particular way 
of life of each organism.

Figure 1.10  Molecules refl ect evolutionary patterns. 
Vertebrates that are more distantly related to humans have a greater 
number of amino acid differences in the hemoglobin polypeptide.

Inquiry questionInnInn

? Where do you imagine a snake might fall on the graph? Why?

organisms are hard to determine, paleontologists have found 
what appear to be transitional forms and found them at the pre-
dicted   positions in time.
 Recent discoveries of microscopic fossils have extended 
the known history of life on Earth back to about 3.5 billion 
years ago (bya). The discovery of other fossils has supported 
Darwin’s predictions and has shed light on how organisms have, 
over this enormous time span, evolved from the simple to the 
complex. For vertebrate animals especially, the fossil record is 
rich and exhibits a graded series of changes in form, with the 
evolutionary sequence visible for all to see.

The age of the Earth
Darwin’s theory predicted the Earth must be very old, but some 
physicists argued that the Earth was only a few thousand years old. 
This bothered Darwin, because the evolution of all living things 
from some single original ancestor would have required a great 
deal more time. Using evidence obtained by studying the rates of 
radioactive decay, we now know that the physicists of Darwin’s 
time were very wrong: The Earth was formed about 4.5 bya.

The mechanism of heredity
Darwin received some of his sharpest criticism in the area of 
heredity. At that time, no one had any concept of genes or how 
heredity works, so it was not possible for Darwin to explain 
completely how evolution occurs.
 Even though Gregor Mendel was performing his experi-
ments with pea plants in Brünn, Austria (now Brno, the Czech 
Republic), during roughly the same period, genetics was estab-
lished as a science only at the start of the 20th century. When sci-
entists began to understand the laws of inheritance (discussed in 
chapters 12 and 13), this problem with Darwin’s theory vanished.

Comparative anatomy
Comparative studies of animals have provided strong evidence 
for Darwin’s theory. In many different types of vertebrates, for 
example, the same bones are present, indicating their evolu-
tionary past. Thus, the forelimbs shown in figure 1.9  are all 
constructed from the same basic array of bones, modified for 
different purposes.
 These bones are said to be homologous in the different ver-
tebrates; that is, they have the same evolutionary origin, but they 
now differ in structure and function. They are contrasted with 

analogous structures, such as the wings of birds and butterflies, 
which have similar function but different evolutionary origins.

Molecular evidence
Evolutionary patterns are also revealed at the molecular level. 
By comparing the genomes (that is, the sequences of all the 
genes) of different groups of animals or plants, we can more 
precisely specify the degree of relationship among the groups. 
A series of evolutionary changes over time should involve a 
continual accumulation of genetic changes in the DNA.
 This difference can be seen clearly in the protein he-
moglobin (figure 1.10).  Rhesus monkeys, which like humans 
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Figure 1.11  Cellular basis of life.  All organisms are 
composed of cells. Some organisms, including the protists, shown in 
part (a) are single-celled. Others, such as the plant shown in cross 
section in part (b) consist of many cells.

are primates, have fewer differences from humans in the 
146-ami no-acid hemoglobin β-chain than do more distantly 
related mammals, such as dogs. Nonmammalian vertebrates, 
such as birds and frogs, differ even more.
 The sequences of some genes, such as the ones specifying 
the hemoglobin proteins, have been determined in many or-
ganisms, and the entire time course of their evolution can be 
laid out with confidence by tracing the origins of particular 
nucleotide changes in the gene sequence. The pattern of de-
scent obtained is called a phylogenetic tree. It represents the 
evolutionary history of the gene, its “family tree.” Molecular 
phylogenetic trees agree well with those derived from the 
fossil record, which is strong direct evidence of evolution. 
The pattern of accumulating DNA changes represents, in a real 
sense, the footprints of evolutionary history.

Learning Outcomes Review 1.3
Darwin observed diff erences in related organisms and proposed the 
hypothesis of evolution by natural selection to explain these diff erences. The 
predictions generated by natural selection have been tested and continue 
to be tested by analysis of the fossil record, genetics, comparative anatomy, 
and even the DNA of living organisms.

 ■ Does Darwin’s theory of evolution by natural selection 
explain the origin of life?

1.4 Unifying Themes in Biology

Learning Outcomes
1. Describe the unifying themes in biology.
2. Contrast living and nonliving systems.

The study of biology encompasses a large number of different 
subdisciplines, ranging from biochemistry to ecology. In all of 
these, however, unifying themes can be identified. Among these 
are cell theory, the molecular basis of inheritance, the relation-
ship between structure and function, evolution, and the emer-
gence of novel properties.

Cell theory describes the organization 
of living systems
As was stated at the beginning of this chapter, all organisms are 
composed of cells, life’s basic units (figure 1.11).  Cells were dis-
covered by Robert Hooke in England in 1665, using one of the 
first microscopes, one that magnified 30 times. Not long after 
that, the Dutch scientist Anton van Leeuwenhoek used micro-
scopes capable of magnifying 300 times and discovered an 
amazing world of single-celled life in a drop of pond water.
 In 1839, the German biologists Matthias Schleiden and 
Theodor Schwann, summarizing a large number of observa-
tions by themselves and others, concluded that all living organ-

isms consist of cells. Their conclusion has come to be known as 
the cell theory. Later, biologists added the idea that all cells 
come from preexisting cells. The cell theory, one of the basic 
ideas in biology, is the foundation for understanding the repro-
duction and growth of all organisms.

The molecular basis of inheritance 
explains the continuity of life
Even the simplest cell is incredibly complex—more intricate 
than any computer. The information that specifies what a cell is 
like—its detailed plan—is encoded in deoxyribonucleic acid 
(DNA), a long, cablelike molecule. Each DNA molecule is 
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Figure 1.12  The diversity of life. Biologists categorize all 
living things into three overarching groups called domains: 
Bacteria, Archaea, and Eukarya. Domain Eukarya is composed of 
four kingdoms: Plantae, Fungi, Animalia, and Protista.

formed from two long chains of building blocks, called nucle-
otides, wound around each other (see chapter 14)   . Four differ-
ent nucleotides are found in DNA, and the sequence in which 
they occur encodes the cell’s information. Specific sequences of 
several hundred to many thousand nucleotides make up a gene, 
a discrete unit of information.
 The continuity of life from one generation to the next—
heredity—depends on the faithful copying of a cell’s DNA into 
daughter cells. The entire set of DNA instructions that speci-
fies a cell is called its genome. The sequence of the human ge-
nome, 3 billion nucleotides long, was decoded in rough draft 
form in 2001, a triumph of scientific investigation.

The relationship between structure 
and function underlies living systems
One of the unifying themes of molecular biology is the rela-
tionship between structure and function. Function in mole-
cules, and larger macromolecular complexes, is dependent on 
their structure.
 Although this observation may seem trivial, it has far-
reaching implications. We study the structure of molecules and 
macromolecular complexes to learn about their function. When 
we know the function of a particular structure, we can infer the 
function of similar structures found in different contexts, such 
as in different organisms.
 Biologists study both aspects, looking for the relation-
ships between structure and function. On the one hand, this 
allows similar structures to be used to infer possible similar 
functions. On the other hand, this knowledge also gives clues as 
to what kinds of structures may be involved in a process if we 
know about the functionality.
 For example, suppose that we know the structure of a hu-
man cell’s surface receptor for insulin, the hormone that con-
trols uptake of glucose. We then find a similar molecule in the 
membrane of a cell from a different species—perhaps even a 
very different organism, such as a worm. We might conclude 
that this membrane molecule acts as a receptor for an insulin-
like molecule produced by the worm. In this way, we might be 
able to discern the evolutionary relationship between glucose 
uptake in worms and in humans.

The diversity of life arises  
by evolutionary change
The unity of life that we see in certain key characteristics shared 
by many related life-forms contrasts with the incredible diver-
sity of living things in the varied environments of Earth. The 
underlying unity of biochemistry and genetics argues that all 
life has evolved from the same origin event. The diversity of life 
arises by evolutionary change leading to the present biodiver-
sity we see.
 Biologists divide life’s great diversity into three great groups, 
called domains: Bacteria, Archaea, and Eukarya (figure 1.12). The 
domains Bacteria and Archaea are composed of single-celled or-
ganisms (prokaryotes) with little internal structure, and the domain 
Eukarya is made up of organisms (eukaryotes) composed of a com-
plex, organized cell or multiple complex cells.

 Within Eukarya are four main groups called kingdoms 
(figure 1.12).  Kingdom Protista consists of all the unicellular 
eukaryotes except yeasts (which are fungi), as well as the multi-
cellular algae. Because of the great diversity among the protists, 
many biologists feel kingdom Protista should be split into sev-
eral kingdoms.
 Kingdom Plantae consists of organisms that have cell walls 
of cellulose and obtain energy by photosynthesis. Organisms in 
the kingdom Fungi have cell walls of chitin and obtain energy by 
secreting digestive enzymes and then absorbing the products they 
release from the external environment. Kingdom Animalia con-
tains organisms that lack cell walls and obtain energy by first in-
gesting other organisms and then digesting them internally.
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Figure 1.13  Tree of homeodomain proteins. 
Homeodomain proteins are found in fungi (brown), plants (green), 

and animals (blue). Based on their sequence similarities, these 11 
different homeodomain proteins (uppercase letters at the ends of 
branches) fall into two groups, with representatives from each 
kingdom in each group. That means, for example, the mouse 
homeodomain protein PAX6 is more closely related to fungal and 
fl owering plant proteins, such as PHO2 and GL2, than it is to the 
mouse protein MEIS.

Evolutionary conservation explains 
the unity of living systems
Biologists agree that all organisms alive today have descended 
from some simple cellular creature that arose about 3.5 bya. 
Some of the characteristics of that earliest organism have been 
preserved. The storage of hereditary information in DNA, for 
example, is common to all living things.
 The retention of these conserved characteristics in a long 
line of descent usually reflects that they have a fundamental 
role in the biology of the organism—one not easily changed 
once adopted. A good example is provided by the homeo domain 
proteins, which play critical roles in early development in 
eukaryotes. Conserved characteristics can be seen in approxi-
mately 1850 homeodomain proteins, distributed among three 
different kingdoms of organisms (figure 1.13).  The homeo-
domain proteins are powerful developmental tools that evolved 
early, and for which no better alternative has arisen.

Cells are information-processing systems
One way to think about cells is as highly complex nanoma-
chines that process information. The information stored in 
DNA is used to direct the synthesis of cellular components, and 
the particular set of components can differ from cell to cell. 
The way that proteins fold in space is a form of information 
that is three-dimensional, and interesting properties emerge 
from the interaction of these shapes in macromolecular com-
plexes. The control of gene expression allows differentiation of 

cell types in time and space, leading to changes over develop-
mental time into different tissue types—even though all cells in 
an organism carry the same genetic information.
 Cells also process information that they receive about the 
environment. Cells sense their environment through proteins 
in their membranes, and this information is transmitted across 
the membrane to elaborate signal-transduction chemical path-
ways that can change the functioning of a cell.
 This ability of cells to sense and respond to their environ-
ment is critical to the function of tissues and organs in multicel-
lular organisms. A multicellular organism can regulate its 
internal environment, maintaining constant temperature, pH, 
and concentrations of vital ions. This homeostasis is possible 
because of elaborate signaling networks that coordinate the ac-
tivities of different cells in different tissues.

Living systems exist in a nonequilibrium state  
A key feature of living systems is that they are open systems 
that function far from thermodynamic equilibrium. This has a 
number of implications for their behavior. A constant supply of 
energy is necessary to maintain a stable nonequilibrium state. 
Consider the state of the nucleic acids, and proteins in all of 
your cells: at equilibrium they are not polymers, they would all 
be hydrolyzed to monomer nucleotides and amino acids. Sec-
ond, nonequilibrium systems exhibit self-organizing properties 
not seen in equilibrium systems.
 These self-organizing properties of living systems show 
up at different levels of the hierarchical organization. At the cel-
lular level, macromolecular complexes such as the spindle nec-
essary for chromosome separatation can self-organize. At the 
population level, a flock of birds, a school of fish, or the bacteria 
in a biofilm are all also self-organizing. This kind of interacting 
behavior of individual units leads to emergent properties that 
are not predictable from the nature of the units themselves.
 Emergent properties are properties of collections of mol-
ecules, cells, individuals, that are distinct from the categorical 
properties that can be described by such statistics as mean and 
standard deviation. The mathematics necessary to describe these 
kind of interacting systems is nonlinear dynamics. The emerging 
field of systems biology is beginning to model biological systems 
in this way. The kinds of feedback and feedforward loops that 
exist between molecules in cells, or neurons in a nervous system, 
lead to emergent behaviors like human consciousness.

Learning Outcomes Review 1.4
Biology is a broad and complex fi eld, but we can identify unifying 
themes in this complexity. Cells are the basic unit of life, and they 
are information-processing machines. The structures of molecules, 
macromolecular complexes, cells, and even higher levels of organization 
are related to their functions. The diversity of life can be classifi ed and 
organized based  on similar features; biologists identify three large 
domains that encompass six kingdoms. Living organisms are able to use 
energy to construct complex molecules from simple ones, and are thus not 
in a state of thermodynamic equilibrium.

 ■ How do viruses fit into our definitions of living systems?

14 part I The Molecular Basis of Life
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 Chapter Review

  1.1 The Science of Life
Biology unifi es much of the natural sciences.
The study of biological systems is interdisciplinary because solutions 
require many different approaches to solve a problem.

Life defi es simple defi nition.
Although life is diffi cult to defi ne, living systems have seven 
characteristics in common. They are composed of one or more cells; 
are complex and highly ordered; can respond to stimuli; can grow, 
reproduce, and transmit genetic information to their offspring; need 
energy to accomplish work; can maintain relatively constant internal 
conditions (homeostasis); and are capable of evolutionary adaptation 
to the environment.

Living systems show hierarchical organization.
The hierarchical organization of living systems progresses from 
atoms to the biosphere. At each higher level, emergent properties 
arise that are greater than the sum of the parts.

1.2 The Nature of Science
At its core, science is concerned with understanding the nature 
of the world by using observation and reasoning.

Much of science is descriptive.
Science is concerned with developing an increasingly accurate 
description of nature through observation and experimentation.

Science uses both deductive and inductive reasoning.
Deductive reasoning applies general principles to predict 
specifi c results. Inductive reasoning uses specifi c observations to 
construct general scientifi c principles.

Hypothesis-driven science makes and tests predictions.
A hypothesis is constructed based on observations, and it must 
generate experimentally testable predictions. Experiments involve 
a test in which a variable is manipulated, and a control in which 
the variable is not manipulated. Hypotheses are rejected if their 
predictions cannot be verifi ed by observation or experiment.

Reductionism breaks larger systems into their component parts.
Reductionism attempts to understand a complex system by breaking 
it down into its component parts. It is limited because parts may act 
differently when isolated from the larger system.

Biologists construct models to explain living systems.
A model provides a way of organizing our thinking about a problem; 
models may also suggest experimental approaches.

The nature of scientifi c theories.
Scientists use the word theory in two main ways: as a proposed 
explanation for some natural phenomenon and as a body of concepts 
that explains facts in an area of study.

Research can be basic or applied.
Basic research extends the boundaries of what we know; applied 
research seeks to use scientifi c fi ndings in practical areas such as 
agriculture, medicine, and industry.

1.3 An Example of Scientifi c Inquiry
Darwin’s theory of evolution shows how a scientist develops a 
hypothesis and sets forth evidence, as well as how a scientifi c theory 
grows and gains acceptance. 

The idea of evolution existed prior to Darwin.
A number of naturalists and philosophers had suggested living things 
had changed during Earth’s history. Darwin’s contribution was the 
concept of natural selection.

Darwin observed diff erences in related organisms.
During the voyage of the H.M.S. Beagle, Darwin had an opportunity 
to observe worldwide patterns of diversity.

Darwin proposed natural selection as a mechanism for evolution.
Darwin noted that species produce many offspring, but only a limited 
number survive and reproduce. He observed that the traits of offspring 
can be changed by artifi cial selection. Darwin proposed that individuals 
possessing traits that increase survival and reproductive success 
become more numerous in populations over time. This is the essence 
of descent with modifi cation (natural selection). Alfred Russel Wallace 
independently came to the same conclusions from his own studies.

The predictions of natural selection have been tested.
Natural selection has been tested using data from many fi elds. 
Among these are the fossil record; the age of the Earth, determined 
by rates of radioactive decay to be 4.5 billion years; genetic 
experiments such as those of Gregor Mendel, showing that traits can 
be inherited as discrete units; comparative anatomy and the study of 
homologous structures; and molecular data that provides evidence 
for changes in DNA and proteins over time. 
Taken together, these fi ndings strongly support evolution by natural 
selection. No data to conclusively disprove evolution has been found.

1.4 Unifying Themes in Biology

Cell theory describes the organization of living systems.
The cell is the basic unit of life and is the foundation for 
understanding growth and reproduction in all organisms.

The molecular basis of inheritance explains the continuity of life.
Hereditary information, encoded in genes found in the DNA 
molecule, is passed on from one generation to the next.

The relationship between structure and function underlies 
living systems.
The function of macromolecules and their complexes is dictated by and 
dependent on their structure. Similarity of structure and function from 
one life form to another may indicate an evolutionary relationship.

The diversity of life arises by evolutionary change.
Living organisms appear to have had a common origin from 
which a diversity of life arose by evolutionary change. They can 
be grouped into three domains comprising six kingdoms based on 
their differences.

Evolutionary conservation explains the unity of living systems.
The underlying similarities in biochemistry and genetics support the 
contention that all life evolved from a single source.

Cells are information-processing systems.
Cells can sense and respond to environmental changes through 
proteins located on their cell membranes. Differential expression of 
stored genetic information is the basis for different cell types.

Living systems exist in a nonequilibrium state.
Organisms are open systems that need a constant supply of energy 
to maintain their stable nonequilibrium state. Living things are 
able to self-organize, creating levels of complexity that may exhibit 
emergent  properties. 

chapter 1 The Science of Biology 15www.ravenbiology.com
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 U N D E R S T A N D
 1. Which of the following is NOT a property of life?

a. Energy utilization c. Order
b. Movement d. Homeostasis

 2. The process of inductive reasoning involves
a. the use of general principles to predict a specifi c result.
b. the generation of specifi c predictions based on a 

belief system.
c. the use of specifi c observations to develop 

general principles.
d. the use of general principles to support a hypothesis.

 3. A hypothesis in biology is best described as
a. a possible explanation of an observation.
b. an observation that supports a theory.
c. a general principle that explains some aspect of life.
d. an unchanging statement that correctly predicts some 

aspect of life.
 4. A scientifi c theory is

a. a guess about how things work in the world.
b. a statement of how the world works that is supported by 

experimental data.
c. a belief held by many scientists.
d. both a and c.

 5. The cell theory states that 
a. cells are small.
b. cells are highly organized.
c. there is only one basic type of cell.
d. all living things are made up of cells.

 6. The molecule DNA is important to biological systems because
a. it can be replicated.
b. it encodes the information for making a new individual.
c. it forms a complex, double-helical structure.
d. nucleotides form genes.

 7. The organization of living systems is
a. linear with cells at one end and the biosphere at the other.
b. circular with cells in the center.
c. hierarchical with cells at the base, and the biosphere at the top.
d. chaotic and beyond description.

 8. The idea of evolution
 a. was original to Darwin.
b. was original to Wallace.
c. predated Darwin and Wallace.
d. both a and b.

A P P L Y
 1. What is the signifi cance of Pasteur’s experiment to test the 

germ hypothesis?
a. It proved that heat can sterilize a broth.
b. It demonstrated that cells can arise spontaneously.
c. It demonstrated that some cells are germs.
d. It demonstrated that cells can only arise from other cells.

 2. Which of the following is NOT an example of reductionism?
a. Analysis of an isolated enzyme’s function in an 

experimental assay

b. Investigation of the effect of a hormone on cell growth 
in a Petri dish

c. Observation of the change in gene expression in response 
to specifi c stimulus

d. An evaluation of the overall behavior of a cell
 3. How is the process of natural selection different from that 

of artifi cial selection?
a. Natural selection produces more variation.
b. Natural selection makes an individual better adapted.
c. Artifi cial selection is a result of human intervention.
d. Artifi cial selection results in better adaptations.

 4. How does the fossil record help support the theory of evolution 
by natural selection?
a. It demonstrates that simple organisms predate more 

complex organisms.
b. It provides evidence of change in the form of organisms 

over time.
c. It shows that diversity existed millions of years ago.
d. Both a and b.

 5. The theory of evolution by natural selection is a good example 
of how science proceeds because
a. it rationalizes a large body of observations.
b. it makes predictions that have been tested by a variety 

of approaches.
c. it represents Darwin’s belief of how life has changed over time.
d. both a and b.

 6. In which domain of life would you fi nd only single-celled 
organisms?
a. Eukarya c. Archaea
b. Bacteria d. Both b and c

 7. Evolutionary conservation occurs when a characteristic is
a. important to the life of the organism.
b. not infl uenced by evolution.
c. reduced to its least complex form.
d. found in more primitive organisms.

S Y N T H E S I Z E
 1. Exobiology is the study of life on other planets. In recent years, 

scientists have sent various spacecraft out into the galaxy in 
search for extraterrestrial life. Assuming that all life shares 
common properties, what should exobiologists be looking for as 
they explore other worlds?

 2. The classic experiment by Pasteur (see fi gure 1.4) tested the 
hypothesis that cells arise from other cells. In this experiment 
cell growth was measured following sterilization of broth in a 
swan-neck fl ask or in a fl ask with a broken neck.
a. Which variables were kept the same in these two 

experiments?
b. How does the shape of the fl ask affect the experiment?
c. Predict the outcome of each experiment based on the 

two hypotheses.
d. Some bacteria (germs) are capable of producing heat-

resistant spores that protect the cell and allow it to 
continue to grow after the environment cools. How would 
the outcome of this experiment have been affected if spore-
forming bacteria were present in the broth? 

Review Questions

16 part I The Molecular Basis of Life
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 Chapter 2
The Nature of 
Molecules and the 
Properties of Water   

Chapter Outline

2.1 The Nature of Atoms

2.2 Elements Found in Living Systems

2.3 The Nature of Chemical Bonds

2.4 Water: A Vital Compound

2.5 Properties of Water

2.6 Acids and Bases

Introduction

About 12.5 billion years ago, an enormous explosion probably signalled the beginning of the universe. This explosion started 
a process of star building and planetary formation that eventually led to the formation of Earth, about 4.5 billion years ago 
 (BYA). Around 3.5 BYA , life began on Earth and started to diversify. To understand the nature of life on Earth, we first need to 
understand the nature of the matter that forms the building blocks of all life.
 The earliest speculations about the world around us included this most basic question, “What is it made of?” The 
ancient Greeks recognized that larger things may be built of smaller parts. This concept was formed into a solid  experimental 
scientific idea in the early 20th century, when physicists began trying to break atoms apart. From those humble  beginnings 
to the huge particle accelerators used by the modern physicists of today, the picture of the atomic world emerges as 
  fundamentally different from the tangible,   macroscopic world around us.
 To understand how living systems are assembled, we must first understand a little about atomic structure, about 
how atoms can be linked together by chemical bonds to make molecules, and about the ways in which these small molecules 
are joined together to make larger molecules, until finally we arrive at the structures of cells and then of organisms. Our 
study of life on Earth therefore begins with physics and chemistry. For many of you, this chapter will be a review of material 
encountered in other courses.

CHAPTER
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Hypothesis: Atoms are composed of diffuse positive charge with 

embedded negative charge (electrons).

Prediction: If alpha particles (a), which are helium nuclei, are shot at a 

thin foil of gold, the a-particles will not be deflected much by the diffuse 

positive charge or by the light electrons.

Test: a-Particles are shot at a thin sheet of gold foil surrounded by a 

detector screen, which shows flashes of light when hit by the particles.

Result: Most particles are not deflected at all, but a small percentage of  

particles are deflected at angles of 90° or  more.

Conclusion: The hypothesis is not supported. The large deflections 

observed led to a view of the atom as composed of a very small central 

region containing positive charge (the nucleus) surrounded by electrons.

Further Experiments: How does the Bohr atom with its quantized 

energy for electrons extend this model?

 

 

 

 

S C I E N T I F I C  T H I N K I N G

a-Particle
source

Detector
screen

Gold foil

1. a-Particles are 
fired at gold

    foil target.

2. Most a-particles 
pass through 
foil with little or 
no deflection.

3. Some a-particles are 
deflected by more than 90°.

2.1 The Nature of Atoms

Learning Outcomes
Define element, atomic number, atomic mass, 1. 
and isotope.
Describe atomic structure, the relationships of subatomic 2. 
particles, and how these relationships determine 
chemical properties.
Explain the discrete energy levels in which electrons orbit 3. 
the nucleus of an atom.  

 Any substance in the universe that has mass and occupies space 
is defined as matter.   All matter is composed of extremely small 
particles called atoms. Because of their size, atoms are difficult 
to study. Not until early in the 20th century did scientists carry 

out the first experiments revealing the physical nature of atoms 
(figure 2.1).

Atomic structure includes  a central 
nucleus and orbiting electrons
Objects as small as atoms can be “seen” only indirectly, by using 
complex technology such as tunneling microscopy (figure 2.2) . 
We now know a great deal about the complexities of atomic 
structure, but the simple view put forth in 1913 by the Danish 
physicist Niels Bohr provides a good starting point for under-
standing atomic theory. Bohr proposed that every atom pos-
sesses an orbiting cloud of tiny subatomic particles called 
electrons   whizzing around a core, like the planets of a miniature 
solar system. At the center of each atom is a small, very dense 
nucleus formed of two other kinds of subatomic particles: pro-
tons   and neutrons   (figure 2.3). 

Atomic number and the elements
Within the nucleus, the cluster of protons and neutrons is held 
together by a force that works only over short, subatomic dis-
tances. Each proton carries a positive (+) charge, and each neu-
tron has no charge. Each electron carries a negative (–) charge. 
Typically, an atom has one electron for each proton and is, thus, 
electrically neutral. Different atoms are defined by the number 
of protons, a quantity called the atomic number.   The chemical 
behavior of an atom is due to the number and configuration of 
electrons, as we will see later in this chapter. Atoms with the 
same atomic number (that is, the same number of protons) have 
the same chemical properties and are said to belong to the same 
element. Formally speaking, an element   is any substance that 
cannot be broken down to any other substance by ordinary 
chemical means.

Atomic mass
The terms mass and weight are often used interchangeably, but 
they have slightly different meanings. Mass refers to the amount 
of a substance, but weight refers to the force gravity exerts on a 
substance. An object has the same mass whether it is on the 
Earth or the Moon, but its weight will be greater on the Earth 
because the Earth’s gravitational force is greater than the Moon’s. 
The atomic mass   of an atom is equal to the sum of the masses of 

Figure 2.2 Scanning tunneling microscope image. The 
scanning tunneling microscope is a nonoptical way of imaging that 
allows atoms to be visualized. This image shows a lattice of oxygen 
atoms (dark blue) on a rhodium crystal (light blue).  

Figure 2.1  Rutherford scattering experiment. 
Large-angle scattering of α particles led Rutherford to propose 
the existence of the nucleus. 

18 part I The Molecular Basis of Life
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proton electron
(no charge)
neutron

a. 

Hydrogen Oxygen

1 Proton
1 Electron

8 Protons
8 Neutrons
8 Electrons

b. 

(positive charge) (negative charge)

   6 Protons 
   6 Neutrons 
   6 Electrons 

   6 Protons 
   7 Neutrons 
   6 Electrons 

   6 Protons 
   8 Neutrons 
   6 Electrons 

Carbon-12 Carbon-13 Carbon-14 

Figure 2.3  Basic structure of atoms. All atoms have a 
nucleus consisting of protons and neutrons, except hydrogen, the 
smallest atom, which usually has only one proton and no neutrons 
in its nucleus. Oxygen typically has eight protons and eight neutrons 
in its nucleus. In the simple “Bohr model” of atoms pictured here, 
electrons spin around the nucleus at a relatively far distance. 
a. Atoms are depicted as a nucleus with a cloud of electrons (not 
shown to scale). b. The electrons are shown in discrete energy levels. 
These are described in greater detail in the text.

its protons and neutrons. Atoms that occur naturally on Earth 
contain from 1 to 92 protons and up to 146 neutrons.
 The mass of atoms and subatomic particles is measured in 
units called daltons. To give you an idea of just how small these 
units are, note that it takes 602 million million billion (6.02 ×  
1023) daltons to make 1 gram (g). A proton weighs approximately 
1 dalton (actually 1.007 daltons), as does a neutron (1.009 dal-

tons). In contrast, electrons weigh only 1/1840 of a dalton, so 
they contribute almost nothing to the overall mass of an atom.

Electrons
The positive charges in the nucleus of an atom are neutralized, 
or counterbalanced, by negatively charged electrons, which are 
located in regions called orbitals that lie at varying distances 
around the nucleus. Atoms with the same number of protons 
and electrons are electrically neutral; that is, they have no net 
charge, and are therefore called neutral atoms.  
 Electrons are maintained in their orbitals by their attraction 
to the positively charged nucleus. Sometimes other forces over-
come this attraction, and an atom loses one or more electrons. In 
other cases, atoms gain additional electrons. Atoms in which the 
number of electrons does not equal the number of protons are 
known as ions,   and they are charged particles. An atom having 
more protons than electrons has a net positive charge and is called 
a cation. For example, an atom of sodium (Na) that has lost one 
electron becomes a sodium ion (Na+), with a charge of +1. An 
atom having fewer protons than electrons carries a net negative 
charge and is called an anion. A chlorine atom (Cl) that has gained 
one electron becomes a chloride ion (Cl–), with a charge of –1.

Isotopes
Although all atoms of an element have the same number of 
protons, they may not all have the same number of neutrons. 
Atoms of a single element that possess different numbers of 
neutrons are called isotopes of that element.
 Most elements in nature exist as mixtures of different iso-
topes. Carbon (C), for example, has three isotopes, all containing six 
protons (figure 2.4).  Over 99% of the carbon found in nature exists 
as an isotope that also contains six neutrons. Because the total mass 
of this isotope is 12 daltons (6 from protons plus 6 from neutrons), 
it is referred to as carbon-12 and is symbolized 12C. Most of the rest 
of the naturally occurring carbon is carbon-13, an isotope with 
seven neutrons. The rarest carbon isotope is carbon-14, with eight 
neutrons. Unlike the other two isotopes, carbon-14 is unstable: 
This means that its nucleus tends to break up into elements with 
lower atomic numbers  . This nuclear breakup, which emits a signifi-
cant amount of energy, is called radioactive decay, and isotopes that 
decay in this fashion are radioactive isotopes.
 Some radioactive isotopes are more unstable than others, 
and therefore they decay more readily. For any given isotope, 
however, the rate of decay is constant. The decay time is usually 
expressed as the half-life,   the time it takes for one-half of the 

Figure 2.4  The three 
most abundant isotopes 
of carbon. Isotopes of a 
particular element have 
different numbers of neutrons.
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atoms in a sample to decay. Carbon-14, for example, often used 
in the carbon dating of fossils and other materials, has a half-
life of 5730 years. A sample of carbon containing 1 g of 
  carbon-14 today would contain 0.5 g of carbon-14 after 5730 
years, 0.25 g 11,460 years from now, 0.125 g 17,190 years from 
now, and so on. By determining the ratios of the different iso-
topes of carbon and other elements in biological samples and in 
rocks, scientists are able to accurately determine when these 
materials formed.
 Radioactivity has many useful applications in modern biol-
ogy. Radioactive isotopes are one way to label, or “tag,” a specific 
molecule and then follow its progress, either in a chemical reac-
tion or in living cells and tissue. The downside, however, is that 
the energetic subatomic particles emitted by radioactive sub-
stances have the potential to severely damage living cells, produc-
ing genetic mutations and, at high doses, cell death. Consequently, 
exposure to radiation is carefully controlled and regulated. Scien-
tists who work with radioactivity follow strict handling protocols 
and wear radiation-sensitive badges to monitor their exposure 
over time to help ensure a safe level of exposure.

Electrons determine the chemical 
 behavior of atoms
The key to the chemical behavior of an atom lies in the number 
and arrangement of its electrons in their orbitals. The Bohr 
model of the atom shows individual electrons as following dis-
crete, or distinct, circular orbits around a central nucleus. The 
trouble with this simple picture is that it doesn’t reflect reality. 
Modern physics indicates that we cannot pinpoint the position 
of any individual electron at any given time. In fact, an electron 
could be anywhere, from close to the nucleus to infinitely far 
away from it.
 A particular electron, however, is more likely to be in 
some areas than in others. An orbital is defined as the area 
around a nucleus where an electron is most likely to be found. 
These orbitals represent probability distributions for electrons, 
that is, regions more likely to contain an electron. Some elec-
tron orbitals near the nucleus are spherical (s orbitals), while 
others are dumbbell-shaped (p orbitals) (figure 2.5) . Still other 
orbitals, farther away from the nucleus, may have different 
shapes. Regardless of its shape, no orbital can contain more 
than two electrons.
 Almost all of the volume of an atom is empty space. This 
is because the electrons are usually far away from the nucleus, 
relative to its size. If the nucleus of an atom were the size of a 
golf ball, the orbit of the nearest electron would be a mile away. 
Consequently, the nuclei of two atoms never come close enough 
in nature to interact with each other. It is for this reason that an 
atom’s electrons, not its protons or neutrons, determine its 
chemical behavior, and it also explains why the isotopes of an 
element, all of which have the same arrangement of electrons, 
behave the same way chemically.

Figure 2.5  Electron orbitals. a. The lowest energy level, or 
electron shell—the one nearest the nucleus—is level K. It is 
occupied by a single s orbital, referred to as 1s. b. The next highest 
energy level, L, is occupied by four orbitals: one s orbital (referred 
to as the 2s orbital) and three p orbitals (each referred to as a 2p 
orbital). Each orbital holds two paired electrons with opposite spin. 
Thus, the K level is populated by two electrons, and the L level is 
populated by a total of eight electrons. c. The neon atom shown has 
the L and K energy levels completely fi lled with electrons and is 
thus unreactive.

20 part I The Molecular Basis of Life
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Atoms contain discrete energy levels
Because electrons are attracted to the positively charged nucle-
us, it takes work to keep them in their orbitals, just as it takes 
work to hold a grapefruit in your hand against the pull of grav-
ity. The formal definition of energy is the ability to do work.
 The grapefruit held above the ground is said to possess 
potential energy because of its position. If you release it, the 
grapefruit falls, and its potential energy is reduced. On the 
other hand, if you carried the grapefruit to the top of a building, 
you would increase its potential energy. Electrons also have a 
potential energy that is related to their position. To oppose the 
attraction of the nucleus and move the electron to a more dis-
tant orbital requires an input of energy, which results in an 
electron with greater potential energy. The chlorophyll that 
makes plants green captures energy from light during photo-
synthesis in this way. As you’ll see in chapter 8—light energy 
excites electrons in the chlorophyll molecule. Moving an elec-
tron closer to the nucleus has the opposite effect: Energy is 
released, usually as radiant energy (heat or light), and the elec-
tron ends up with less potential energy (figure 2.6). 
 One of the initially surprising aspects of atomic structure 
is that electrons within the atom have discrete energy levels.
These discrete levels correspond to quanta (sing., quantum), 
which means  specific amount of energy. To use the grapefruit 
analogy again, it is as though a grapefruit could only be raised 
to particular floors of a building. Every atom exhibits a ladder 
of potential energy values, a discrete set of orbitals at particular 
energetic “distances” from the nucleus.
 Because the amount of energy an electron possesses is re-
lated to its distance from the nucleus, electrons that are the 
same distance from the nucleus have the same energy, even if 
they occupy different orbitals. Such electrons are said to occupy 
the same energy level. The energy levels are denoted with let-
ters K, L, M, and so on (see figure 2.6 ) . Be careful not to con-
fuse energy levels, which are drawn as rings to indicate an 
electron’s energy, with orbitals, which have a variety of three-
dimensional shapes and indicate an electron’s most likely loca-
tion. Electron orbitals are arranged so that as they are filled, this 
fills each energy level in successive order.   This filling of orbitals 

Figure 2.6 Atomic energy levels. Electrons have energy of position. When an atom absorbs energy, an electron moves to a higher 
energy level, farther from the nucleus. When an electron falls to lower energy levels, closer to the nucleus, energy is released. The fi rst two 
energy levels are the same as shown in the previous fi gure.

and energy levels is what is responsible for the chemical reac-
tivity of elements.
 During some chemical reactions, electrons are trans-
ferred from one atom to another. In such reactions, the loss of 
an electron is called oxidation, and the gain of an electron is 
called reduction  .  

 Notice that when an electron is transferred in this way, it 
keeps its energy of position. In organisms, chemical energy is 
stored in high-energy electrons that are transferred from one 
atom to another in reactions involving oxidation and reduction 
(described in chapter 7  ). When the processes of oxidation and 
reduction are coupled, which often happens, one atom or mol-
ecule is oxidized while another is reduced in the same reaction. 
We call these combinations   redox reactions.

Learning Outcomes Review 2.1
An atom consists of a nucleus of protons and neutrons surrounded by a cloud 
of electrons. For each atom, the number of protons is the atomic number; 
atoms with the same atomic number constitute an element. Atoms of a 
single element that have diff erent numbers of neutrons are called isotopes. 
Electrons, which determine the chemical behavior of an element, are located 
about a nucleus in orbitals representing discrete energy levels. No orbital 
can contain more than two electrons, but many orbitals may have the same 
energy level, and thus contain electrons with the same energy.

 ■ If the number of protons exceeds the number of 
neutrons, is the charge on the atom positive 
or negative?

 ■  If the number of protons exceeds electrons?
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possessing all eight electrons in their outer energy level (two 
for helium) are inert  , or nonreactive. These elements, which in-
clude helium (He), neon (Ne), argon (Ar), and so on, are termed 
the noble gases. In sharp contrast, elements with seven electrons 
(one fewer than the maximum number of eight) in their outer 
energy level, such as fluorine (F), chlorine (Cl), and bromine 
(Br), are highly reactive. They tend to gain the extra electron 
needed to fill the energy level. Elements with only one electron 
in their outer energy level, such as lithium (Li), sodium (Na), 
and potassium (K), are also very reactive. They tend to lose  the 
single electron in their outer level.
 Mendeleev’s periodic table leads to a useful generaliza-
tion, the octet rule, or rule of eight (Latin octo, “eight”): Atoms 
tend to establish completely full outer energy levels. For the 
main group elements of the periodic table, the rule of eight is 
accomplished by one filled s orbital and three filled p orbitals 
(figure 2.8).  The exception to this is He, in the first row, which 
needs only two electrons to fill the 1s orbital. Most chemical 
behavior of biological interest can be predicted quite accurately 
from this simple rule, combined with the tendency of atoms to 
balance positive and negative charges. For instance, you read 
earlier that sodium ion (Na+) has lost an electron, and chloride 
ion (Cl–) has gained an electron. In the following section, we 
describe how these ions react to form table salt.
 Of the 90 naturally occurring elements on Earth, only 12 
(C, H, O, N, P, S, Na, K, Ca, Mg, Fe, Cl) are found in living sys-
tems in more than trace amounts (0.01% or higher). These ele-
ments all have atomic numbers less than 21, and thus, have low 
atomic masses. Of these 12, the first 4 elements (carbon, hydro-
gen, oxygen, and nitrogen) constitute 96.3% of the weight of 
your body. The majority of molecules that make up your body 
are compounds of carbon, which we call organic   compounds. 

Figure 2.7  Periodic table of the elements. a. In this representation, the frequency of elements that occur in the Earth’s crust is 
indicated by the height of the block. Elements shaded in green are found in living systems in more than trace amounts. b. Common elements 
found in living systems are shown in colors that will be used throughout the text.  

2.2 Elements Found
in Living Systems

Learning Outcomes
Relate atomic structure to the periodic table of  1. 
the elements.
List the important elements found in living systems.2. 

Ninety elements occur naturally, each with a different number 
of protons and a different arrangement of electrons. When the 
19th-century Russian chemist Dmitri Mendeleev arranged 
the known elements in a table according to their atomic number, 
he discovered one of the great generalizations of science: The 
elements exhibit a pattern of chemical properties that repeats it-
self in groups of eight. This periodically repeating pattern lent 
the table its name: the periodic table of elements (figure 2.7). 

The periodic table displays elements
according to atomic number and properties
The eight-element periodicity that Mendeleev found is based 
on the interactions of the electrons in the outermost energy 
level of the different elements. These electrons are called va-
lence electrons, and their interactions are the basis for the ele-
ments’ differing chemical properties. For most of the atoms 
important to life, the outermost energy level can contain no 
more than eight electrons; the chemical behavior of an element 
reflects how many of the eight positions are filled. Elements 

22 part I The Molecular Basis of Life
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