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Principles of Life—The New Edition

Because success as a biologist means more than just succeeding in the first biology course.

For instructors concerned that the practical skills of biology are lost when the student moves on to the next course or takes their first step into 
the “real world,” Principles of Life, Third Edition lays the foundation for later courses and for students’ careers. Expanding on its pioneering 
concept-driven approach, experimental data-driven exercises, and active learning focus, the new edition introduces features designed to involve 
students in mastering concepts and becoming skillful at solving biological problems.

Research shows that when students engage with a course, it leads to better outcomes. Principles of Life, Third Edition is a holistic solution 
that has been designed from the ground up to actively engage students in mastering concepts and becoming skilled at solving biological 
problems. Within LaunchPad, our digital teaching and learning solution, we provide thoughtfully curated assignments and activities to support 
pre-lecture preparation, classroom activities, and post-lecture assessment.

With its focus on key competencies foundational to biology education and careers, self-guided adaptive learning, and unparalleled instructor 
resources for active classrooms, Principles of Life is the resource students need to succeed.

A FOCUS ON  
SKILLS AND CORE COMPETENCIES
New to this edition, the AAAS Vision and Change report’s six 
“core competencies” related to quantitative reasoning, simulation, 
and communication, are integrated both implicitly throughout the 
text and explicitly in a new key feature, Think Like a Scientist. 
TLAS boxes explicitly develop these core competencies, and 
have been designed specifically to teach students the skills 
needed to become functional, practical, effective scientists.

A FOCUS ON DATA
Principles of Life has always emphasized the role of research 
and experimentation in the introductory biology curriculum. 
Students are taught to understand the scientific method and 
experimental design, and to understand how real research 
continues to drive our understanding of life on Earth. 

A FOCUS ON ACTIVE LEARNING
Where other texts give lip service to active learning, Principles of 
Life delivers, with an Active Learning Guide and 30 Active Learning 
Modules ready for classroom delivery. Built around key concepts, 
the ALMs provide a roadmap for pre-class work and in-class 
activities, including Apply the Data exercises, animations, videos, 
and quizzing directly mapped to in-text concepts and learning 
objectives.
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PART 1: CELLS 
 •  Increased focus on electronegativity to 
understand chemical bonding, including  
polarity, and redox reactions

 •  Clarified the meaning and role of chemical  
bond energy

 •  Increased emphasis on structure as it relates  
to function

 •  Improved emphasis on similarities across all 
organisms at the cellular level

 •  Reorganized treatment of cell metabolism to 
focus on underlying principles

 •  Simplified descriptions of cell signaling pathways 
to focus on general principles

PART 2: GENETICS AND GENOMICS 
 •  Increased emphasis of similarities across all 
organisms for the encoding and expression of 
genetic information

 •  Now focused on the differences in initiation, 
elongation, and termination for replication, 
transcription, and translation, to prevent 
common misconceptions

 •  Focused descriptions of relationship between 
genotype and phenotype for clarity

 •  Clarified coverage of the similarities and 
differences between meiosis and mitosis

 •  Updated genomics chapter (Ch. 12) and 
extended coverage of selfish DNA

 •  Biotechnology content integrated into other 
chapters to improve context

PART 3: EVOLUTION
 •  Integrated coverage of Evo-Devo (evolution  
and development) into evolution section

 •  NEW CHAPTER:  Chapter 15. Evolution of 
Genes and Genomes

 •  New problems that ask students to make 
and use phylogenetic trees, assess selection, 
calculate rates of change, and evaluate 
reproductive isolation

 •  Updated information on the history of life  
on Earth

PART 4: DIVERSITY
 •  Updated information on classifications and 
phylogeny of life

 •  Clarified coverage of the similarities and 
differences of sexual reproduction across  
major groups of life

 •  More problems asking students to apply 
information about the diversity of life to  
practical situations

 •  Simplified terminology in explaining the  
principles surrounding life’s diversity

PART 5: PLANT FORM AND FUNCTION
 •  Added explanations of mechanisms that drive 
plant development including meristem function 
and cell identity specification

 •  Updated information as to how temperature-
dependent changes in the dark reversion rates of 
phytochrome allow plants to sense and respond 
to temperature 

 •  Added connections between plant physiology 
and real-world issues such as climate change

PART 6: ANIMAL FORM AND FUNCTION
 •  NEW CHAPTER: Chapter 29. Animals in  
Their Environment

 •  Ch. 36. Immunology completely reorganized  
and rewritten.

 •  A single unified chapter on breathing  
and circulation (Chapter 30)

 •  Twice as many data sets for analysis  
and discussion

 •  An emphasis on comparative approaches  
to ecology throughout these chapters

PART 7: ECOLOGY
 •  Expanded and updated treatment of  
the human microbiome as an ecological system

 •  Streamlined mathematical treatment of  
the dynamics of ecological populations

 •  Updated coverage of biogeochemical cycles  
with latest research findings

Principles of Life, Third Edition Content Updates

The Third Edition of Principles of Life has not only been revised to be a more effective pedagogical 
tool for students, but it has also been updated to reflect the latest research and advances in 
biology. 
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NEW

Principles of Life was created to ensure that students not only gain the knowledge they need from their 
introductory biology course, but to also teach them the skills they need to succeed as a life sciences major. 

New to this edition, the AAAS Vision and Change report’s six “core competencies” related to quantitative reasoning, simulation, and 
communication, are integrated both implicitly throughout the text and explicitly in a new key feature, THINK LIKE A SCIENTIST.

NEW! THINK LIKE A SCIENTIST
A major goal of the new edition is to align the text with 
the Vision and Change recommendations, especially as 
they relate to the students’ acquisition of the six core 
competencies. TLAS boxes explicitly develop these core 
competencies, and have been designed specifically to teach 
students the skills needed to become functional, practical, 
effective scientists. TLAS questions are high level and aim 
to have students integrate concepts across the chapter or 
across chapters, and ask students to do something.

Interdisciplinary

Science &
Society

Process of
Science

Modeling &
Simulation

Communicate
& Collaborate

 

 

A

C

B

 

Process of Science

Quantitative Reasoning

Modeling and Simulation

Interdisciplinary

Communicate and Collaborate

Science and Society

THINK LIKE A SCIENTIST

Quantitative
Reasoning

y=f (x )

Very Effective—Think Like a Scientist is a great feature and I would 
assign this as a supplemental assignment. This feature encourages 
synthesis of material and development of critical thinking skills around a 
relevant topic.”

Sara E. Lahman, PhD, University of Mount Olive

Core Competencies

NEW
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Core Competencies

The TLAS is great. Wonderful emphasis on critical thinking and application.”
Jennifer A. Metzler, Ball State University

NEW
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Mastering the Key Concepts

NEW! LEARNING OBJECTIVES
Learning Objectives are provided at the start of each Key Concept. 
The goal of Learning Objectives is to help students focus their 
attention as they read each section. At the end of each section, we 
reinforce the Learning Objectives with exercises/questions in Review 
& Apply. Learning Objectives encourage active learning, and student 
focus on mastering concepts and skills.

NEW! REVIEW & APPLY
This new feature is designed to briefly summarize the 
previous section, and to help students master concepts and 
competencies through questions. R&A questions are concept-
specific, aligning with the Learning Objectives. With the 
exception of introductory concepts, R&A questions tend to be 
higher level Bloom’s, and when possible, ask students to engage 
in an activity-based answer.

Each chapter of Principles of Life is built around a pedagogical framework meant to ensure a 
mastery of all of the important biological concepts in the introductory course. 

KEY CONCEPTS
Dividing chapters into sections, every Key Concept explores a 
single essential concept in light of established facts and relevant 
experimental evidence, providing the conceptual framework for 
the chapter, exercises, and questions ahead. 

NEW

NEW
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Mastering the Key Concepts

• A polymorphism may be maintained 
by FREQUENCY-DEPENDENT 
SELECTION when the fitness of a 
genotype depends on its frequency in a 
population (FIGURE 13.18).

• A polymorphism may also be maintained 
by heterozygote advantage when the 
fitness of the heterozygote exceeds the 
fitness of either homozygote.

• Genetic variation within species may be 
maintained by the existence of genetically 
distinct populations over geographic 
space. A gradual change in phenotype 
across a geographic gradient is known as 
CLINAL VARIATION (FIGURE 13.20).

1. Which of the three types of 
selection (stabilizing, directional, 
or disruptive) does each of the 
following cases represent?

a. Higher survival and 
reproduction of giraffes with 
longer necks compared with 
those with shorter necks.

b. Higher survival and 
reproduction of cattle with 
intermediate calf weights 
compared with those with 
high or low calf weights.

c. Higher survival and 
reproduction of 
grasshoppers with either 
small or large mouthparts, 
compared with those 
with intermediate-sized 
mouthparts.

1. Which of the following are 
examples of frequency-
dependent selection, 
heterozygote advantage, or 
clinal variation?

a. Increased sprinting 
performance of individuals 
with two different alleles of 
an actin gene, compared 
with individuals with two 
copies of just one of the 
alleles.

b. Increased survival of 
individuals with rare color 
patterns, compared with 
those with common color 
patterns.

c. Geographic variation in the 
size of deer from northern 
to southern latitudes.

• STABILIZING SELECTION acts to reduce variation without changing the mean 
value of a trait (FIGURE 13.13A).

• DIRECTIONAL SELECTION acts to shift the mean value of a trait toward one 
extreme (FIGURE 13.13B).

• DISRUPTIVE SELECTION favors both extremes of a trait value, resulting in a 
bimodal character distribution (FIGURE 13.13C).

FIGURE 13.18

FIGURE 13.20

QUESTIONSSelection Can Be 
Stabilizing, Directional, 
or Disruptive

13.4

Selection Can 
Maintain Polymorphisms 
in Populations

13.5

FIGURE 13.13

Go to LaunchPad for the eBook, LearningCurve, animations, activities, flashcards, and additional resources and assignments.
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(A)  Stabilizing selection (B)  Directional selection (C)  Disruptive selection

NEW! VISUAL SUMMARIES
Visual Summaries conclude every chapter, 
providing students with a visually compelling 
checklist, emphasizing major chapter 
concepts through key figures, bullets, and 
lower-level Bloom’s questions. The Visual 
Summary ensures students have mastered the 
major points of the chapter. The content is laid 
out so as to facilitate referencing back to the 
original chapter text and figures, and directing 
students to relevant animations and activities. 
(See the LaunchPad section for details.)

VISUAL SUMMARY is fantastic. 
It can be interpreted by itself and 
students can learn independently 
from the text. I like the questions 
next to the summary as well. I do 
like all the application questions 
(TLAS, R&A, and Investigations). 
Students always want more 
practice, and more application 
questions, so these are invaluable.”

Shira D. P. Rabin,  
University of Louisville

• Mutation is the source of the genetic variation 
on which mechanisms of evolution act.

• Within POPULATIONS, selection acts to 
increase the frequency of beneficial ALLELES 
and to decrease the frequency of deleterious 
alleles (FIGURE 13.6).

• GENE FLOW, GENETIC DRIFT, and 
nonrandom mating (as arises from SEXUAL 
SELECTION) can also result in the evolution of 
populations (FIGURE 13.8).

1. Explain the difference 
between “the fact of 
evolution” and what 
scientists mean by 
“evolutionary theory.”

2. What did Darwin mean by 
“descent with modification”?

3. How did Darwin suggest that 
biological evolution could 
occur?

• EVOLUTION is genetic change in populations over time. Evolution can be observed 
directly in living populations as well as in the fossil record of life.

• EVOLUTIONARY THEORY refers to our understanding of the mechanisms of 
evolutionary change.

• Charles Darwin is best known for his ideas on the common ancestry of divergent 
species and on NATURAL SELECTION (the differential survival and reproduction of 
individuals based on variation in their traits) as a mechanism of evolution.

1. How does artificial selection 
differ from natural selection?

2. How can genetic drift 
oppose the forces of natural 
selection?

3. Contrast natural selection 
and sexual selection.

FIGURE 13.6

FIGURE 13.12

13 VISUAL SUMMARY

QUESTIONSEvolution Is Both 
Factual and the Basis of 
Broader Theory

13.1

Mutation, Selection, 
Gene Flow, Genetic 
Drift, and Nonrandom 
Mating Result in Evolution

13.2

Evolution Can Be 
Measured by Changes in 
Allele Frequencies

13.3
1. How many generations of 

random mating are required 
to achieve Hardy–Weinberg 
equilibrium expectations?

2. How do the assumptions of 
Hardy–Weinberg equilibrium 
correspond to the five 
principal processes of 
evolution?

Go to ACTIVITIES 13.2 and 13.3

Go to ANIMATION 13.1 and ACTIVITY 13.1

Go to ACTIVITY 13.4

FIGURE 13.8

• Allele frequencies measure the amount of 
genetic variation in a population. Genotype 
frequencies show how a population’s 
genetic variation is distributed among its 
members. Together, allele and genotype 
frequencies describe a population’s 
GENETIC STRUCTURE.

• HARDY–WEINBERG EQUILIBRIUM 
predicts genotype frequencies from allele 
frequencies in the absence of evolution. 
Deviation from these frequencies indicates 
that evolutionary mechanisms are at work 
(FIGURE 13.12).
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Developing Skills and Working with Data

INVESTIGATIONS WITH  
ANALYZE THE DATA QUESTIONS
Highly-acclaimed by adopters, Investigations and Analyze the 
Data return in the third edition. The goal of the Investigations 
is to help students master both big concepts in biology and 
Vision and Change competencies. This is done by illustrating a 
real study and having students analyze the resulting real data. 
Investigations with Analyze the Data questions are higher level 
Bloom’s, integrating concepts within the chapter or across 
chapters, and encouraging activity-based answers. In addition, 
LaunchPad includes online companions to the Analyze the Data 
exercises. (See the LaunchPad section for details.)

RESEARCH TOOLS
Throughout Principles of Life, this feature focuses on techniques and 
quantitative methods scientists use to investigate biological systems.

Principles of Life has always been know for emphasizing the role of experimentation, data, and 
research in our understanding of biology. The Third Edition includes even more tools to help 
students understand how we know what we know. 
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Developing Skills and Working with Data

MAKING SENSE OF DATA:  
A STATISTICS PRIMER
This primer (an appendix in the text and also 
in LaunchPad), lays the proper groundwork for 
understanding statistics and data, providing helpful 
student support for all of the quantitative exercises in 
the new edition.

I think this (REVIEW & 
APPLY) is a great feature. 
Applying what they’ve just 
read in a slightly new way 
will improve understanding 
and retention….” 

Jennifer Butler, Willamette University

NEW
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The History of
Life on Earth

What differences in 
Earth’s past environment 
allowed flying insects to 
attain much larger sizes 

than they do today?
You will find an answer to this 

question on page 211.

Goliath beetles are one of the largest 
species of � ying insects alive today. But 

in earlier periods of Earth’s history, there 
were much larger � ying insect predators—

the size of modern birds of prey. Such 
giant insects cannot live and � y in Earth’s 

present environment.

1717
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Active Learning

NEW! CHAPTER OPENER WITH QUESTION
A short introduction with an attention-grabbing photo and compelling 
question gives students something to ponder while reading and 
studying the chapter. The chapter ends with a return to the question 
and some discussion of the answer.

Active learning continues to be central to the mission of Principles of Life. New features both in the 
text and online present and even more engaging experience for students. 

NEW! IN-FIGURE QUESTIONS
Incorporated into figures, these questions are designed to engage 
students and help them think about the implications of the figure/
diagram. In-figure questions tend to be lower level Bloom’s, and are 
often amenable to in-class discussion.

NEW

NEW

LINKS
Links point readers to additional discussion of a concept or 
key term elsewhere in the book, providing an opportunity for 
integration across chapters. W.H
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Active Learning

EXPANDED! ACTIVE LEARNING MODULES

Encouraging students to be more involved while reading the textbook is just the beginning of the Active Learning approach in Principles of 
Life. For instructors who have been teaching actively for years, or those who are just beginning to use these techniques, we’ve created an 
Active Learning Guide and an accompanying set of Active Learning Modules to engage students before, during, and after class.

Active Learning Module In-Class Exercise Slides

Active Learning Module In-Class Video

NEW! ACTIVE LEARNING GUIDE
The Active Learning Guide provides extensive resources and support 
for implementing active learning techniques in any classroom, large 
or small. This all-new guide provides instructors with a thorough 
introduction to the concepts, techniques, and benefits of active 
learning. Chapter-by-chapter guidance provides strategies for how to 
best utilize learning resources in Principles of Life to teach in a more 
active format.

Part 1: Introduction to Active Learning
Chapter 1: What is Active Learning?

Chapter 2: Designing Your Course for Active Learning

Chapter 3: Using Active Learning in the Classroom

Chapter 4: How to Implement Principles of Life Resources

Part 2: Active Learning Resources and 
Suggestions by Chapter
Each chapter in Part 2 of the Active Learning Guide corresponds to a 
textbook chapter and includes the following:

 • An overview of the textbook chapter

 •  References to all of the student media resources, listed by Key 
Concept

 • References to and descriptions of each Active Learning Module

 •  Detailed suggestions for active learning activities and exercises 
for each Key Concept, including “draw,” “video,” and “compare” 
exercises, think-pair-share activities, spider maps, minute papers, 
clicker questions, and more

 •  Suggestions for incorporating the in-text Links and Analyze the Data 
features into in-class activities

Part 3: Appendices
 • Appendix A: An Overview of Bloom’s Taxonomy

 •  Appendix B: A Guide to Using the Principles of Life, Third Edition 
Learning Objectives

 • Appendix C: Learning Objectives for Principles of Life, Third Edition

The expanded Active Learning Modules provide everything an 
instructor needs to successfully implement an active approach 
to teaching key topics. Each module’s many resources include:

 • Pre-class video specifically created for the module

 • Pre-quiz and post-quiz

 • Handout for in-class work

 • Detailed in-class exercise

 • Detailed instructor’s guide

These modules are easy to implement and are a great way 
to add more active learning to the classroom.
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LaunchPad

Animation 14.1: Using Phylogenetic Analysis to Reconstruct Evolutionary History

Activity 4.2: Membrane Transport Simulation

LaunchPad is organized into units that mirror the 
textbook’s chapters. Each unit includes the e-book 
chapter, organized by Key Concept, with integrated 
media resources, chapter-specific assessment, and 
other resources.

All of LaunchPad’s resources directly support Principles 
of Life, Third Edition. Assessment, media resources, 
exercises, and other components are aligned clearly to 
the textbook’s new Learning Objectives, and everything 
is organized around the book’s Key Concepts. 
Substantial new active learning resources—such as the 
activity and animation shown here—support the use of 
the book in an active learning context..

The complete experience of Principles of Life is delivered through LaunchPad, our online learning platform.
Built to address the most challenging classroom issues instructors face, LaunchPad gives students everything they need to prepare for class and 
exams. At the same time, LaunchPad gives instructors the tools they need to quickly set up a course, shape the content to their syllabus, craft 
presentations and lectures, assign and assess homework, and guide the progress of individual students and the class as a whole.

ACTIVITIES

ANIMATIONS
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LearningCurve

LearningCurve adaptive quizzing gives each 
student individualized question sets and feedback 
based on their responses. All questions link back 
to the e-book to encourage students to read the 
book in preparation for class time and exams.

LearningCurve organizes questions by Key 
Concept, and instructors can easily hide 
questions on concepts they are not covering. 
This means that each student’s quizzes can  
focus on the exact content being taught.

Online companion to in-text Analyze the Data exercise

Learning Curve instructor and student views

The LAUNCHPAD program is amazing, I wish all my 
classes used similar programs. I really liked how each 
chapter is broken into sections, and those sections 
broken into smaller subsections. This not only made 
reading the chapters extremely easy, but also helped 
me stay organized with note taking. The learning 
curve exercises were my favorite part of LaunchPad. 
They really helped me memorize information, and if I 
happened to forget something it was easy to go back 
and re-read the section of the book it was in.”

Student User

Each in-text Analyze the Data exercise is accompanied by an online 
companion exercise in LanchPad. The online companion exercise 
gives students additional practice with same skills addressed by the 
in-text exercise, and can be assigned by the instructor.
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Assessment

Principles of Life’s assessment resources give instructors a range of tools for assessing the progress of their students before class, after class, 
and on exams. Along with updating and revising all question banks and adding new questions at higher cognitive levels, we have fully aligned all 
in-book and online content to the new Third Edition.

Third Edition assessment questions and resources are aligned to the new Learning Objectives featured in each Key Concept. This provides 
instructors with a concrete way of assessing students on their mastery of the most important material in each chapter.

FEATURE LAUNCHPAD ASSESSMENT RESOURCES

Active Learning 
Modules

The expanded set of Active Learning Modules includes pre- and post-quizzes in LaunchPad, plus additional  
assessment questions.

Activities & 
Simulations

All activities, including simulations, are assignable in LaunchPad and report to the LaunchPad gradebook upon 
completion.

Analyze the Data For each in-text Analyze the Data exercise, a Companion exercise is available in LaunchPad.

Animations Pre-built quizzes accompany each Animation in LaunchPad.

Key Concepts
 • All quiz and test questions are tagged by Key Concept and searchable in LaunchPad.

 • LearningCurve study plans and instructor reports are organized around the Key Concepts.

Learning Objectives All review and apply, quiz, and test questions are aligned with the new Learning Objectives and searchable in LaunchPad.

Summative Quizzes Each chapter includes a pre-built Summative Quiz in LaunchPad.

Test Bank
An extensive test bank is provided for each chapter in a variety of formats: LaunchPad question banks,  
Word documents, and Diploma test-creation program (software included).

SEARCHABLE QUESTION BANK
LaunchPad’s enhanced question bank functionality makes 
it easy to search for and select questions from any of the 
Principles of Life question banks (Test Bank, LearningCurve, 
Summative Quizzes). With the new filtering functionality, 
instructors can get the precise mix of questions they want by 
filtering for:

 • Learning Objective

 • Key Concept/Textbook Section

 • Bloom’s Taxonomy Level

 • Difficulty (for LearningCurve questions)

 • Source

SUMMATIVE QUIZZES
In LaunchPad, each chapter includes a Summative Quiz 
composed of 20 questions spanning the chapter’s Key 
Concepts. Quizzes are pre-built and ready to assign. At the 
same time, they are completely customizable; instructors can 
add, revise, or remove questions to match their course content.

LEARNINGCURVE
For each chapter, LearningCurve offers an extensive set of 
questions that are distinct from those in the Test Bank and 
Summative Quizzes. Questions are organized by Key Concepts, 
aligned to Learning Objectives, and ranked by difficulty. Thus, 
students can master the material at a manageable pace, facing 
more difficult questions after answering easy and moderate 
questions correctly.

TEST BANK
The Principles of Life Test Bank has been significantly revised 
for the Third Edition. Questions have been updated to match 
the revised textbook chapters and aligned to the new Learning 
Objectives. In addition, the number of questions at higher 
cognitive (Bloom’s) levels has been increased. All questions are 
available in LaunchPad and are easily searchable by chapter, 
Key Concept, Learning Objective, and Bloom’s Level using 
LaunchPad’s new question bank tools.
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Principles of Life, Third Edition * = New Chapter

1 Principles of Life

PART 1   CELLS

2  Life’s Chemistry and the Importance 
of Water 

3 Nucleic Acids, Proteins, and Enzymes

4 Cell Structure and Membranes

5  Cell Metabolism: Synthesis and Degra-
dation of Biological Molecules 

6 Cell Signals and Responses

PART 2   GENETICS

7 The Cell Cycle and Cell Division

8 Inheritance, Genes, and Chromosomes

9 DNA and Its Role in Heredity

10 From DNA to Protein: Gene Expression

11 Regulation of Gene Expression

12 Genomes

PART 3   EVOLUTION

13 Processes of Evolution

14 Reconstructing and Using Phylogenies

15* Evolution of Genes and Genomes

16 Speciation

17 The History of Life on Earth

PART 4   DIVERSITY

18 Bacteria, Archaea, and Viruses

19  The Origin and Diversification  
of Eukaryotes

20 The Evolution of Plants

21 The Evolution and Diversity of Fungi

22 Animal Origins and Diversity

PART 5    PLANT FORM AND 
FUNCTION

23 The Plant Body

24 Plant Nutrition and Transport

25 Plant Growth and Development

26 Reproduction of Flowering Plants

27 Plants in the Environment

PART 6    ANIMAL FORM AND 
FUNCTION

28  Temperature, Energy, Matter,  
and Homeostasis

29* Animals in Their Environments

30 Breathing and Circulation

31  Neurons, Sense Organs,  
and Nervous Systems

32  Control by the Endocrine  
and Nervous Systems

33 Muscle and Movement

34 Animal Reproduction

35 Animal Development

36  Immunology

37 Animal Behavior

PART 7   ECOLOGY

38 Ecological Systems in Time and Space

39 Populations

40 Interactions within and among Species

41 Ecological Communities

42 The Global Ecosystem
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Cell Metabolism: 
Synthesis and 

Degradation of 
Biological Molecules

Why is Earth green?
You will find an answer to this  

question on page 114.

Earth is called the blue planet, a result of its large oceans. 
However, as can be seen in this image that shows the 

amount of a green pigment called chlorophyll,  
Earth should perhaps be called 

the green planet.

5
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ATP and Reduced 
Coenzymes Are the Energy 
Currency for Biosynthesis

5.1

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

5.1.1  Explain what is meant when ATP is described as 
having “high-energy” phosphate bonds.

5.1.2  Describe how ATP is used to drive endergonic 
processes such as active transport.

5.1.3  Define a redox reaction and explain why oxidized 
molecules have lower chemical-bond energy 
than reduced molecules.

5.1.4  Explain how the high-energy molecules ATP and 
NADH are synthesized from the lower energy 
substrates ADP and NAD+.

Energy is stored in the chemical bonds of molecules, and it can 
be released and transformed by the metabolic pathways of living 
cells. A metabolic pathway consists of a coordinated series of 
biochemical reactions that convert molecules into different mol-
ecules. For example, you will see in this chapter that a certain 
metabolic pathway converts the six-carbon monosaccharide glu-
cose to carbon dioxide (CO2). This does not occur in a single step, 
but rather “bit by bit” in a series of chemical reactions.

Metabolic pathways have several defining characteristics:

• They consist of a series of separate, intermediate reactions.

• Each reaction is catalyzed by a specific enzyme.

• Most metabolic pathways are similar in all organisms, from 
prokaryotes to eukaryotes.

• Many metabolic pathways are compartmentalized, with cer-
tain steps occurring in certain regions of the cytosol or inside 

specific organelles (in eukaryotes) or micro- or nanocompart-
ments (in prokaryotes).

• Each metabolic pathway is controlled by one or a few key en-
zymes that can be inhibited or activated, thereby determining 
the rate at which the pathway proceeds.

Many of the processes that a cell must perform require energy. 
For many organisms, this energy is obtained from the breakdown 
of energy-rich organic molecules that they consume. The major 
exceptions are cells of the numerous photosynthetic organisms, 
including plants, algae, and cyanobacteria, that use energy from 
the Sun to produce the energy-rich molecules they need. In ad-
dition, some species obtain their energy from inorganic (non-
carbon-containing) sources, such as hydrogen sulfide released at 
hydrothermal vents in the oceans.

Recall from Key Concept 2.4 that endergonic reactions require 
a net input of energy to proceed, whereas exergonic reactions re-
lease energy. Within a cell, endergonic reactions can only proceed 
if they are coupled to exergonic reactions. How can the numerous 
different endergonic reactions occurring in a cell be coupled to the 
numerous different exergonic reactions? Energy for an endergonic 
reaction is required at the time the reaction occurs. This energy 
can be supplied directly by an exergonic reaction that occurs at the 
same time and in the same place. However, endergonic and exer-
gonic reactions can also be coupled indirectly when they use the 
same form of chemical-bond energy—we can call it their “energy 
currency”—such that energy that is released from a diverse set 
of exergonic reactions is captured and stored. This energy is then 
used to drive endergonic reactions when and where they occur. 
The two most widely used energy currencies are the coenzymes 
ATP and NADH.

ATP hydrolysis releases energy
Cells use adenosine triphosphate (ATP) as their main energy 
currency. Some of the energy that is released in exergonic reac-
tions is captured in chemical bonds when ATP is formed from 
adenosine diphosphate (ADP) and inorganic phosphate (Pi). The 
ATP can then be hydrolyzed at other sites in the cell, releasing free 
energy to drive endergonic reactions (FIGURE 5.1).

An active cell requires the production of millions of molecules 
of ATP per second to drive its biochemical machinery. You are 
already familiar with some of the activities in the cell that require 
free energy derived from the hydrolysis of ATP:

• Active transport across a membrane (see Key Concept 4.2)

• Condensation reactions to synthesize macromolecules (see 
Key Concept 2.4)

• Movements of vesicles and of cilia or flagella by motor pro-
teins (see Key Concept 4.4)

The hydrolysis of a molecule of ATP yields ADP and Pi and re-
leases energy (see Figure 5.1):

ATP + H2O ⃪   ADP + Pi + free energy

Under standard laboratory conditions, the change in free energy for 
this reaction (ΔG) is about –7.3 kcal/mol (–30 kJ/mol). The change 
in free energy is negative because the chemical bonds in ATP and 

ATP and Reduced Coenzymes Are the 
Energy Currency for Biosynthesis

Carbohydrate Catabolism in the 
Presence of Oxygen Releases a 
Large Amount of Energy

Catabolic Pathways for Carbohydrates, 
Lipids, and Proteins Are 
Interconnected

Anabolic Pathways Use Large 
Amounts of ATP

Life Is Supported by the Sun: Light 
Energy Captured during 
Photosynthesis Converts Carbon 
Dioxide to Carbohydrates
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H2O are weaker than the chemical bonds in ADP and Pi. Weaker 
bonds have more chemical-bond energy, and thus ATP and H2O 
together have more chemical-bond energy than ADP and Pi. Be-
cause the P—O phosphoanhydride bond has high chemical-bond 
energy, it is often termed a “high-energy” bond. A molecule of ATP 
can also be hydrolyzed to adenosine monophosphate (AMP) and a 
pyrophosphate ion (P2O7

4–, commonly abbreviated as PPi). In this 
case, the phosphate bond between the first and second phosphates 
is broken, releasing energy. Additional energy may also be released 
by the subsequent hydrolysis of PPi to two molecules of Pi.

In some reactions, ATP is formed by substrate-level phos-
phorylation—the enzyme-mediated direct transfer of phosphate 
from another molecule (the substrate) to ADP. This is the case for 
some reactions of the metabolic pathway for glucose breakdown 
(glycolysis), as we will see in Key Concept 5.2. However, the vast 
majority of ATP in cells is formed instead by oxidative phosphory-
lation, as we will also discuss in Key Concept 5.2.

Redox reactions transfer electrons and energy
Another way of transferring energy in chemical reactions is to com-
pletely or partially transfer electrons. A reaction in which one sub-
stance transfers one or more electrons to another substance is called 
a reduction–oxidation, or redox, reaction. Oxidation is the loss 
of one or more electrons by an atom, ion, or molecule, and reduction 
is the gain of one or more electrons (remember OIL RIG). Oxidation 
and reduction always occur together: as one compound is oxidized, 
the electrons it loses are transferred to another compound, reducing 
it. Compounds that attract electrons are called oxidizing agents and 

those that donate electrons are called reducing agents (FIGURE 
5.2A). Note, however, that a compound might be an oxidizing 
agent when reacting with a strong reducing agent but could act as a 
reducing agent when reacting with a strong oxidizing agent.

Although oxidation and reduction are defined in terms of traf-
fic in electrons, it is often helpful to think in terms of the gain or 
loss of hydrogen (H) atoms. Reactions in the cell often involve 
replacement of H atoms with carbon (C), nitrogen (N), oxygen 
(O), or sulfur (S) atoms. Hydrogen has lower electronegativity (a 
weaker ability to attract electrons) than these other atoms and so 
replacement of H by C, N, O, or S in an X—H bond (X = H, C, N, 
O, or S) means that electrons will be partially transferred away 
from X —it is oxidized because it has a lesser share of electrons in 
the new covalent bond. So when a molecule in a cell loses a hydro-
gen atom, it usually becomes oxidized. The one common atom in 
cells that makes this rule imperfect is P, which has lower electro-
negativity than H: replacement of H by P in an X—H bond reduces 
X because X has a greater share of the electrons in the new bond. 
Similarly, one can think of redox reactions in terms of gains or 
losses of oxygen atoms. Oxygen has higher electronegativity than 
H, C, N, P, or S, and so replacement of O by another atom in an 
X—O bond (X = H, C, N, O, P, or S) means electrons will be par-
tially transferred towards X—it is reduced because it has a greater 
share of electrons in the new covalent bond. When a molecule in 
a cell loses an oxygen atom, it becomes reduced (FIGURE 5.2B).

Hillis, et al., Principals of Life 3e
Sinauer Associates
Dragon�y Media Group 
POL3e_05.01.ai          Date 07-23-18

Synthesis of ATP 
from ADP and Pi 
requires energy.

Hydrolysis of ATP 
to ADP and Pi 
releases energy. 

Endergonic reaction:
(requires energy)
  • Active transport
  • Cell movements
  • Anabolism   

Exergonic reaction:
(releases energy)
  • Cell respiration
  • Catabolism

Pi

ADP

+

ATPATP

EnergyEnergy EnergyEnergy

FIGURE 5.1 Coupling of Exergonic and Endergonic 
Reactions Using ATP and ADP An exergonic reaction releases 
energy that is used to drive the endergonic condensation of ADP + 
Pi to make ATP. At a different time and location in the cell, the energy 
released by the hydrolysis of ATP to ADP + Pi can then be used to drive 
an endergonic reaction.

The energy released from the hydrolysis of ATP is 8 kcal/
mol. If an endergonic reaction requires 15 kcal/mol, how 
many ATP hydrolyses would it require?

Activity 5.1 ATP and Coupled Reactions
PoL3e.com/ac5.1
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A is oxidized,
having lost electrons.

B is reduced,
having gained electrons.

(A)  Complete transfer of electrons in a redox reaction

(B)  Partial transfer of electrons in a redox reaction

e–

e–

e–

e–

Reduced
compound A
(reducing agent)

Oxidized
compound B
(oxidizing agent)

Oxidized
compound A

Reduced
compound B

A B

A B

OH

H

H

C H

H

H

CH + ½ O2

δ+ δ– δ+

FIGURE 5.2 A Redox Reaction Involves Transfer of 
Electrons (A) Electron transfer may be complete, such that one 
or more electrons move from one molecule to another, resulting in the 
oxidized molecule becoming less negatively charged and the reduced 
molecule becoming more negatively charged. (B) Electron transfer may 
be partial, so that no electrons are lost or gained but an atom’s share of 
electrons is altered. This situation is illustrated with carbon and hydrogen 
being reduced. The C—O and O—H bonds in the molecule on the left 
side of the equation are polar, with the oxygen atom having a larger share 
and the carbon and hydrogen atoms a smaller share of the electrons, 
resulting in a slight charge difference (δ+ and δ–). Because the C—H 
bond that replaces the C—O—H is nonpolar, electrons are shared almost 
equally in the product. Thus in this reaction carbon and hydrogen have 
had a partial gain of electrons and have been reduced.
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In general, the more reduced an organic molecule is, the more 
energy is stored in its covalent bonds. Thus molecules with more 
C—H bonds store more energy than molecules with C—O and 
O—H bonds (FIGURE 5.3). One implication of this is that lip-
ids, with their high hydrocarbon content, have more chemical-
bond energy per gram than do sugars or proteins (see Chapter 3 
for structures). When carbon is fully oxidized, as it is in CO2, it 
cannot be used as a source of energy. When organic molecules 
are reduced, they end up with more stored energy in their chemi-
cal bonds, and when they are oxidized, they end up with less.

When a redox reaction occurs, a reducing agent is oxidized 
and ends up with lower chemical-bond potential energy while an 
oxidizing agent is reduced and ends up with more potential en-
ergy. Overall, some chemical-bond energy is transferred from the 
reducing agent to the reduced product, and some 
is lost to entropy (see Key Concept 2.3).

Cells use the coenzyme nicotinamide ade-
nine dinucleotide (NAD) as an electron carrier 
in redox reactions (FIGURE 5.4). NAD exists 
in two chemically distinct forms, one oxidized 
(NAD+) and the other reduced (NADH). The re-
duction reaction

NAD+ + H+ + 2 e– ⃪   NADH

involves the transfer of a proton (the hydrogen ion, 
H+) and two electrons, which are released by the 
accompanying oxidation reaction of an organic 
molecule (R):

RH2
⃪   R + 2H+ + 2 e–

If the oxidation and reduction reactions are writ-
ten as one coupled reaction, which is what actually 
happens, then we obtain:

RH2 + NAD+ ⃪   NADH + H+ + R

where R represents the rest of the molecule.
The reduced NADH molecule is readily oxidized 

within the cell. Oxygen is highly electronegative and 
readily accepts electrons from NADH. The oxidation 
of NADH by O2 (which occurs in several steps):

NADH + H+ + ½ O2
⃪   NAD+ + H2O

is highly exergonic, releasing energy with a ΔG of –52.4 kcal/mol 
(–219 kJ/mol), which is considerably more than the energy released 
by the hydrolysis of ATP. Note that the oxidizing agent appears 
here as “½ O2” instead of “O.” This notation emphasizes that it is 
molecular oxygen (O2) that acts as the oxidizing agent.

NAD is a common electron carrier in cells, but it is not the 
only one. Others include flavin adenine dinucleotide (FAD/
FADH2), which also transfers electrons during glucose metab-
olism (see Key Concept 5.2), and nicotinamide adenine di-
nucleotide phosphate (NADP+/NADPH), which is used in 
photosynthesis (see Key Concept 5.5).

How do these coenzymes participate in the flow of energy 
within cells? The release and reuse of cellular energy can be sum-
marized as follows:

• Organic molecules are oxidized during catabolism, releasing 
energy, which is mostly captured by the reduction of coen-
zymes such as NAD+ (to give NADH).

• The primary energy currency of the cell is ATP; hydrolysis of 
ATP supplies the energy for many energy-requiring processes, 
including anabolism.

Because catabolism produces NADH (and similar reduced coen-
zymes) but most of the energy-consuming reactions require ATP, 
cells need a way to transfer energy from NADH to ATP; that is, 
oxidation of NADH (to give NAD+) must be coupled to the syn-
thesis of ATP from ADP and Pi. This coupling is accomplished in 
a process called oxidative phosphorylation, which we will discuss 
in Key Concept 5.2.
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(CH4)
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(CH3OH)
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(CH2O)
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FIGURE 5.3 C—H Bonds Have Higher Free Energy (They 
Are Weaker) than C—O Bonds As its carbon atoms become 
more oxidized (less reduced), an organic molecule has lower chemical-
bond energy (its bonds are stronger).
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One proton and two electrons 
are transferred to the ring 
structure of NAD+.

This OH in NAD+/NADH is 
replaced by a phosphate 
group in NADP+/NADPH 
(see Key Concept 5.5).
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Oxidized form (NAD+) Reduced form ( NADH )
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FIGURE 5.4 The Coenzyme NAD+ Can Be 
Reduced to Form NADH

Where does the “H+” in red that is used 
in the reduction of NAD+ come from?
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We have seen that both ATP and NADH function as energy-cou-
pling coenzymes, which are used by cells to store and transfer 
energy. We will now look at how cells capture energy from the 
catabolism of glucose to produce NADH, and then transfer this 
energy from NADH to ATP.

Carbohydrate 
Catabolism in the Presence 
of Oxygen Releases a Large 
Amount of Energy

5.2

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

5.2.1  Identify where the four stages of aerobic respi-
ration of glucose occur in a cell and how many 
ATP molecules are produced in each stage.

5.2.2  List the differences between aerobic respira-
tion and fermentation of glucose with respect 
to the products, energy released, and role of 
mitochondria.

5.2.3  Describe how carbohydrate catabolism is 
regulated at the enzyme level.

Cellular respiration is the set of metabolic reactions used by 
cells to harvest energy from molecules such as carbohydrates. The 

energy can then be used to fuel endergonic reactions. Energy is 
released when organic molecules, with many C—C and C—H (re-
duced) bonds, are oxidized to CO2. We will first consider in detail 
the catabolism of the carbohydrate glucose (FIGURE 5.5).

In the cell, the complete oxidation of glucose to CO2 takes place 
in four major stages: glycolysis, pyruvate oxidation, the citric acid 
cycle, and oxidative phosphorylation. Several of these are multi-
reaction metabolic pathways. In this section we describe each 
stage in turn. When the oxidation of glucose takes place in the 
presence of oxygen in the cell, it is called aerobic respiration 
(see Figure 5.5, left). The complete oxidation of glucose releases a 
considerable amount of energy:

Glucose + 6 O2
⃪   6 CO2 + 6 H2O + energy  

(686 kcal [2,872 kJ] per mole of glucose)

This equation applies whether glucose is oxidized in cells or in a 
chemistry lab. In the lab, this energy is released as heat, and that 

When macromolecules are oxidized, they release their 
chemical-bond energy. Oxidation occurs in a series of 
steps, which allows a portion of the energy to be captured 
in ATP and other coenzymes such as NADH. Energy cap-
tured in these and other coenzymes is then used to synthe-
size additional ATP. ATP is the energy currency of the cell 
and is used to drive a variety of endergonic reactions by 
coupling them to the exergonic hydrolysis of ATP.

1. In Chapter 4 you learned about the sodium–potassium 
pump (see Figure 4.7), which transports Na+ and K+ 
ions against their concentration gradients using ATP. 
Describe how the high-energy bonds in ATP allow this 
process to occur.

2. For each of the following reactions, explain whether the 
carbon atoms in the reactants are being oxidized or 
reduced.

C6H12O6 + 6 O2
⃪   6 CO2 + 6 H2O

6 CO2 + 6 H2O ⃪   C6H12O6 + 6 O2

3. The energy required to reduce NAD+ to form NADH is 
substantially more than is available from the hydrolysis of 
ATP. Where does the energy come from to reduce NAD+?

REVIEW & APPLY | 5.1
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Oxidative phosphorylation 
occurs on the inner 
mitochondrial membrane.

Glycolysis and 
fermentation occur 
in the cytoplasm.

Pyruvate oxidation and 
the citric acid cycle 
occur in the matrix of 
mitochondria.

Oxidative Phosphorylation
(electron transport/

ATP synthesis)

4 CO2

Citric
Acid
Cycle

Glycolysis

2 CO2

O2 absentO2 present

2 Pyruvate (3C)

Fermentation

2 Lactate (3C) or 
2 ethanol (2C) + 2 CO2

Glucose (6C)

Pyruvate Oxidation

2 Acetyl CoA (2C)

2 Pyruvate (3C)

FIGURE 5.5 Pathways for Catabolizing Glucose  
Respiration in the presence of oxygen involves four steps: glycolysis, pyru-
vate oxidation, the citric acid cycle and oxidative phosphorylation. In the 
absence of oxygen, respiration involves glycolysis and fermentation. “2C,” 
“3C,” and “6C” indicate the number of carbon atoms in each molecule.

Activity 5.2 Glycolysis and Fermentation
PoL3e.com/ac5.2
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is where scientists get the exact number of kilocalories noted in 
the equation. In living systems, however, a significant amount of 
the released energy (234 kcal/mol; 34% of the total) is captured in 
the high-energy phosphoanhydride bonds of ATP. The efficiency of 
energy capture in aerobic respiration is impressive, on par with that 
of gasoline-powered cars, which run on the energy released from 
the oxidation of hydrocarbons to CO2, and which generally have 
efficiencies between 25 and 50 percent. One factor that contributes 
to the high energy efficiency in cells is a principle of metabolism 
noted above: glucose is oxidized in a series of steps that release the 
energy in smaller amounts that can be captured relatively easily 
in coupled endergonic reactions (especially the reduction of NAD+ 
and the phosphorylation of ADP). When molecular oxygen (O2) is 
not available, glucose can be only partially oxidized, and the total 
energy released is substantially smaller (28 kcal [118 kJ] per mole 
of glucose; 2% efficiency). Breakdown of glucose in the absence of 
oxygen is termed fermentation (see Figure 5.5, right).

Aerobic respiration and fermentation of glucose both begin 
with glycolysis, which is the series of reactions that converts the 
six-carbon monosaccharide glucose into two three-carbon mol-
ecules of pyruvate (the anion of pyruvic acid). Once pyruvate is 
formed, it has one of two fates. In the presence of oxygen, pyruvate 
enters aerobic respiration, which begins with pyruvate oxidation, 
in which two three-carbon molecules of pyruvate are oxidized to 
two two-carbon molecules of acetyl CoA and two molecules of 
CO2. Each of the acetyl CoA molecules then enters the citric acid 
cycle, which is a series of reactions that results in the complete 
oxidation of the acetyl group to CO2. In the absence of oxygen, py-
ruvate enters the fermentation pathway, resulting in the produc-
tion of either CO2 and the two-carbon molecule ethanol (in plants 
and fungi), or of the three-carbon molecule lactate (in animals).

In glycolysis, glucose is partially oxidized and 
some energy is released
Glycolysis takes place in the cytosol and involves ten enzyme-
catalyzed reactions. During glycolysis, a few of the C—H bonds in 
the glucose molecule are oxidized, releasing some stored energy. 
The final products are two molecules of pyruvate, two molecules 
of ATP, and two molecules of NADH. The ten steps in the meta-
bolic pathway of glycolysis can be divided into two stages: the 
initial energy-investing reactions that consume chemical-bond 
energy stored in ATP, and the energy-harvesting reactions that 
produce ATP and NADH (FIGURE 5.6).

In the initial stage (steps 1–5 in Figure 5.6), a molecule of glu-
cose has two phosphate groups added to it (at —OH groups on 
the first and sixth carbons) and undergoes a structural alteration 
(isomerization), producing a fructose molecule containing two 
phosphates. Each of these first two phosphorylations is an end-
ergonic condensation reaction, and both the energy and phos-
phate groups are supplied by ATP, which is hydrolyzed to ADP. 
The resulting molecule is then cleaved to produce two molecules 
of glyceraldehyde 3-phosphate.
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FIGURE 5.6 Glycolysis Converts Glucose to Pyruvate  
Overall, there is a net production of two molecules of pyruvate, two mol-
ecules of ATP (from two ADP) and two molecules of NADH (from NAD).
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Each glyceraldehyde 3-phosphate is then phosphorylated (at the 
—H group of the first carbon) in a redox reaction (producing NADH 
from NAD+) (step 6 in Figure 5.6), and then several subsequent steps 
remove both phosphates, adding them to ADP to produce ATP in 
a process called substrate-level phosphorylation, resulting in 
the production of pyruvate (step 10 in Figure 5.6).

Pyruvate is the end-product of glycolysis and is somewhat more 
oxidized than glucose (to see this, examine the number of oxygen 
atoms per carbon atom in pyruvate versus glucose). In the presence 
of O2, further oxidation occurs. In prokaryotes these subsequent 
reactions take place in the cytosol, but in eukaryotes they take place 
in the mitochondrial matrix.

Pyruvate oxidation links glycolysis 
and the citric acid cycle
After glycolysis, the next step in the aerobic catabo-
lism of glucose involves the oxidation of pyruvate to 
a two-carbon acetate molecule and CO2. The acetate 
is then bound to coenzyme A to form acetyl CoA, 
which is used in various biochemical reactions as a 
carrier of acetyl groups (FIGURE 5.7).

The formation of acetyl CoA is a multistep reac-
tion catalyzed by the pyruvate dehydrogenase com-
plex, which contains 60 individual proteins and 5 dif-
ferent coenzymes. The overall reaction is exergonic, 
and one molecule of NAD+ is reduced to NADH. The 
main role of acetyl CoA is to donate its acetyl group 
to the four-carbon compound oxaloacetate, forming 
the six-carbon molecule citrate (the anion of citric 
acid). This initiates the citric acid cycle, one of life’s 
most important energy-harvesting pathways.

The citric acid cycle completes the 
oxidation of glucose to CO2
Acetyl CoA is the starting point for the citric acid 
cycle. This pathway of eight reactions completely 
oxidizes the two-carbon acetyl group to two mol-
ecules of CO2. The free energy released from these 
reactions is used to synthesize guanosine triphos-
phate (GTP) (from guanosine diphosphate [GDP] 
and Pi), and to reduce the electron carriers NAD+ (to 
NADH) and FAD (to FADH2) (FIGURE 5.8). For 
each molecule of acetyl CoA that donates its acetate 
to the citric acid cycle, three molecules of NADH, 
one molecule of FADH2, and one molecule of GTP 
are produced. This pathway is a cycle because the 

starting material, oxaloacetate, is regenerated in the last step and is 
ready to accept another acetate group from acetyl CoA. The citric 
acid cycle operates twice for each glucose molecule that enters gly-
colysis (once for each pyruvate).

GTP can be used directly as a source of chemical-bond energy 
to drive endergonic reactions in the cell, or it can phosphorylate 
ADP to ATP, which can then be used in this role. How are the 
reduced coenzymes NADH and FADH2 used to generate ATP? 
We answer that question in the next section, and in doing so we 
explain how oxygen molecules (O2) are involved in aerobic respi-
ration. Even though glucose is fully oxidized to CO2 in the steps 
we have outlined, none of these steps require oxygen molecules.

Energy is transferred from NADH to ATP by 
oxidative phosphorylation
As we mentioned in Key Concept 5.1, energy-consuming pro-
cesses in the cell use ATP as their source of energy. In order to 
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FIGURE 5.7 Oxidation of Pyruvate Pyruvate is oxidized to 
acetyl CoA in aerobic respiration.
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FIGURE 5.8 The Citric Acid Cycle One turn through the eight steps of the citric acid 
cycle results in the complete oxidation of acetyl CoA to CO2, the production of one GTP (from 
GDP + Pi), and the reduction of three NAD+ (to NADH) and one FAD (to FADH2). “6C,” “5C,” 
and so on indicate the number of carbon atoms in each intermediate in the cycle.

Activity 5.3 The Citric Acid Cycle
PoL3e.com/ac5.3
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fully use the energy harvested in catabolism, cells transfer energy 
from NADH (and FADH2) to the phosphoanhydride bonds of ATP, 
in a process termed oxidative phosphorylation.

In eukaryotic mitochondria, oxidative phosphorylation is ac-
complished in two steps: electron transport and chemiosomosis. 
During electron transport, NADH (and FADH2) oxidation is used 
to actively transport protons (H+ ions) across the inner mitochon-
drial membrane, resulting in a proton gradient. During chemi-
osmosis, the diffusion of protons back across the membrane is 
then used to drive the synthesis of ATP. (In prokaryotes, oxidative 
phosphorylation takes place at the cell membrane.)

First let’s examine how the oxidation of NADH and FADH2 
leads to the production of the proton gradient. For example, when 
NADH is oxidized to NAD+, O2 is reduced to H2O:

NADH + H+ + ½ O2
⃪   NAD+ + H2O

This does not happen in a single step. Rather, there is a series of 
redox electron carrier proteins called the respiratory chain embed-
ded in the inner membrane of the mitochondrion (FIGURE 5.9). 
In a process termed electron transport, the electrons from the 
oxidation of NADH and FADH2 pass from one carrier to the next 
in the chain (see Figure 5.9). The oxidation reactions are exer-
gonic, and they release energy that is used to actively transport 
H+ ions across the membrane. FADH2 feeds into the chain later 
than NADH, and thus the electrons that FADH2 delivers are able 
to move fewer protons across the inner mitochondrial membrane.

An important aspect of electron transport is that an oxidation 
reaction is always coupled with a reduction. When NADH is oxi-
dized to NAD+, the corresponding reduction reaction is the forma-
tion of water from O2:

2 H+ + 2 e– + ½ O2
⃪   H2O
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Electrons (carried by NADH and FADH2) from
glycolysis and the citric acid cycle “feed” the 
electron carriers of the inner mitochondrial 
membrane, which transfer protons (H+) out
of the matrix to the intermembrane space.

1 Proton transfer creates an imbalance of 
H+—and thus a charge difference—between
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This imbalance is the proton-motive force.
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the matrix through the H+ channel of ATP 
synthase (the Fo unit). This movement of protons 
is coupled to the formation of ATP in the F1 unit.
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FIGURE 5.9 Oxidative Phosphorylation in the 
Mitochondrion The mitochondrial electron transport chain (respiratory 
chain) pumps protons into the intermembrane space. The resulting proton 
gradient is used by ATP synthase to phosphorylate ADP to ATP. 

Activity 5.4 Electron Transport Simulation
PoL3e.com/ac5.4

Animation 5.1 Electron Transport and ATP Synthesis
PoL3e.com/a5.1

98 CHAPTER 5 | CEll METAbOlISM: SYNTHESIS AND DEgrADATION Of bIOlOgICAl MOlECulES

W.H
. F

ree
man

 & C
o (

c) 
20

18



So the key role of O2 in cells—the reason we breathe and have 
a blood system to deliver O2 to tissues, and the reason an enor-
mous number of species require continuous access to molecular 
oxygen—is to act as an electron acceptor and become reduced. 
This allows the respiratory chain to continue to move electrons 
from one complex to the next, and to pump protons across the 
membrane against their concentration gradient.
Activity 5.5 The Respiratory Chain
PoL3e.com/ac5.5

Chemiosmosis uses the proton gradient to 
generate ATP
In addition to the electron transport carriers, the inner mito-
chondrial membrane contains an enzyme called ATP synthase 
(see Figures 5.9 and 5.10). This enzyme uses the H+ gradient to 
drive the synthesis of ATP via a mechanism called chemios-
mosis—the movement of ions across a membrane from a region 
of higher concentration to a region of lower concentration. Pro-
tons (H+) cannot readily diffuse across the membrane (see Key 
Concept 4.2), but they can cross the membrane through the ATP 
synthase enzyme. ATP synthase converts the potential energy 
of the proton gradient (called the proton-motive force) into the 
chemical-bond energy in ATP.

ATP synthase is a molecular motor composed of two parts: the 
Fo unit, which is a transmembrane domain that functions as the H+ 
channel; and the F1 unit, which contains the active sites for ATP 
synthesis (FIGURE 5.10). The F1 unit consists of six subunits 
(three each of two polypeptide chains), arranged like the segments 
of an orange around a central polypeptide. The potential energy set 
up by the proton gradient drives the passage of protons through the 
ring of polypeptides that make up the Fo component. This ring ro-
tates as the protons pass through the membrane, causing part of the 
F1 unit to rotate as well. ADP and Pi bind to active sites that become 
exposed on the F1 unit as it rotates, and ATP is made.

The structure and function of the ATP synthase enzyme is 
shared by living organisms as diverse as bacteria and humans. 
The enzyme makes ATP at rates of up to 100 molecules per second. 
In all organisms, this molecular motor relies on protein gradients 
across membranes:

• In prokaryotes, the gradient is set up across the cell mem-
brane, using energy from various sources.

• In eukaryotes, chemiosmosis occurs in the mitochondria and 
the chloroplasts.

• As we have just seen, the H+ gradient in mitochondria is set 
up across the inner mitochondrial membrane, using energy 
released by the oxidation of NADH and FADH2.

• In chloroplasts, the H+ gradient is set up across the thylakoid 
membrane using energy from light (see Key Concept 5.5). In this 
case, the reduced coenzyme is NADPH, a relative of NADH.

Despite these differences in detail, the mechanism of chemiosmo-
sis is similar in almost all forms of life.
Animation 5.2 Two Experiments Demonstrate the 
Chemiosmotic Mechanism
PoL3e.com/a5.2

The proton gradient can also be used to 
produce heat
In some situations, a membrane channel is present in the inner 
mitochondrial membrane that is always open to protons. The 
presence of this channel reduces the H+ gradient, which implies 
that ATP cannot be made as efficiently. Considerable energy is 
released as protons move through the membrane channel down 
their concentration gradient. The released energy forms heat in-
stead of being used to make ATP. In newborn human infants, 
a membrane protein appropriately called uncoupling protein 
1 (UCP1) disrupts the H+ gradient in the mitochondrial cells 
of brown adipose tissue (“brown fat”), and this results in the 
release of heat. Because infants lack body hair and have high 
surface area-to-volume ratios, they cool easily; the presence of 
brown adipose tissue allows them to generate heat and helps 
keep them warm. Once they grow larger, this method of heat 
production is no longer needed and UCP1 levels drop. Mutant 
mice that continue to produce high levels of UCP1 in their brown 
fat as adults are less efficient at capturing the energy in their 
food as ATP because the proton gradient in their mitochondria 
is disrupted (INVESTIGATION FIGURE 5.11).

The role of brown adipose tissue in generating 
heat in animals is further discussed in Key 
Concept 28.3.

A popular weight-loss drug in the 1930s was the synthetic uncou-
pling molecule dinitrophenol. There were claims of dramatic weight 
loss when the drug was administered to obese patients. Unfortu-
nately, the heat that was released caused fatally high fevers, and 
the effective dose and fatal dose were quite close. The use of this 
drug was discontinued in 1938, but the general strategy of using an 
uncoupling molecule for weight loss remains a subject of research.
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FIGURE 5.10 The Structure and Mechanism of ATP 
Synthase Mitochondrial ATP synthase is a rotary motor that uses  
the potential energy stored in the proton gradient to synthesize ATP from 
ADP and Pi.

Media Clip 5.1 ATP Synthase in Motion
PoL3e.com/mc5.1
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FIGURE 5.11 Mitochondria, Genetics, and Obesity  
As people (and mice) get older, they tend to accumulate fat. In the 
course of investigating a strain of mice genetically unable to make 
the receptor for a hormone called ghrelin that is involved in control-
ling appetite, Yuxiang Sun and her team at Baylor College of Medicine 
compared these mice with normal mice as they aged.a They were 

surprised to find that the genetically changed mice did not put on as 
much weight as their normal counterparts did. The researchers discov-
ered that the genetic mutation in these mice caused uncoupling of oxi-
dative phosphorylation and burning of body fat. Their experiment inves-
tigated whether levels of mitochondrial uncoupling protein 1 (UCP1) 
were different in the genetically changed mice than in normal mice.

INVESTIGATION

HYPOTHESIS
Mice that make more UCP1 burn more body fat.

CONCLUSION
Increased UCP1 correlates with less fat and a lower body weight.

ANALYZE THE DATA
In an effort to determine whether weight gain in normal (wild-type) mice 
might be due to inactivity or to eating too much (two of the well-known 
causes of weight gain), as opposed to a biochemical abnormality (such 
as unusual UCP1 levels), Sun and her team examined young (3–4 
months old) and older (10–12 months old) mice of both strains. They 
measured weight and body composition in terms of fat and lean body 
tissues. The results are shown in the two graphs below.

1. Did the mutant mice and wild-type mice gain weight as they aged?

2. The researchers wondered whether the difference in weight of 
normal and mutant older mice noted in the lower left graphs was 
due to changes in eating patterns or exercising. So they measured 
how much food the mice ate per day and measured their move-
ments over time in a special chamber. The results are shown in 
the two graphs below. What can you conclude about the role of 
food intake and exercise on the weight differences between the 
two strains of mice?

3. The UCP1 found in the inner mitochondrial membrane of brown fat 
cells uncouples mitochondrial electron transport (oxidation) and ATP 
production (phosphorylation), so that instead of being trapped as 
chemical energy in the formation of ATP, the energy released by oxi-
dation is released as heat. Sun and her team measured UCP1 levels 
in brown fat mitochondria in older individuals of the two strains of 
mice. The results are shown in the graph below. What can you con-
clude about the role of UCP1 in the weight differences between the 
two strains of mice?

aX. Ma et al. 2011. PLoS One 6: e16391. © Ma et al.; CC BY 4.0.

A similar Analyze the Data exercise may be assigned in LaunchPad.
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Oxidative phosphorylation and chemiosmosis 
yield a lot of ATP
For each NADH that is produced in the mitochondrial matrix and 
gives electrons to the respiratory chain, about 2.5 ATP molecules 
are formed under the conditions in the cell. For FADH2, the value 
is about 1.5 ATP molecules. Thus the three molecules of NADH 
and one molecule of FADH2 produced by each turn of the cit-
ric acid cycle yield about nine [(3 × 2.5) + (1 × 1.5)] molecules of 
ATP. Two molecules of acetyl CoA are produced from each glucose 
molecule, so the total is about 18 ATPs per molecule of glucose. 
The two NADH molecules produced by oxidation of two pyruvate 
molecules, which also occurs in the mitochondrial matrix, give 
another five ATPs. Since the two molecules of NADH produced 
in glycolysis have to be actively transported into the mitochon-
drial matrix, the net gain is less, about 1.5 molecules of ATP per 
molecule of NADH, giving another three ATP molecules. Add to 
this the two GTP molecules (which can phosphorylate ADP to 
ATP) formed by oxidation of two acetyl CoA molecules in the citric 
acid cycle and the net of two additional ATP molecules formed by 
substrate-level phosphorylation during glycolysis and the citric 
acid cycle, and the total is about 30 molecules of ATP produced 
per fully oxidized glucose molecule.

The vital role of O2 is now clear: most of the ATP produced 
in cellular respiration is formed by oxidative phosphorylation—
the process of transferring electrons from NADH to O2, resulting 
in the oxidation of NADH to NAD+. The accumulation of atmo-
spheric O2 as a result of photosynthesis by ancient microorgan-
isms (see Key Concept 17.2) set the stage for the evolution of oxi-
dative phosphorylation; organisms that could exploit the O2 as a 
terminal electron receptor would have had a selective advantage.

Nevertheless, many microorganisms still thrive where O2 is 
scarce. Rather than employing fermentation, which captures rela-
tively little energy from glucose (as we will see shortly), these bacteria 
and archaea employ anaerobic respiration, using alternative ter-
minal electron acceptors present in their natural environments. Ter-
minal electron receptors vary depending on the species and the en-
vironment, and include nitrates (NO3

–), sulfates (SO4
2–), sulfur, and 

various metal ions. For example, the bacterium Geobacter metallire-
ducens typically lives in sediments at the bottom of streams or ponds 
and uses metal ions, including iron, as terminal electron acceptors:

Fe3+ + e– (from electron transport) ⃪   Fe2+

This bacterium can also use radioactive uranium ions as electron 
acceptors. In the process, the uranium is converted from a soluble 
to an insoluble form, making Geobacter of potential use in environ-
mental cleanup. The bacterium can convert uranium in contami-
nated water into a form that accumulates in the sediment and can 
be more readily removed.

Respiration is regulated
Metabolic pathways are subject to regulation. Since it is enzymes that 
control the speed of chemical reactions in cells, regulation of a path-
way usually involves control of enzyme abundance and/or activity. 
Regulation of enzyme activity often involves feedback inhibition, 
in which the product of a pathway binds to and inhibits an enzyme 
that catalyzes an early step of the pathway. Binding occurs at the 

active site or at an allosteric site, which is a regulatory site elsewhere 
on the protein (see Key Concept 3.5).

Aerobic respiration is highly regulated. For example, high 
concentrations of ATP, the main product of glucose catabolism, 
or of citrate, a compound in the citric acid cycle, inhibit an early 
enzyme in glycolysis. ATP also inhibits pyruvate dehydrogenase, 
which oxidizes pyruvate, and a few enzymes in the citric acid cycle 
(FIGURE 5.12). When levels of ATP in the cell are high, aerobic 
respiration slows. Sometimes feedback involves the product of one 
pathway speeding up reactions in another pathway. For example, 
citrate not only inhibits an early step in glycolysis, but also ac-
tivates an enzyme that is early in the pathway for synthesizing 
glycogen, which is a large glucose polymer. Feedback regulation 
generally occurs rapidly, affecting a pathway within minutes.
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FIGURE 5.12 Regulation of Aerobic Respiration Allosteric 
regulation of glycolysis and the citric acid cycle occurs at several steps.

Activity 5.6 Regulation of Energy Pathways
PoL3e.com/ac5.6
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The rate of a biochemical reaction can also be controlled by 
reducing or increasing the number of enzyme molecules present 
relative to the substrate. This can be done by altering the tran-
scription of the genes that encode the enzymes. These events take 
time, and typically the effects on metabolism will take many hours 
to days to appear. For example, excess levels of glucose and other 
dietary factors can lead to increased transcription of the gene for 
fatty acid synthase, a key enzyme in the synthesis of fatty acids. 
Excess citrate produced by the citric acid cycle is broken down to 
acetyl CoA, which in turn is used in fatty acid synthesis. This is 

one reason why people accumulate fat after 
eating too much. The fatty acids may be ca-
tabolized later to produce more acetyl CoA.

The regulation of gene 
transcription to produce 
more of a protein is 
described in Chapter 11.

Fermentation of glucose 
releases a small amount  
of energy
In the absence of molecular oxygen (O2), the re-
spiratory chain cannot operate. (The exceptions, 
as we noted earlier, are the respiratory chains 
of anaerobic microbes adapted to use termi-
nal electron acceptors other than oxygen.) The 
immediate consequence is that chemiosmosis 
cannot be used to generate ATP. However, 
there is another implication. During aerobic 
respiration, NADH is oxidized to NAD+ when 
it donates its electrons to the respiratory chain. 
Without an alternative, the NADH produced by 
glycolysis would not be oxidized to NAD+ and 
glycolysis would stop because there would be 
no NAD+ to reduce, meaning that no energy 
could be obtained from glucose. To solve this 
problem, organisms use fermentation to oxidize 
the NADH and produce NAD+, thus allowing 
glycolysis to continue (FIGURE 5.13).

Like glycolysis, fermentation pathways 
occur in the cytoplasm. There are many dif-
ferent types of fermentation used by differ-
ent organisms, but all operate to regenerate 
NAD+. During fermentation, the NADH made 
during glycolysis is not used by the respiratory 
chain to form ATP. Therefore the overall yield 
of ATP from fermentation is restricted to the 
ATP made in glycolysis (two ATP molecules 
per glucose molecule).

Two fermentation pathways are found in a 
wide variety of organisms:
1. Lactic acid fermentation, the end-product 

of which is lactic acid (lactate)

2. Alcoholic fermentation, the end-product 
of which is ethyl alcohol (ethanol)

In lactic acid fermentation, pyruvate serves as the electron ac-
ceptor and lactate is the product (see Figure 5.13A). This process 
takes place in many microorganisms and multicellular organisms, 
including plants and vertebrates. A notable example of lactic acid 
fermentation occurs in vertebrate muscle tissue. Usually, vertebrates 
get their energy for muscle contractions aerobically, with the cir-
culatory system supplying O2 to muscles. The O2 supply is almost 
always adequate for small vertebrates, which explains why birds 
can fly long distances without resting. But in larger vertebrates such 
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Summary of reactants and products:
C6H12O6 + 2 ADP + 2 Pi        2 lactate + 2
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Summary of reactants and products:
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FIGURE 5.13 Fermentation (A) In lactic acid fermentation, each molecule of glucose 
is converted to two molecules of lactate, and two molecules of ATP are synthesized from ADP 
+ Pi. (B) In alcoholic fermentation, each molecule of glucose is converted to two molecules of 
ethanol and two molecules of CO2 and two molecules of ATP are synthesized from ADP + Pi. 
Note that many of the steps in the pathway can operate essentially in reverse.
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as humans, the circulatory system is unable to deliver enough O2 
when the need is great, such as during a long sprint. At this point, 
the muscle cells break down glycogen (a stored polysaccharide) and 
undergo lactic acid fermentation. The process is reversible; lactate is 
converted back to pyruvate once O2 is available again.

Alcoholic fermentation takes place in certain yeasts (eukary-
otic microbes) and some plant cells under anaerobic conditions. In 
this process, pyruvate is converted to ethanol (see Figure 5.13B). As 
with lactic acid fermentation, the reactions are essentially reversible.

By recycling NAD+, fermentation allows glycolysis to continue, 
thus producing small amounts of ATP through substrate-level phos-
phorylation: a net yield of two ATPs per glucose molecule, which is 
much lower than the energy yield from oxidative phosphorylation. 
For this reason, most organisms that rely on fermentation instead 
of respiration are microbes that grow relatively slowly.

Although the yield of ATP per molecule of glucose is generally 
low with cellular anaerobic metabolism, in some circumstances it 
can produce an adequate supply of ATP if the enzymatic reactions 
in the pathway are speeded up. Indeed, this occurs in vertebrate 
muscle cells (see Key Concept 33.3) and in some cancer cells where 
O2 is in low supply.
Activity 5.7 Energy Pathways in Cells
PoL3e.com/ac5.7

Activity 5.8 Energy Levels
PoL3e.com/ac5.8

Now that we have discussed how cells harvest chemical-bond en-
ergy from glucose in cellular respiration, we will briefly turn our 
attention to how energy is harvested from other molecules.

Catabolic Pathways  
for Carbohydrates, Lipids, and 
Proteins Are Interconnected

5.3

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

5.3.1  Describe how glycolysis and the citric acid cycle 
play a central role in the catabolism of carbohy-
drates, lipids, and proteins.

5.3.2  List the steps for the β-oxidation of a triglyceride.

5.3.3  Provide evidence that catabolic pathways are 
essentially identical across organisms, implying 
common ancestry.

Glucose is not the only molecule that can be catabolized to 
synthesize ATP. ATP can be synthesized using chemical-bond 
energy contained in all macromolecules. Fats in particular, be-
ing more reduced than other macromolecules, contain more 

chemical-bond energy than other molecules. 
A hallmark of catabolism is that breakdown 
products eventually enter the aerobic respira-
tion pathways described in Key Concept 5.2.  
FIGURE 5.14 outlines various metabolic path-
ways, including several catabolic pathways.

CArbOHYDrATES It is most straightforward 
to predict what happens with the breakdown of 
polysaccharides. These macromolecules are hy-
drolyzed to monosaccharides, as are disaccha-
rides. In many cases these monosaccharides are 
glucose and can enter glycolysis immediately. 
Other monosaccharides, such as fructose or ga-
lactose, are converted into a molecule that occurs 
slightly later in glycolysis.

lIPIDS Lipids vary considerably in their chemical 
composition (see Key Concept 3.1), and the steps in 
their breakdown differ as well. The main lipids used 
in energy storage are triglycerides, which are first 
hydrolyzed in the cytoplasm to their constituents—
glycerol and three fatty acids. Glycerol is converted 
into dihydroxyacetone phosphate, which is a three-
carbon intermediate in glycolysis. Fatty acids are 
highly reduced molecules that are converted to ace-
tyl CoA in a process called β-oxidation, catalyzed 
by enzymes inside the mitochondrial matrix. For 
example, the β-oxidation of a 16-carbon (C16) fatty 
acid occurs in several steps:

The complete oxidation of glucose, forming CO2, occurs in four stages: 
glycolysis, pyruvate oxidation, the citric acid cycle, and oxidative phos-
phorylation. Oxidative phosphorylation allows energy captured in NADH 
and FADH2 to generate a proton gradient across the inner mitochondrial 
membrane using electron transport. The potential energy stored in this 
proton gradient is then used by ATP synthase to generate ATP. In the ab-
sence of oxygen, pyruvate undergoes partial oxidation to produce either 
lactic acid or ethanol (depending on the organism), yielding much less 
energy stored as ATP. The metabolic pathways of glycolysis and the citric 
acid cycle are regulated via enzyme activity at critical steps.

1. Assuming that each NADH and FADH2 produced in the mitochondrial 
matrix can be used to synthesize about 2.5 and 1.5 molecules of ATP 
respectively, and that each NADH produced in the cytoplasm can be 
used to synthesize about 1.5 molecules of ATP, compare the energy 
yields (in terms of ATP per glucose molecule) from fermentation and 
from aerobic respiration.

2. Cyanide is a deadly toxin. It acts by binding to a heme prosthetic group 
(see Key Concept 3.5) that is present in the last protein complex of the 
respiratory chain, preventing electrons from being transferred to oxy-
gen. What happens to aerobic respiration when cyanide is present in 
sufficient concentrations to block electron transport? How could a cell 
still generate ATP from glucose when cyanide is present?

3. Why is replenishing NAD+ crucial to cellular metabolism? Do you think 
high levels of NAD+ would activate or inhibit early glycolysis enzymes?
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C16 fatty acid + CoA ⃪   C16 fatty acyl CoA
C16 fatty acyl CoA + CoA ⃪   C14 fatty acyl CoA + acetyl CoA

(Repeat last step 6 more times) ⃪   8 acetyl CoA

With each removal of a two-carbon acetyl group during 
β-oxidation, the remaining fatty acid chain—now two carbons 
shorter—is left with a CoA group attached to its end (see second 
reaction above). The oxidation process is repeated using this fatty 
acyl CoA, releasing another acetyl CoA and again leaving a fatty 
acyl CoA, once again two carbons shorter. The acetyl CoA mol-
ecules produced by β-oxidation enter the citric acid cycle and the 
acetyl groups are fully oxidized to CO2.

PrOTEINS Proteins are hydrolyzed to their amino acid build-
ing blocks in a process called proteolysis. Proteolysis requires a 
small initial input of energy in the form of ATP to overcome bonds 
involved in protein folding, but the hydrolysis of the peptide bonds 
is exergonic, though no energy is captured in the form of ATP. 
Degradation of the resulting amino acid building blocks results 

in molecules that feed into glycolysis or the citric acid cycle at dif-
ferent points. For example, the amino acid glutamate is converted 
into α-ketoglutarate, an intermediate in the citric acid cycle.

NuClEIC ACIDS Nucleic acids constitute a relatively small per-
centage of the molecules consumed in food, and are thus seldom 
used as an energy source. Nevertheless, nucleic acids can be hy-
drolyzed to their nucleotide monomers, which can then be further 
catabolized into inorganic phosphate groups, bases, and ribose 
or deoxyribose. The latter two components of nucleic acids enter 
aerobic respiration in glycolysis (ribose or deoxyribose) or in the 
citric acid cycle (bases).

The products of the breakdown of 
carbohydrates and lipids are not difficult to 
eliminate, but the breakdown of proteins and 
nucleic acids produces potentially toxic 
nitrogenous wastes, such as ammonia. 
Terrestrial animals incorporate nitrogenous 
wastes into urea or uric acid, which gets 
excreted, as described in Key Concept 29.2.

The way in which glucose and other macromolecules are oxi-
dized is very similar across cells that respire aerobically. Even in spe-
cies that live in anaerobic conditions, components of the citric acid 
cycle have been found. These commonalities suggest that the citric 
acid cycle may represent one of the earliest metabolic pathways.
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FIGURE 5.14 Metabolic Relationships The catabolic pathways 
of glycolysis and the citric acid cycle are central to many other metabolic 
pathways.

Many macromolecules can be oxidized and the released 
energy used to produce ATP. Catabolism of molecules 
other than glucose produces products that enter the meta-
bolic pathways of aerobic respiration at different points. 
Carbohydrates, some amino acids, and glycerol (from tri-
glycerides) enter at various steps in glycolysis; fatty acids 
enter at the acetyl CoA step, and several amino acids and 
nucleic acids enter at different steps in the citric acid cycle.

1. Proteins and triglycerides can be used as an energy 
source. Briefly describe where the building blocks of 
these macromolecules enter aerobic respiration.

2. Write the equation for the full oxidation of a triglyceride 
molecule that has three identical fatty acids, each con-
taining eight carbon atoms. (Hint: See Key Concept 3.1.)

3. A newly discovered species of bacteria is found living 
in sediments in lakes. Oxygen levels in these sediments 
are essentially zero because aerobic bacteria that break 
down organic material from dead plants, algae, and 
insects use it up. The newly discovered species is living 
on the macromolecules that are not used by the aerobic 
bacteria. Where does the oxygen used by the aerobic 
bacteria end up? Since the new species lives where 
oxygen is absent, do you think it is likely that it is still 
oxidizing carbon using the steps of aerobic respiration? 
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You have seen how cells harvest chemical-bond energy in cel-
lular respiration. Now we will see how that energy can be used 
in anabolism.

Anabolic Pathways Use 
Large Amounts of ATP5.4

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

5.4.1  Explain why anabolism involves a series of 
small energetic steps involving coupled ATP 
hydrolysis.

5.4.2  Give an example of how intermediates of  
catabolic pathways can be diverted into anabolic 
pathways, and vice versa.

5.4.3  Describe how anabolic pathways can be  
regulated at both the enzyme and gene- 
expression levels.

The pathways we have seen thus far in the chapter illustrate the 
central role of glycolysis, pyruvate oxidation, the citric acid cycle, 
and oxidative phosphorylation in the aerobic metabolism of mac-
romolecules. These pathways generate large quantities of ATP. 
Energy captured as ATP is readily available to perform various 
functions in the cell. One important function is anabolism.

Anabolism can generate macromolecules and 
their subunits
As mentioned in Chapter 3, macromolecules are synthesized from 
their building blocks in condensation reactions. These reactions 
are catalyzed by various enzymes and require energy input. Gly-
cogen, starch, and cellulose are synthesized from glucose mono-
mers present in the cell. Triglycerides are synthesized from fatty 
acids and glycerol, especially in adipocytes (fat cells). Nucleic ac-
ids are synthesized from nucleotide building blocks, as we will 
discuss in Chapter 9. Protein synthesis from amino acids will be 
discussed in Chapter 10. In all cases, the synthesis is performed 
in steps that individually do not require large energy inputs. For 
example, while a large amount of energy is used to synthesize gly-
cogen from glucose monomers, its stepwise synthesis, one mono-
mer at a time, is manageable, and the energy for each step can be 
supplied by ATP. Likewise, the synthesis of other macromolecules 
involves steps that are small enough that ATP, or NADH, can sup-
ply sufficient energy.

In addition to synthesizing macromolecules from their sub-
units, cells often need to synthesize the subunits themselves. This 
need can be caused either by insufficient intake of a particular 
building block, or by differences in the stability or relative usage 
of various macromolecular monomers. All organisms can synthe-
size some of the monomers they need from other compounds. 
Those that cannot be synthesized are said to be essential nutri-
ents, meaning they must be obtained from the environment. For 

example, in humans, 9 of the 20 amino acids cannot be synthe-
sized from other compounds and are thus essential. These same 
amino acids can be synthesized by many bacteria and are thus not 
essential nutrients for them.

Anabolic pathways that synthesize various subunits are strik-
ingly similar to the catabolic pathways that degrade those same sub-
units, and in many cases can be considered as simple reversals of the 
enzymatic steps. We saw such a reversal after fermentation stops, 
where lactate converts back to pyruvate in the presence of O2. The 
relationships among the anabolic (and catabolic) pathways for the 
main subunits of macromolecules are summarized in Figure 5.14.

Glycolytic and citric acid cycle intermediates, instead of being 
oxidized to form CO2, can be reduced and used to form glucose 
in a process called gluconeogenesis (which means “new for-
mation of glucose”). Pyruvate is often the starting point and is 
obtained from the catabolism of amino acids. Some of the steps 
are exact reversals of glycolysis steps and use the same enzymes. 
However, other steps differ because the energy that would be re-
quired to reverse the particular glycolysis step is too large. As we 
would expect from the second law of thermodynamics (see Key 
Concept 2.3), glucose synthesis requires substantially more energy 
input than is obtained during oxidation: it takes the hydrolysis of 
six ATP molecules to synthesize one glucose molecule from two 
pyruvate molecules (compared with two ATP molecules obtained 
by oxidizing glucose to pyruvate).

Acetyl CoA can be used to form fatty acids in a reversal of fatty 
acid catabolism. The most common fatty acids have even numbers 
of carbons: 14, 16, or 18. These are formed by the addition of two-
carbon acetyl CoA “units” one at a time until the appropriate chain 
length is reached.

Some intermediates in the citric acid cycle are reactants in 
pathways that synthesize important components of nucleic acids. 
For example, α-ketoglutarate and oxaloacetate are starting points 
for the synthesis of purines and pyrimidines, respectively. Some 
intermediates of glycolysis and the citric acid cycle can be used for 
amino acid synthesis.

Catabolism and anabolism are integrated  
into a system
A carbon atom from a protein in your burger can end up in DNA, 
fat, or CO2, among other fates. How does the organism “decide” 
which metabolic pathways to follow, in which cells? With hundreds 
of enzymes and all of the possible interconversions, you might ex-
pect that the cellular concentrations of various biochemical mol-
ecules would fluctuate widely. Remarkably, the levels of these sub-
stances in what is called the metabolic pool—the sum total of all 
the biochemical molecules in a cell—are usually quite constant. This 
constancy implies that cells carefully regulate both the synthesis 
and breakdown of macromolecules and their subunits.

Consider what happens to the starch in your burger bun. In the 
digestive system, starch is hydrolyzed to glucose, which enters the 
blood. If it is needed, such as during physical activity, the glucose 
is distributed to and absorbed by cells in the rest of the body. But 
if there is already enough glucose in the blood to meet the body’s 
needs, the excess glucose is converted into glycogen and stored 
in the liver. If insufficient glucose is supplied by food, glycogen is 
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broken down, or if glycogen stores are exhausted, other molecules 
are used to make glucose by gluconeogenesis. The end result is 
that the level of glucose in the blood is remarkably constant.

regulation of glucose levels in the blood is 
described in Chapter 30.

The interconnected nature of catabolism and anabolism im-
plies that imbalances in nutrient uptake can be overcome quite 
effectively. Thus diets that are low in sugar will promote gluconeo-
genesis, whereas diets that are low in fat will promote fatty acid 
synthesis. This balancing can involve activation or inhibition of 
enzymes on short time scales, such as might occur following the 
consumption of a meal, or changes in enzyme expression over lon-
ger time scales, such as during prolonged changes in diet. How-
ever, in some cases, imbalances cannot be overcome by modifying 
enzyme activity or expression, such as when an essential amino 
acid is missing from the diet.

We have seen how cellular respiration allows organisms to har-
vest chemical-bond energy from organic molecules and how this 
energy can be used to perform the anabolic and other energy-
requiring activities of the cell. For the rest of the chapter, we’ll 
look at how plants and other photosynthetic organisms produce 
organic molecules using energy from light.

Life Is Supported by the 
Sun: Light Energy Captured 
during Photosynthesis Converts 
Carbon Dioxide to Carbohydrates

5.5

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

5.5.1  Describe the structure of the chloroplast and  
assign function to the various parts.

5.5.2  Explain how the Sun provides energy for carbon 
fixation and outline the sequence of reactions in 
the Calvin cycle showing where energy is used.

5.5.3  Describe the wavelengths of light energy used 
for photosynthesis.

5.5.4  Explain why the world is green.

The energy released by catabolic pathways in almost all organ-
isms, including animals, plants, and prokaryotes, ultimately comes 
from the Sun. Photosynthesis (literally, “synthesis from light”) 
is an anabolic process by which the energy of sunlight is cap-
tured and used to convert carbon dioxide (CO2) and water (H2O) 
into carbohydrates (which we represent as a six-carbon sugar, 
C6H12O6) and oxygen gas (O2):

6 CO2 + 12 H2O
⃪   C6H12O6 + 6 O2 + 6 H2O

Animation 5.3 The Source of the Oxygen Produced by 
Photosynthesis
PoL3e.com/a5.3

Ponder for a moment this highly endergonic reaction. All that a 
photosynthetic organism requires is water, carbon dioxide, and 
sunlight and it can synthesize carbohydrates. This implies that 
photosynthetic organisms have an inexhaustible supply of chem-
ical-bond energy that they capture as light energy from the Sun! 
The equation above is essentially the reverse of the general equa-
tion for aerobic catabolism of glucose that we discussed in Key 
Concept 5.2. The difference is that in the equation above there 
are 12 H2O molecules on the left side, not 6 as would be expected 
from the equation for aerobic catabolism of glucose. The reason, 
as we will soon discuss in detail, is that in photosynthesis the oxy-
gen atoms in O2 all come from water—6 O2 molecules thus come 
from 12 H2O molecules. Some of the general molecular processes 
of photosynthesis are similar to those in glucose catabolism. For 
example, both processes involve redox reactions, electron trans-
port, and chemiosmosis. However, the details of photosynthesis 
are quite different.

Photosynthesis involves two pathways (FIGURE 5.15):

1. The light reactions convert light energy into chemical-bond 
energy in the form of ATP and the reduced electron carrier 
NADPH. NADPH is similar to NADH but with an additional 
phosphate group attached to the sugar of its adenosine (see 
Figure 5.4).

LINK

Anabolic pathways are, to a large degree, simple re-
versals of catabolic pathways. Differences arise when 
steps of catabolism are highly endergonic, implying that 
it would be difficult to pay the energy cost of reversing 
that step using ATP or NADH. Anabolism and catabolism 
are integrated, and overall synthesis versus breakdown 
of macromolecules is often controlled by energy levels in 
cells: high ATP and NADH promote anabolism, resulting 
in the production of glycogen (or starch) and triglycer-
ides. The manner in which anabolic and catabolic path-
ways are intertwined allows imbalances in nutrient up-
take of different macromolecules to be readily overcome.

1. Gluconeogenesis uses many of the same enzymes as 
glycolysis. However, for a few steps of glycolysis that 
are highly exergonic, alternate enzymes are used. Why 
is this necessary?

2. Trace the biochemical pathway by which a carbon 
atom from a starch molecule in rice eaten today can 
end up in a muscle protein tomorrow.

3. The Atkins diet is high in protein and fat and very low 
in carbohydrates. How might this diet affect the rates 
of glycolysis and gluconeogenesis? Do you expect 
changes in enzyme expression?
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2. The carbon-fixation reactions (also termed the light-
independent, or dark, reactions) do not use light 
directly, but instead use the ATP and NADPH 
made by the light reactions, along with CO2, to 
produce carbohydrates.

Both the light reactions and the carbon-fixation re-
actions stop in the dark because, in photosynthetic 
organisms, carbon-fixation requires both ATP and 
NADPH that are synthesized in the light reactions. 
In photosynthetic prokaryotes (e.g., cyanobacteria; 
see Figure 4.21B), the light reactions take place on in-
ternal membranes and the carbon-fixation reactions 
occur in the cytosol. In eukaryotic plants (and algae), 
which will be our focus here, both pathways proceed 
within the chloroplast, but they occur in different 
parts of that organelle (see Figure 5.15).

The endosymbiotic origins 
hypothesis for chloroplasts is 
supported by their similarity to 
cyanobacteria and will be 
discussed in Key Concept 19.1.

Light energy is absorbed by chlorophyll and 
other pigments
Light is a form of energy that can be converted to other forms, such 
as thermal or chemical-bond energy. Earth would be a very cold 
place without the conversion of light energy to the thermal energy 
that warms the planet. Light comes in individual packets of energy 
termed photons. The amount of energy contained in a single 
photon depends on its electromagnetic wavelength—the shorter 
the wavelength, the higher the energy in the photon. Differences 
in wavelength are also what we perceive as color differences.

The visible portion of the electromagnetic spectrum (FIGURE 
5.16) encompasses a fairly narrow range of wavelengths and en-
ergy levels. In order for a photon of a particular wavelength to be de-
tected or used by an organism, that organism must have molecules 
that are able to absorb the photon’s energy without breaking. Pho-
tons with very short wavelengths break covalent bonds when they 
are absorbed and thus cannot be easily captured, since molecules 
in the capturing system would be damaged. In contrast, long-wave-
length photons have less energy, making them less useful for form-
ing chemical-bond energy. The visible spectrum represents photons 
with enough energy to excite electrons to high-energy states in at-
oms, but not enough energy to break most organic covalent bonds.

In plants and other photosynthetic organisms, certain receptive 
molecules absorb photons in order to harvest their energy for bio-
logical processes. Molecules that absorb photons in the visible spec-
trum are termed pigments. Pigments absorb only specific wave-
lengths of light—photons with specific amounts of energy. When a 
photon meets a pigment molecule, one of three things can happen:

1. The photon may bounce off the molecule—it may be scattered 
or reflected.

2. The photon may pass through the molecule—it may be 
transmitted.

3. The photon may be absorbed by the molecule, adding energy 
to the molecule.

LINK
Hillis, et al., Principals of Life 3e
Sinauer Associates
Dragon�y Media Group 
POL3e_05.15.ai          Date 07-23-18

H2O

Pi

ATPATP

ADP
+

NADP+

NADPHNADPH
Calvin
cycle

Electron
transport

NADPH
cycle

ATP cycle
Chlorophyll

Light
reactions

Carbon
�xation

reactions

Light
(photon) Chloroplast

Stroma

Plant cell

Thylakoid

O2 Sugars

CO2

FIGURE 5.15 An Overview of Photosynthesis  
Photosynthesis consists of two pathways, the light reactions and the 
carbon-fixation reactions. In eukaryotic plants (and algae), these path-
ways occur in different parts of the chloroplast—the light reactions in the 
thylakoids, and the carbon-fixation reactions in the stroma.

Where in the cell does the reduction of CO2 occur, and 
what is the reducing agent?
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FIGURE 5.16 The Electromagnetic Spectrum The portion of the electro-
magnetic spectrum that is visible to humans as light is shown in detail at the top. (After 
S. Giannakis et al., 2016. Appl Catal B: Environ 199: 199.)

The wavelengths of photons absorbed by biological pigment molecules 
represent a small part of the electromagnetic spectrum. In terms of 
energy transfer, why don’t pigment molecules absorb at wavelengths 
much shorter or longer than those found in the visible spectrum?
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Neither of the first two outcomes causes any change in the mole-
cule. However, in the case of absorption, the photon disappears and 
its energy is absorbed by the molecule. The photon’s energy cannot 
disappear, because according to the first law of thermodynamics, 
energy is neither created nor destroyed (see Key Concept 2.3). When 
the molecule acquires the energy of the photon, one of the electrons 
in one of its atoms becomes “excited” and moves outward from its 
normal electron shell to the next electron shell. As you may recall 
from Chapter 2, electrons in more distant shells have higher energy. 
The pigment molecule has moved from its lower energy ground 
state to its excited, higher energy state (FIGURE 5.17).

The difference in free energy between the molecule’s excited 
state and its ground state is approximately equal to the energy of 
the absorbed photon (a small amount is lost to entropy). A pig-
ment molecule is unstable and more chemically reactive when it 
is excited than when it is in the ground state.

Two main pigments are involved in photosynthesis: chlorophyll 
a and chlorophyll b. Each of these molecules is able to absorb pho-
tons of light with particular wavelengths, as shown in their ab-
sorption spectra (FIGURE 5.18A). Not surprisingly, the rate 
of photosynthesis as a function of supplied light, which is plotted 
as an action spectrum, has peaks that roughly correspond to 
the peak absorbances for these pigments (FIGURE 5.18B).

Both chlorophyll a and chlorophyll b have a very similar, com-
plex ring structure, with a magnesium ion at the center (FIGURE 
5.19). A long hydrocarbon “tail” helps anchor the chlorophyll 
molecule to proteins in the thylakoid membrane of the chloroplast.

The chlorophylls absorb blue and red light, which are near the 
two ends of the visible spectrum (see Figure 5.18). In addition, 
plants possess accessory pigments that absorb photons intermedi-
ate in energy between the red and the blue wavelengths, and then 
transfer a portion of that energy to the chlorophylls. Among these 
accessory pigments are carotenoids such as β-carotene, which ab-
sorb photons in the blue and blue-green wavelengths and appear 
deep yellow (see Figure 5.18). The phycobilins, which are found 
in red algae and in cyanobacteria, absorb various yellow-green, 
yellow, and orange wavelengths.

Some plant pigments act as sensors that 
regulate growth and development; see Key 
Concept 26.4.

Light absorption results in reduction of 
electron acceptors by chlorophyll a in the 
reaction center
The pigments in photosynthetic organisms are bound to mem-
brane proteins that are arranged into light-harvesting com-
plexes. For example, light-harvesting complex II consists of three 
copies of a transmembrane protein, each of which binds 12 chloro-
phyll and 2 carotenoid pigment molecules. Thus this single com-
plex contains 36 chlorophyll and 6 carotenoid molecules. Several 
light-harvesting complexes together make up the antenna com-
plex, the role of which is to capture photons of light and deliver 
the energy to the reaction center, where the energy is used to 
excite electrons that are then used to reduce electron acceptors 
(FIGURE 5.20). The antenna complex forms a ring around the 
reaction center. The antenna complex and reaction center together 
make up a photosystem, which is the structure that captures 
light energy and converts it into chemical-bond energy.

When chlorophyll absorbs a photon of light, it enters an excited 
state. This is an unstable situation, and the chlorophyll rapidly re-
turns to its ground state, releasing most of the absorbed energy. 
This is an extremely rapid process—measured in picoseconds (tril-
lionths of a second)! For most chlorophyll molecules embedded in 
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When a molecule in the ground state absorbs a photon, it 
is raised to an excited state and possesses more energy.
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FIGURE 5.17 Excitation in a Pigment Molecule An electron in 
a pigment molecule absorbs a photon of light energy and is excited to a 
higher energy state.
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(A)  The absorption spectra of Anacharis

(B)  The action spectrum for Anacharis
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FIGURE 5.18 Absorption and Action Spectra (A) The three 
common photosynthetic pigments in plants have characteristic absorp-
tion spectra, which represent the wavelengths of light they will absorb. 
The absorption spectra shown here are for Anacharis, a common 
aquatic plant. (B) The action spectrum for Anacharis, measured by the 
relative photosynthetic rate of the intact plant, corresponds to the peaks 
in the absorption spectra of the plant’s pigment molecules.
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the thylakoid membrane, the released energy is absorbed by other, 
adjacent chlorophyll molecules. The energy eventually arrives at a 
ground-state chlorophyll a molecule at the reaction center (symbol-
ized by Chl; see Figure 5.21), which absorbs the energy and becomes 
excited (Chl*). Instead of transferring the absorbed 
energy to another chlorophyll, the reaction center 
chlorophyll transfers its energy to an electron, which 
is then transferred to an electron acceptor:

Chl* + acceptor ⃪   Chl+ + acceptor–

This, then, is the first consequence of light absorp-
tion by chlorophyll: the excited reaction center 
chlorophyll (Chl*) donates its excited electron in 
a redox reaction and becomes positively charged 
(Chl+). As a result of this transfer of an electron, 
the chlorophyll gets oxidized, while the acceptor 
molecule is reduced.

Reduction leads to ATP and NADPH 
formation
The electron acceptor that is reduced by Chl* is the 
first of a chain of electron carriers in the thylakoid 
membrane. Electrons are passed from one carrier 
to another in an energetically “downhill” series 
of reductions and oxidations. Thus the thylakoid 
membrane has an electron transport chain similar 
to the respiratory chain of mitochondria that we 
discussed in Key Concept 5.2.

Two photosystems are used during photo- 
synthesis:

1. Photosystem I (containing “P700” chloro-
phyll at its reaction center) has reaction center 
chlorophyll a that shows highest absorbance 

of light at 700 nanometers (nm). This photosystem passes an 
excited electron to an electron transport chain, where it is 
used to reduce NADP+, forming NADPH:

NADP+ + H+ + 2 e– ⃪   NADPH

2. Photosystem II (with “P680” chlorophyll at its reaction 
center) has reaction center chlorophyll a that shows highest 
absorbance of light at 680 nm. This photosystem passes an 
excited electron to a second electron transport chain, where 
it is eventually used to reduce chlorophyll a in photosystem 
I. Photosystem II replenishes its electron supply by oxidizing 
(splitting) water, releasing oxygen:

H2O ⃪   ½ O2 + 2 H+ + 2 e–

The energetic electrons from both photosystems are passed 
through a series of thylakoid membrane–bound electron carriers 
to a final acceptor at a lower energy level. As in the mitochondrion, 
a proton gradient is generated by proton transfer during electron 
transport, with lower pH (more H+) in the thylakoid interior than 
in the stroma. The proton gradient is used by ATP synthase to 
phosphorylate ADP to produce ATP—a process called photo-
phosphorylation. FIGURE 5.21 shows the series of electron 
transport reactions that use the energy from light to generate 
NADPH and ATP. The pathway is noncyclic in that the energy 
and electrons start in one molecule (chlorophyll) and end up in 
another (NADPH). The term “Z scheme” is used to describe the 

Hillis, et al., Principals of Life 3e
Sinauer Associates
Dragon�y Media Group 
POL3e_05.19.ai          Date 07-23-18

OO

H

CH

H3C

CH3

CH3 in chlorophyll a

CH3

H2C

H3C

CH
2

CH2

CO

H
H

N N

N N

O CH3

CH

CH2

CH2

CH

HC CH

C 

C 

O 

C 

Mg

Hydrocarbon tails secure 
chlorophyll molecules to 
hydrophobic proteins 
inside the photosystem.

Light is absorbed by the 
complex ring structure of 
a chlorophyll molecule. 

CHO in chlorophyll bFIGURE 5.19  
The Structure of  
Chlorophyll Pigments  
Both chlorophyll a and b 
molecules have a region that 
surrounds a magnesium ion 
and a hydrophobic “tail,” 
which facilitates anchoring 
to hydrophobic regions of 
integral thylakoid membrane 
proteins.

Hillis, et al., Principals of Life 3e
Sinauer Associates
Dragon�y Media Group 
POL3e_05.20.ai          Date 08-16-18

Chloroplast Thylakoid

Light energy is absorbed 
by pigments in the 
light-harvesting 
complexes and passed 
on to the reaction center.

The energized electron from 
the chlorophyll molecules can 
be passed on to an electron 
acceptor to reduce it.

Excited state

Thylakoid
interior

Photon

Electron
acceptor

Chlorophyll
molecules

Antenna complex
(light harvesting
complex)

Reaction center
proteins

Thylakoid
membrane

Photosystem embedded
in thylakoid membrane

Reaction center
chlorophylls

Carotenoid
moleculee–

e–

FIGURE 5.20 The Photosystem Captures Light Energy to Excite Electrons  
In each photosystem, multiple chlorophyll and carotenoid molecules are embedded side by 
side in antenna complexes that surround a specific central pair of chlorophyll a molecules in 
the reaction center. A pigment molecule absorbs a photon of light and the energy is subse-
quently transferred in multiple steps to a reaction center chlorophyll a molecule. The excited 
chlorophyll a molecule then transfers its energy to an electron, essentially converting it into 
chemical-bond energy, which then is used to reduce an electron acceptor.
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shape of the pathway when it is arranged as in Figure 5.21. You 
may have noticed that the order of the photosystems, in terms of 
electron movement, is photosystem II then I. This reflects the fact 
that photosystem I was the first one to be discovered.

Let’s look in more detail at these photosystems, beginning with 
photosystem II.

PHOTOSYSTEM II After an excited chlorophyll a molecule in 
the reaction center (Chl*) gives up its energetic electron to reduce 
a chemical acceptor molecule, the chlorophyll lacks an electron 
and is very unstable. It has a strong tendency to “grab” an elec-
tron from another molecule to replace the one it lost—it is now 
a strong oxidizing agent. The replenishing electrons come from 
water, breaking the two O—H bonds:

Oxidation of water: H2O ⃪   ½ O2 + 2 H+ + 2 e–

Reduction of chlorophyll a: 2 e– + 2 Chl+ ⃪   2 Chl
Overall: 2 Chl+ + H2O ⃪   2 Chl + 2 H+ + ½ O2

The source of the O2 produced by photosynthesis is H2O.

PHOTOSYSTEM I In photosystem I, an excited electron from 
the Chl* at the reaction center reduces an acceptor. The oxidized 
chlorophyll (Chl+) now “grabs” an electron, but in this case the 
electron comes from photosystem II, by way of the last carrier in 
the electron transport system. This links the two photosystems 
chemically. They are also linked spatially, with both photosystems 
present in the thylakoid membrane. The energetic electrons from 

photosystem I pass through several molecules in another electron 
transport system and end up reducing NADP+ to NADPH.

Next in the process of harvesting light energy to produce car-
bohydrates is the series of carbon-fixation reactions. These re-
actions require more ATP than NADPH. If the pathway we just 
described, the noncyclic or Z-scheme pathway (see Figure 5.21), 
were the only set of light reactions operating, there might not be 
sufficient ATP for carbon fixation. Cyclic photophosphorylation 
makes up for this imbalance. This pathway uses only photosystem 
I and produces ATP but not NADPH; it is cyclic because the elec-
trons flow from the reaction center of photosystem I, through the 
electron transport system that delivers electrons to photosystem 
I, and then back to photosystem I (see Figure 5.21).
Animation 5.4 Photophosphorylation
PoL3e.com/a5.4

We have seen how photosystems I and II absorb light energy, 
which ultimately ends up as chemical-bond energy in ATP and 
NADPH. Let’s look now at how these two energy-rich molecules 
are used in the carbon-fixation reactions to reduce CO2 and 
thereby form carbohydrates.

The chemical-bond energy generated by 
photosynthesis is used to convert CO2 to 
carbohydrates
The energy in ATP and NADPH is used in the carbon-fixation reac-
tions to produce carbohydrates from CO2. During this process, the 
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FIGURE 5.21 Electron Transport during the Light Reactions 
of Photosynthesis Electron transport may involve the noncyclic, or 
Z-scheme pathway, or the cyclic pathway. In the noncyclic pathway, elec-
trons obtained by the reaction center chlorophyll a from the oxidation of 
water are excited by photosystem II and then transferred to an electron 
acceptor. After passing through an electron transport chain, electrons 

are used to reduce chlorophyll a of the photosystem I reaction center. 
Electrons are then excited again and used to reduce another electron 
acceptor. They then travel down the second electron transport chain and 
are finally used to reduce NADP+, forming NADPH. In the cyclic pathway, 
electrons flow from the reaction center of photosystem I, back to the first 
electron transport chain and then back to photosystem I.
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carbon atoms are reduced. Most carbon fixation occurs only in the 
light, when ATP and NADPH are being generated. The metabolic 
pathway occurs in the stroma, or central region, of the chloroplast 
(see Figure 5.15) and is called the Calvin cycle after one of its 
discoverers, Melvin Calvin. As in all biochemical pathways, each 
reaction in the Calvin cycle is catalyzed by a specific enzyme. The 
cycle is composed of three distinct processes (FIGURE 5.22):

1. Fixation of CO2. The initial reaction of the Calvin cycle adds 
the one-carbon CO2 to an acceptor molecule, the five-carbon 
ribulose 1,5-bisphosphate (RuBP). The immediate product is 
a six-carbon molecule, which quickly breaks down into two 
three-carbon molecules called 3-phosphoglycerate (3PG; see 
Figure 5.22). The enzyme that catalyzes this reaction, ribu-
lose bisphosphate carboxylase/oxygenase (rubis-
co), is rather sluggish as enzymes go. It typically catalyzes 
two to three fixation reactions per second. Because of this, 
plants need a lot of rubisco to perform enough photosynthe-
sis to satisfy the needs of growth and metabolism. Rubisco 

constitutes about half of all the protein in a leaf, and it is 
probably the most abundant protein on Earth!

2. Reduction of 3PG to form glyceraldehyde 3-phosphate. This series 
of reactions involves a phosphorylation (using the high-ener-
gy phosphate from an ATP made in the light reactions) and a 
reduction (using an NADPH made in the light reactions). The 
product is glyceraldehyde 3-phosphate (G3P), which is 
a three-carbon sugar phosphate.

3. Regeneration of the CO2 acceptor, RuBP. Most of the G3P 
ends up as ribulose monophosphate (RuMP), and ATP 
is used to convert this compound into RuBP. So for every 
“turn” of the Calvin cycle, one CO2 is fixed and the CO2 ac-
ceptor is regenerated.

Animation 5.5 Tracing the Pathway of CO2
PoL3e.com/a5.5

What happens to the extra G3P made by the Calvin cycle that does 
not go on to produce RuMP (see Figure 5.22)? About one-sixth of 
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FIGURE 5.22  
The Calvin Cycle The Calvin 
cycle synthesizes glyceraldehyde 
3-phosphate (G3P) from CO2, 
thus fixing carbon from the atmo-
sphere. To form two molecules of 
G3P, equivalent to one glucose 
molecule, the Calvin cycle requires 
the oxidation of 12 NADPH  
molecules (to NADP+) and the 
hydrolysis of 18 ATP molecules.

Activity 5.9 The Calvin Cycle
PoL3e.com/ac5.9
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the G3P produced in the Calvin cycle is exported out of the chlo-
roplast to the cytosol, where it is converted to hexoses (glucose and 
fructose) (see step 3 of Figure 5.22). These are the hexoses that are 
represented as C6H12O6 in the general equation for photosynthe-
sis. These molecules may be catabolized for energy in mitochon-
dria as part of cellular respiration; used as carbon skeletons for the 
synthesis of amino acids and other molecules; or converted to the 
disaccharide sucrose, which is transported out of the leaf to other 
organs in the plant.

Late in the day when glucose has accumulated inside the chloro-
plast, the glucose units are linked to form the polysaccharide starch. 
This storage carbohydrate can then be drawn on during the night 
so that the photosynthetic tissues can continue to export sucrose to 
the rest of the plant even when photosynthesis is not taking place. 
In addition, starch is abundant in nonphotosynthetic organs such 
as roots, underground stems, and seeds, where it provides a ready 
supply of glucose to fuel cellular activities, including plant growth.

The products of the Calvin cycle are of crucial importance to 
Earth’s entire biosphere. The C—H covalent bonds generated by this 

cycle store almost all of the energy for life on Earth. Photosynthetic 
organisms, which are also called autotrophs (“self-feeders”), re-
lease most of this energy in cellular respiration, and use it to support 
their own growth, development, and reproduction. However, pho-
tosynthetic organisms are also the source of energy for other organ-
isms that consume them, the heterotrophs (“other-feeders”) that 
cannot photosynthesize. Heterotrophs depend on autotrophs for 
chemical-bond energy, which they harvest via cellular respiration. 
Even when a heterotroph is consuming another heterotroph, such 
as when we eat a fish for dinner, the chemical-bond energy in that 
fish ultimately comes from the Sun: the fish could be one that fed 
on photosynthetic organisms (such as algae), or it might have fed 
on another heterotroph that fed on photosynthetic organisms, or it 
might have fed on a heterotroph that fed on a heterotroph that fed 
on photosynthetic organisms… you get the idea!

Key Concept 40.3 describes how the energy 
captured by autotrophs flows through ecological 
communities.

LINK

The green Earth
Why (ultimately) are photosynthetic organisms green? 
There are actually several other questions contained 
within this one:

1. Why don’t plants have pigments that absorb light in 
the ultraviolet (UV) end of the spectrum? We already 
answered this question (see Key Concept 5.5): UV 
and shorter wavelengths have so much energy per 
photon that they would damage the pigments 
that absorbed them.

2. Why does peak absorbance, and peak pho-
tosynthetic rate, occur for photons with wave-
lengths around 400 nm?

3.  Why don’t plants have pigments that absorb photons with 
longer wavelengths—greater than 800 nm, for example?

4.  Finally, why don’t photosynthetic organisms use the middle 
of the visible light spectrum? In other words, why are pho-
tosynthetic organisms green and not black?

You will use quantitative reasoning and processes of sci-
ence to answer these questions.

One way to make progress on answering these questions is to 
determine what wavelengths are available to photosynthetic organ-
isms. FIGURE 5.23 shows how much solar irradiance reaches 
the top of Earth’s atmosphere, Earth’s surface at sea level, and 
10 meters below the ocean surface. Another useful piece of in-
formation is that the amount of energy contained in light is about 
124,000/λ kJ/mol, where λ is the wavelength in nanometers.

Using Figure 5.23, construct a table that shows approximately 
how much energy, relative to 400-nm-wavelength light, is 

available for light with wavelengths of 400, 550, 650, 1,000, and 
1,600 nm at Earths’ surface and 10 meters below the ocean sur-
face. Using the values from your table, go back and answer Ques-
tions 2, 3, and 4. Do the answers to those questions suggest any-
thing regarding whether photosynthesis evolved on land or in a 
marine environment?

THINK LIKE A SCIENTIST 

Quantitative
Reasoning

y=f (x )

Process of
Science

FIGURE 5.23 Solar Radiation Reaching Earth Curves show 
the solar irradiance, which is the amount of energy per unit time (Watts 
[W]) per square meter, for different wavelengths at different locations. (After 
R. Milo and R. Phillips. 2015. Cell Biology by the Numbers. New York: 
Garland Science. Adapted from National Renewable Energy Laboratory.)
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Rubisco can use O2 instead of CO2  
as a substrate
Rubisco fixes carbon from the atmosphere in the reaction between 
ribulose bisphosphate and CO2. However, rubisco also catalyzes 
the reaction between ribulose bisphosphate and O2, although 
at a lower rate. This reaction produces a five-carbon compound 
that then splits into a three-carbon compound and a two-carbon 
compound. The two-carbon compound is recycled in a series of 
steps and reenters the Calvin cycle. However, there is a cost, both 
in terms of energy (hydrolysis of ATP and oxidation of NADPH) 
and in terms of carbon: one carbon atom is fully oxidized to CO2. 
Thus the reaction of rubisco with O2, and the subsequent steps 
to return the product to the Calvin cycle, which are collectively 
termed photorespiration, result in the release of carbon into 
the atmosphere, rather than its fixation. How often rubisco reacts 
with O2 rather than CO2 determines the efficiency of the Calvin 
cycle. A higher relative concentration of O2 to CO2 and a higher 
temperature, which increases the affinity of rubisco for O2, both 
increase inefficiency.

When leaves are freely exchanging gases with their environ-
ment, the relative concentrations are such that the loss of efficiency 
due to photorespiration is small. However, on a hot day, when 
leaves close off pores called stomata to reduce water loss, the ratio 
of O2 to CO2 inside the leaf increases as photosynthesis produces 
O2 and uses up CO2; as a result, photorespiration increases and 
the efficiency of photosynthesis declines.

Such is the dilemma for plants carrying out photosynthesis as 
we have described it so far. This type of photosynthesis and the 
plants that use it are called C3 because the first detectable product 
of CO2 fixation, 3-phosphoglycerate, has three carbon atoms. In 
C4 and CAM (crassulacean acid metabolism) plants, however, the 
initial carbon-fixing reaction is different. This reaction combines 
a three-carbon compound and CO2 to form a four-carbon com-
pound as the initial product (hence “C4”). The reaction is catalyzed 
by an enzyme that, unlike rubisco, does not react with oxygen. 
Subsequently the four-carbon compound releases CO2, which is 
then fixed as usual by rubisco in the Calvin cycle.

In C4 plants, the initial fixation of CO2 and the second fixation of 
CO2 occur in separate cells (FIGURE 5.24A). The release of CO2 
from the four-carbon compound maintains a locally high concen-
tration of CO2 around rubisco, reducing photorespiration consider-
ably. In CAM plants, the initial fixation and second fixation of CO2 
are separated in time rather than space. In CAM plants, the initial 
fixation occurs at night, when leaves can more freely exchange gases 
with their environment without losing much water. Then, during 
the day, the four-carbon compound releases CO2 near rubisco, and 
carbohydrate synthesis proceeds (FIGURE 5.24B).

Key Concept 23.2 and Figure 23.7 provide 
greater detail on leaf anatomy and the different 
types of cells involved in photosynthesis.

LINK
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FIGURE 5.24 C4 and CAM Plants Fix Carbon Dioxide Twice (A) C4 
plants initially fix carbon into a four-carbon (4C) compound in mesophyll cells of the leaf. 
This compound then releases CO2 in the bundle sheath cells, which have high amounts 
of rubisco, to fix carbon in the first step of the Calvin cycle. (B) At night, CAM plants fix 
carbon into a four-carbon compound, which is then stored in the vacuole. This com-
pound then releases CO2 during the day to the chloroplasts, where the CO2 is fixed by 
rubisco in the first step of the Calvin cycle. (B after Sabine Deviche. © Arizona Board of 
Regents/ASU Ask A Biologist; CC BY-SA 3.0.)
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Answer: One answer is, of course, 
that photosynthetic organisms are 
abundant and they use pigments, such 
as chlorophyll, to absorb photons of 
light that are blue or red. Photons in 
the green part of the spectrum are thus 
reflected off photosynthetic organisms 
(or pass straight through), making them 
appear green.

While this explanation is correct, it is 
a proximate explanation, meaning it 
explains how photosynthetic organisms 

are green. However, it is not an ultimate 
explanation for why photosynthetic 
pigments are green as opposed to 
blue or red or some other color (see 
THINK LIKE A SCIENTIST on p. 112 for 
the answer to this question). Biologists 
can be interested in both answers: a 
cell biologist might be most interested 
in how cells are green, while an 
evolutionary biologist might want to 
know why cells evolved to be green and 
not another color.

Why is Earth green?

We might expect that C4 and CAM plants would have an ad-
vantage in hotter climates, where photorespiration is more likely 
to be a burden. That is what we find. Most plant species are C3 
plants, which initially fix CO2 using rubisco and thus have no 
way to avoid photorespiration. C3 plants, such as rice and wheat, 

perform best in temperate areas. C4 plants, such as corn and sug-
arcane, and CAM plants, which include succulents such as cacti, 
perform well in hotter environments.
Media Clip 5.2 Why Are Leaves Green?
PoL3e.com/mc5.2

Photosynthesis captures energy from light and uses that en-
ergy to synthesize carbohydrates from CO2 fixed from the at-
mosphere. Some of the reactions require light, which is used 
to excite electrons. These electrons are then used in electron 
transport to set up a proton gradient (like mitochondrial elec-
tron transport) and to reduce NADP+ to NADPH. The proton 
gradient is then used to synthesize ATP. The ATP and NADPH 
provide the energy needed by the carbon-fixation reactions 
that fix CO2 in the Calvin cycle. With few exceptions, all of the 
chemical-bond energy that is used by living organisms can be 
traced back to photosynthesis.

1. What are the reactants and products of the light-depen-
dent and carbon-fixation reactions of photosynthesis, and 
where are the reactions located in the chloroplast?

2. When a photon of light is absorbed by photosystems, how 
is the energy used?

3. Explain why on a hot, dry day the rate of photosynthesis 
in a C3 plant becomes very low but the plant continues to 
synthesize ATP.

4. Write equations for the production of the following in pho-
tosynthesis, and indicate whether they are oxidations, re-
ductions, or neither: Chl+, O2, ATP, NADPH.

5. If green plant cells are incubated in the presence of CO2 
molecules containing radioactive carbon atoms, the fate 
of the carbon atoms can be followed. In an experiment, 
radioactive CO2 was provided for 1 minute to plant cells, 
and then the cells were examined after 1, 5, 10, 20, and 30 
minutes. The following molecules were labeled with radio-
active carbon at some point(s): glucose, glyceraldehyde 
3-phosphate (G3P), 3-phosphoglycerate (3PG), ribulose 
1,5-bisphosphate (RuBP), and sucrose. List these mol-
ecules in the order in which they became labeled.
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• The oxidative breakdown of carbohydrates takes place in four stages with many steps, 
each catalyzed by an enzyme or carrier protein. Some steps release energy, which is 
captured by reduction of a coenzyme or phosphorylation of ADP.

• Catabolism in the presence of O2 (AEROBIC RESPIRATION) releases much more 
energy than does catabolism in the absence of O2 (FERMENTATION) (FIGURE 5.5).

• Some of the stages of carbohydrate catabolism, including most ATP production, occur 
in mitochondria (FIGURE 5.9).

1. The formation of ATP from 
ADP + Pi is endergonic. 
How is a cell able to make 
this reaction occur?

2. What does it mean to say 
that ATP is the “energy 
currency” of the cell?

3. In a redox reaction, what 
does it mean to say that a 
compound is reduced or 
oxidized?

1. The degradation of glucose 
to release energy occurs 
in numerous steps, each 
of which has a reasonably 
small change in free energy. 
Why is this advantageous?

2. In the absence of oxygen, 
cells will switch to 
fermentation. The goal of 
respiration is to generate 
chemical-bond energy, but 
in fermentation the step 
from pyruvate to ethanol 
or lactate requires energy. 
Why don’t cells just stop 
the pathway at pyruvate, or 
acetyl CoA, in the absence 
of oxygen?

3. How is the chemical-bond 
energy in NADH and FADH2 
converted to chemical-
bond energy in ATP?

• The high-energy phosphate bonds of ADENOSINE TRIPHOSPHATE (ATP) release 
energy when hydrolyzed and store energy when formed (FIGURE 5.1).

• The hydrolysis of ATP is an exergonic reaction that releases energy. Endergonic 
reactions in a cell are coupled to exergonic reactions.

• During catabolism, molecules such as 
carbohydrates and lipids, which contain many 
C—C and C—H bonds, become oxidized, releasing 
energy. Oxidation is coupled to the energy-requiring 
reduction of coenzymes such as NAD+, which 
in the process produces NADH. Such REDOX 
REACTIONS are common in metabolic pathways.

FIGURE 5.5

FIGURE 5.1

QUESTIONSATP and Reduced 
Coenzymes Are the Energy 
Currency for biosynthesis

5.1

Carbohydrate Catabolism in  
the Presence of Oxygen releases  
a large Amount of Energy

5.2

VISUAL SUMMARY 5

go to ACTIVITIES 5.2–5.8 and 
ANIMATIONS 5.1 and 5.2

FIGURE 5.9
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1. When you go on a diet, your body 
switches to breaking down fat stores 
in adipose tissue. Describe where 
triglycerides enter aerobic respiration 
and what happens to the hydrogen and 
carbon atoms contained in them.

2. What is one disadvantage of using amino 
acids or proteins, instead of glucose, to 
generate energy?

3. The respiratory chain in mitochondria 
ends up donating electrons to oxygen. 
However, electron transport is thought to 
have evolved before oxygen was present 
in the atmosphere. What does this 
indicate about early electron transport 
chains?

• The pathways for catabolism 
of carbohydrates, including 
glycolysis and the citric acid 
cycle, are central to the 
pathways for catabolism  
of lipids and proteins  
(FIGURE 5.14).

• The centrality of glycolysis 
and the citric acid cycle in 
metabolism is reflected in the 
fact that catabolic pathways 
often end with entry into one  
of these pathways.

FIGURE 5.14
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• Anabolic pathways involve many endergonic steps, and are thus often 
linked to the hydrolysis of ATP to provide energy.

• Both catabolic and anabolic pathways are regulated by enzymes.

• Anabolic pathways are often the reverse of catabolic pathways, involving 
the same molecules and enzymes.

1. The synthesis of macromolecule 
subunits, and of macromolecules 
themselves, occurs in numerous steps, 
none of which has a large change in free 
energy. Why are steps involving small 
changes in free energy advantageous?

2. When we switch to a low-carbohydrate 
diet, glucose levels do not drop to 
zero in our blood stream. Where might 
glucose be coming from in the short 
term (over the first few hours to a day or 
two) and long term (days to weeks)?

3. When a single-celled organism finds 
itself in a situation in which levels of 
glucose are very high for a long period of 
time, what kinds of metabolic enzymes 
might be expressed at higher levels?

FIGURE 5.15

5 VISUAL SUMMARY

QUESTIONS

Anabolic Pathways use 
large Amounts of ATP5.4

Life Is Supported by the Sun:  
light Energy Captured during 
Photosynthesis Converts Carbon 
Dioxide to Carbohydrates

5.5
1. In what way are chloroplasts and 

mitochondria similar in their function?

2. Plant cell walls are composed mostly of 
cellulose. Why might this be the case? 
(Hint: Examine the structure of cellulose 
in Key Concept 3.2.)

3. In what kinds of environments do you 
expect C4 and CAM plants to do better 
than C3 plants? Explain your answer.

go to LaunchPad for the ebook, learningCurve, animations, activities, flashcards, and additional resources and assignments.

• PHOTOSYNTHESIS occurs in the 
chloroplast in eukaryotic plants and 
algae and on membranes and in the 
cytosol in prokaryotes.

• There are two phases of 
photosynthesis: one phase captures 
light energy and converts it into 
chemical-bond energy, and the 
other phase uses this chemical-bond 
energy to synthesize carbohydrates 
from CO2 (FIGURE 5.15).

go to ACTIVITY 5.9 and 
ANIMATIONS 5.3–5.5
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All of Life Is Connected through Its 
Evolutionary History

Phylogeny Can Be Reconstructed 
from Traits of Organisms

Phylogeny Makes Biology 
Comparative and Predictive

Phylogeny Is the Basis of Biological 
Classification

KEY CONCEPTS

14.1

14.2

14.3

14.4

Reconstructing and 
Using Phylogenies

How are phylogenetic  
methods used to infer  
changes in protein sequences 
across evolutionary history?
You will find an answer to this  
question on page 316.

© hanohiki/Shutterstock.com

Many marine organisms, such as this jellyfish (Aequorea victoria), 
have fluorescent proteins that produce bioluminescence. 
Molecular biologists visualize the expression of genes 
in living tissues using the genes for green fluorescent 
protein (GFP). Phylogenetics allows biologists to 
determine the evolutionary changes in these 
proteins that result in a wide variety of  
fluorescent colors.
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All of Life Is Connected  
through Its Evolutionary History14.1

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

14.1.1 Draw and label the parts of a phylogenetic  
tree and explain the biological interpretation  
of each part.

14.1.2 Use a phylogenetic tree to determine relation
ships and infer character changes among 
species.

14.1.3 Explain how homoplasies (convergences and  
reversals of characters) are accounted for when 
constructing phylogenetic relationships.

The sequencing of complete genomes from many diverse species 
has confirmed what biologists have long suspected: all of life is re-
lated through a common ancestor. The common ancestry of life ex-
plains why the general principles of biology apply to all organisms. 
Thus we can learn much about how the human genome works by 
studying the biology of model organisms because we share a com-
mon evolutionary history with those organisms. The evolutionary 
history of these relationships is known as phylogeny, and a phy
logenetic tree is a diagrammatic reconstruction of that history.

Phylogenetic trees depict evolutionary 
relationships among lineages
Phylogenetic trees are commonly used to depict the evolutionary 
history of species, populations, and genes. For many years such 
trees have been constructed based on physical structures, behav-
iors, and biochemical attributes of related organisms. Now, as ge-
nomes are sequenced for more and more organisms, biologists are 
able to reconstruct the history of life in ever-greater detail.

In Chapter 13 we discussed why we expect populations of 
organisms to evolve over time. We call a series of ancestor and 
descendant populations a lineage, which we can depict as a line 
drawn on a time axis, as shown in FIGURE 14.1. What happens 
when a single lineage divides into two? For example, a geographic 
barrier may divide an ancestral population into two descendant 
populations that no longer interbreed with one another. We depict 

such an event as a split, or node, in a phylogenetic tree (see Figure 
14.1). Each of the descendant populations gives rise to a new lin-
eage, and as these independent lineages evolve, new traits arise in 
each one. As the lineages continue to split over time, this history 
can be represented in the form of a branching tree that can be used 
to trace the evolutionary relationships from the ancient common 
ancestor of a group of species, through the various lineage splits, 
up to the present populations of the organisms.

A phylogenetic tree may portray the evolutionary history of 
all life forms. Phylogenetic trees can also depict the history of a 
major evolutionary group (such as the insects) or of a much smaller 
group of closely related species. In some cases, phylogenetic trees 
are used to show the history of individuals, populations, or genes 
within a species. The common ancestor of all the organisms in the 
tree forms the root of the tree.

The depictions of phylogenetic trees in this book are rooted at 
the left, with time flowing from left (earliest) to right (most recent) 
(FIGURE 14.2A). The timing of splitting events in lineages is 
shown by the position of nodes on a time axis. These splits represent 
events where one lineage diverged into two, such as a speciation 
event (for a tree of species), a gene duplication event (for a tree of 

All of Life Is Connected through Its 
Evolutionary History

Phylogeny Can Be Reconstructed 
from Traits of Organisms

Phylogeny Makes Biology 
Comparative and Predictive

Phylogeny Is the Basis of Biological 
Classification

KEY CONCEPTS

14.1

14.2

14.3

14.4
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The lineages continue to
split, and a phylogenetic 
tree emerges.

5

…and each lineage continues
to evolve independently as 
different traits (represented
by red dots) arise.

4

…becomes a lineage as
we follow its descendants
through time.

A split occurs when the 
ancestral lineage divides into
two descendant lineages… 

3

2

A species, population, or 
gene at one point in time…

1

Time

Node

FIGURE 14.1 The Components of a Phylogenetic Tree  
Evolutionary relationships among organisms can be represented in a 
treelike diagram.
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genes), or a transmission event (for a tree of viral lineages transmit-
ted through a host population). The time axis may have an explicit 
scale, or it may simply show the relative timing of divergence events.

In this book’s illustrations, the order in which nodes are placed 
along the horizontal (time) axis has meaning, but the vertical dis-
tance between the branches does not. Vertical distances have been 
adjusted for legibility and clarity of presentation; they do not cor-
relate with the degree of similarity or difference among groups. 
Note too that lineages can be rotated around nodes in the tree, so 
the vertical order of lineages is also largely arbitrary (FIGURE 
14.2B). The important information in the tree is the branching 
order along the time axis, as this indicates when the various lin-
eages last shared a common ancestor.

Any group of species that we designate with a name is a taxon 
(plural taxa). Examples of familiar taxa include humans, primates, 
mammals, and vertebrates; in this series, each taxon is also a 

member of the next, more inclusive taxon. Any taxon that con-
sists of all the evolutionary descendants of a common ancestor is 
called a clade. Clades can be identified by picking any point on 
a phylogenetic tree and from that point tracing all the descendant 
lineages to the tips of the terminal branches (FIGURE 14.3). 
Two species that are each other’s closest relatives are called sister 
species. Similarly, any two clades that are each other’s closest 
relatives are sister clades.

Before the 1980s, phylogenetic trees tended to be seen only 
in the literature on evolutionary biology, especially in the area of 
systematics—the study and classification of biodiversity. But 
almost every journal in the life sciences published during the last 
few years contains phylogenetic trees. Trees are widely used in 
molecular biology, biomedicine, physiology, behavior, ecology, 
and virtually all other fields of biology. Why have phylogenetic 
studies become so widespread?
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The splits in branches
are  called nodes and
indicate a division of
one lineage into two.

The positions of the nodes on
the time scale (if present) indicate
the times of the corresponding 
speciation events.

In this book, all phylogenetic
trees show the common 
ancestor for the group on 
the left; this is called the
root of the tree.

Branches can be rotated around
any node without changing
the meaning of the tree.
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Chimpanzee

Gorilla
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Orangutan
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Human
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FIGURE 14.2 How to  
Read a Phylogenetic Tree  
(A) Phylogenetic trees can be produced 
with time scales, as shown here, or with 
no indication of time. If no time scale is 
shown, then the trees are only meant to 
depict the relative order of divergence 
events. (B) Lineages can be rotated 
around a given node, so the vertical 
order of taxa is largely arbitrary.
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Phylogenetic trees are the basis of 
comparative biology
In biology, we study life at all levels of organization—from genes, 
cells, organisms, populations, and species to the major divisions 
of life. In most cases, however, no individual gene or organism (or 
other unit of study) is exactly like any other gene or organism that 
we investigate.

Consider the individuals in your biology class. We recognize 
each person as an individual human, but we know that no two are 
exactly alike. If we knew everyone’s family tree in detail, the ge-
netic similarity of any pair of students would be more predictable. 
We would find that more closely related students have many more 
traits in common (from the color of their hair to their susceptibil-
ity or resistance to diseases). Likewise, biologists use phylogenies 
to make comparisons and predictions about shared traits across 
genes, populations, and species.

The evolutionary relationships among species, as represented 
in the tree of life, form the basis for biological classification. Bi-
ologists estimate that there are tens of millions of species on Earth. 
So far, however, only about 1.8 million species have been clas-
sified—that is, formally described and named. New species are 
being discovered all the time and phylogenetic analyses are con-
stantly reviewed and revised, so our knowledge of the tree of life 
is far from complete. Yet knowledge of evolutionary relationships 
is essential for making comparisons in biology, so biologists build 
phylogenies for groups of interest as more data become available. 
The tree of life’s evolutionary framework allows us to make many 
predictions about the behavior, ecology, physiology, genetics, and 
morphology of species that have not yet been studied in detail.

When biologists compare species, they observe traits that dif-
fer within the group of interest and try to understand when these 

traits evolved. In many cases, investigators are interested in how 
the evolution of a trait relates to environmental conditions or se-
lective pressures. For instance, scientists have used phylogenetic 
analyses to discover changes in the genome of human immunode-
ficiency viruses (HIVs) that result in resistance to particular drug 
treatments. The association of a particular genetic change in HIV 
with a particular treatment provides a hypothesis about the evolu-
tion of resistance that can be tested experimentally.

Any features shared by two or more species that have been 
inherited from a common ancestor are said to be homologous. 
Homologous features may be any heritable traits, including DNA 
sequences, protein structures, anatomical structures, and even 
some behavior patterns. For example, all living vertebrates have 
a vertebral column, as did the ancestral vertebrate. Therefore the 
vertebral column is judged to be homologous in all vertebrates.

Derived traits provide evidence of evolutionary 
relationships
In tracing the evolution of a character, biologists distinguish be-
tween ancestral and derived traits. Each character of an organ-
ism evolves from one condition (the ancestral trait) to another 
condition (the derived trait). Derived traits that are shared 
among a group of organisms and are also viewed as evidence 
of the common ancestry of the group are called synapomor
phies (syn, “shared”; apo, “derived”; morph, “form,” referring to 
the “form” of a trait). Thus the vertebral column is considered a 
synapomorphy—a shared, derived trait—of the vertebrates. (The 
ancestral trait was an undivided supporting rod, as still occurs in 
some close relatives of vertebrates.)

Not all similar traits are evidence of relatedness. Similar traits 
in unrelated groups of organisms can develop for either of the 
following reasons:

• Superficially similar traits may evolve independently in differ-
ent lineages, a phenomenon called convergent evolution. 
For example, although the forelimb bones of bats and birds are 
homologous, having been inherited from a common tetra-
pod ancestor, the wings of bats and birds are not homologous 
because they evolved independently from the forelimbs of 
different nonflying ancestors (FIGURE 14.4). Functionally 
similar structures that have independent evolutionary origins 
are called analogous characters.

• A character may revert from a derived state back to an ances-
tral state in an event called an evolutionary reversal. For 
example, the derived limbs of terrestrial tetrapods evolved 
from the ancestral fins of their aquatic ancestors. Then, within 
the mammals, the ancestors of modern cetaceans (whales and 
dolphins) returned to the ocean, and cetacean limbs evolved 
to once again resemble their ancestral state—fins. The super-
ficial similarity of cetacean and fish fins does not suggest a 
close relationship between these groups. Instead, the similar-
ity arises from evolutionary reversal.

Similar traits generated by convergent evolution and evolutionary 
reversals are called homoplastic traits or homoplasies.
Media Clip 14.1 Morphing Arachnids
PoL3e.com/mc14.1
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FIGURE 14.3 Clades Represent an Ancestor and All of Its 
Evolutionary Descendants All clades are subsets of larger clades, 
with all of life as the most inclusive taxon. In this example, the groups called 
mammals, amniotes, tetrapods, and vertebrates represent successively 
larger clades. Only a few species in each clade are represented on the tree.
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A particular trait may be ancestral or derived, depending on our 
point of reference. For example, all birds have feathers. We infer 
from this that feathers (which are highly modified scales) were pres-
ent in the common ancestor of modern birds. Therefore we consider 
the presence of feathers to be an ancestral trait for any particular 
group of modern birds, such as the songbirds. However, feathers are 
not present in any other living animals. In reconstructing a phylog-
eny of all living vertebrates, the presence of feathers is a derived trait 
found only among birds, and thus is a synapomorphy of the birds.

Phylogenetic analyses have become increasingly important to 
many types of biological research in recent years, and they are 
the basis for the comparative nature of biology. For the most part, 
however, evolutionary history cannot be observed directly. How, 
then, do biologists reconstruct the past? One way is by using phy-
logenetic analyses to construct a tree.

Phylogeny Can Be 
Reconstructed from Traits 
of Organisms

14.2

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

14.2.1 Analyze a phylogenetic tree to identify  
synapomorphies, homoplasies, and  
relationships among taxa.

14.2.2 Construct a phylogenetic tree from a data  
matrix of characters.

To illustrate how a phylogenetic tree is constructed, consider the 
eight vertebrate animals listed in TABLE 14.1: lamprey, perch, 
salamander, lizard, crocodile, pigeon, mouse, and chimpanzee. 
We will initially assume that any given derived trait arose only 
once during the evolution of these animals (that is, there has been 
no convergent evolution), and that no derived traits were lost from 
any of the descendant groups (there has been no evolutionary re-
versal). For simplicity, we have selected traits that are either pres-
ent (+) or absent (–).

Shared traits reflect common ancestry
In a phylogenetic study, the group of organisms of primary interest 
is called the ingroup. As a point of reference, an ingroup is com-
pared with an outgroup: a species or group that is closely related 
to the ingroup but is known to be phylogenetically outside it. In 
other words, the root of the tree is located between the ingroup 
and the outgroup. Any trait that is present in both the ingroup and 
the outgroup must have evolved before the origin of the ingroup 
and thus must be ancestral for the ingroup. In contrast, traits that 
are present in only some members of the ingroup must be derived 
traits within that ingroup. As we will see in Chapter 22, a group 
of jawless fishes called the lampreys is thought to have separated 
from the lineage leading to the other vertebrates before the jaw 
arose. Therefore we have included the lamprey as the outgroup 
for our analysis. Because derived traits are traits acquired by other 
members of the vertebrate lineage after they diverged from the 
outgroup, any trait that is present in both the lamprey and the 
other vertebrates is judged to be ancestral.

We begin by noting that the chimpanzee and mouse share two 
traits—mammary glands and fur—that are absent in both the out-
group and in the other species of the ingroup. Therefore we infer 
that mammary glands and fur are derived traits that evolved in 
a common ancestor of chimpanzees and mice after that lineage 
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FIGURE 14.4 The Bones Are Homologous, the Wings Are 
Not The supporting bone structures of both bat wings and bird wings 
are derived from a common four-limbed ancestor and are thus homolo-
gous. However, the wings themselves—an adaptation for flight—evolved 
independently in the two groups.

A phylogenetic tree is a description of evolutionary relation-
ships among organisms or their genes. All living organisms  
share a common ancestor and are related through the 
phylogenetic tree of life. Groups of related species that are 
descended from the same common ancestor are known as 
clades. Shared derived traits (known as synapomorphies) 
provide evidence for evolutionary relationships among species.

1. What biological processes are represented in  
phylogenetic trees?

2. Why is it important to consider only homologous  
characters in constructing phylogenetic trees?

3. Why might similar traits arise independently in species 
that are only distantly related? Can you think of examples 
among familiar organisms? How do biologists account for 
these homoplasies in reconstructing phylogenies?
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separated from the lineages leading to the other vertebrates. These 
characters are synapomorphies that unite chimpanzees and mice 
(as well as all other mammals, although we have not included other 
mammalian species in this example). By the same reasoning, we can 
infer that the other shared derived traits are synapomorphies for the 
various groups in which they are expressed. For instance, keratinous 
scales are a synapomorphy of the lizard, crocodile, and pigeon.

Table 14.1 also tells us that, among the animals in our in-
group, the pigeon has a unique trait: feathers. Feathers are a syn-
apomorphy of birds and their extinct relatives. However, because 
we have only one bird in this example, the presence of feathers 
provides no clues concerning relationships among these eight 
species of vertebrates. However, gizzards are found in both birds 

and crocodiles, so this trait is evidence of a close relationship 
between birds and crocodilians.

By combining information about the various synapomorphies, 
we can construct a phylogenetic tree. We infer from our infor-
mation that mice and chimpanzees—the only two animals that 
share fur and mammary glands—share a more recent common 
ancestor with each other than they do with pigeons and croco-
diles. Otherwise we would need to assume that the ancestors of 
pigeons and crocodiles also had fur and mammary glands but 
subsequently lost them. There is no basis for making these ad-
ditional assumptions.

FIGURE 14.5 shows a phylogenetic tree for the vertebrates 
in Table 14.1, based on the shared derived traits we examined. 

TaBlE 14.1 | EiGhT VERTEBRaTES aNd ThE PRESENCE OR aBSENCE OF SOME ShaREd dERiVEd TRaiTS

Taxon Jaws Lungs
Claws  
or nails Gizzard Feathers Fur

Mammary 
glands

Keratinous 
scales

Lamprey 
(outgroup)

– – – – – – – –

Perch + – – – – – – –

Salamander + + – – – – – –

Lizard + + + – – – – +

Crocodile + + + + – – – +

Pigeon + + + + + – – +

Mouse + + + – – + + _

Chimpanzee + + + – – + + _

Hillis, et al., Principles of Life 3e
Sinauer Associates
Dragon�y Media Group 
POL3e_14.05.ai          Date 05-25-18

The earliest node in the tree 
represents the evolutionary split 
between the outgroup (lamprey) 
and the ingroup (the remaining 
species of vertebrates).

Derived traits are 
indicated along 
lineages in which 
they evolved.

The lamprey is 
designated as 
the outgroup.

Pigeon

Crocodile

Lizard

Salamander

Perch

Lamprey

Chimpanzee

Mouse

Common
ancestor

Jaws

Lungs

Claws
or nails

Keratinous
scales

Feathers

Gizzard
Ingroup

Fur; mammary
glands

FIGURE 14.5 Constructing a  
Phylogenetic Tree This phylogenetic  
tree was constructed from the information in  
Table 14.1 using the parsimony principle. Each  
clade in the tree is supported by at least one  
shared derived trait, or synapomorphy.

Activity 14.1 Constructing a Phylogenetic Tree
PoL3e.com/ac14.1
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This particular tree was easy to construct because it is based on 
a very small sample of traits, and the derived traits we examined 
evolved only once and were never lost after they appeared. Had we 
included a snake in the group, our analysis would not have been 
as straightforward. We would have needed to examine additional 
characters to determine that snakes evolved from a group of liz-
ards that had limbs. In fact, the analysis of many characters shows 
that snakes evolved from burrowing lizards that became adapted 
to a subterranean existence.

Parsimony provides the simplest explanation 
for phylogenetic data
The phylogenetic tree shown in Figure 14.5 is based on only a 
very small sample of traits. Typically, biologists construct phylo-
genetic trees using hundreds or thousands of traits. With larger 
data sets, we would expect to observe traits that have changed 
more than once, and thus would expect to see convergence and 
evolutionary reversal. How do we determine which traits are sy-
napomorphies and which are homoplasies? One way is to invoke 
the principle of parsimony.
Activity 14.2 Phylogeny and Molecular Evolution Simulation
PoL3e.com/ac14.2

In its most general form, the parsimony principle states that 
the preferred explanation of observed data is the simplest expla-
nation. Applying the principle of parsimony to the reconstruction 
of phylogenies entails minimizing the number of evolutionary 
changes that need to be assumed over all characters in all groups 
in the tree. In other words, the best hypothesis under the parsi-
mony principle is one that requires the fewest homoplasies. This 
application of parsimony is a specific case of a general principle 
of reasoning called Occam’s razor: the best explanation is the one 
that best fits the data while making the fewest assumptions. More 
complicated explanations are accepted only when the evidence re-
quires them. Phylogenetic trees represent our best estimates about 
evolutionary relationships, given our current knowledge. They are 
continually modified as additional evidence becomes available.

Phylogenies are reconstructed from many 
sources of data
Naturalists have constructed various forms of phylogenetic trees 
for more than 150 years. In fact, the only figure in the first edition 
of On the Origin of Species was a phylogenetic tree. Tree construc-
tion has been revolutionized, however, by the advent of computer 
software that allows us to consider far more data and analyze far 
more traits than could ever before be processed. Combining these 
advances in methodology with the massive comparative data sets 
being generated through studies of genomes, biologists are learn-
ing details about the tree of life at a remarkable pace (see Appendix 
A: The Tree of Life).

Any trait that is genetically determined, and therefore heritable, 
can be used in a phylogenetic analysis. Evolutionary relationships 
can be revealed through studies of morphology, development, the 
fossil record, behavioral traits, and molecular traits such as DNA 
and protein sequences. Let’s take a closer look at the types of data 
used in modern phylogenetic analyses.

MORPhOlOGY An important source of phylogenetic informa-
tion is morphology: the presence, size, shape, and other attributes 
of body parts. Since living organisms have been observed, depicted, 
collected, and studied for millennia, we have a wealth of recorded 
morphological data as well as extensive museum and herbarium col-
lections of organisms whose traits can be measured. New technolog-
ical tools, such as the electron microscope and computed tomography 
(CT) scans, enable systematists to examine and analyze the struc-
tures of organisms at much finer scales than was formerly possible.

Most species are described and known primarily by their mor-
phology, and morphology still provides the most comprehensive 
data set available for many taxa. The morphological features that 
are important for phylogenetic analysis are often specific to a par-
ticular group. For example, the presence, development, shape, and 
size of various features of the skeletal system are important in 
vertebrate phylogeny, whereas floral structures are important for 
studying the relationships among flowering plants.

Morphological approaches to phylogenetic analysis have some 
limitations, however. Some taxa exhibit little morphological diver-
sity, despite great species diversity. For example, the phylogeny of 
the leopard frogs of North and Central America would be difficult to 
infer from morphological differences alone, because the many spe-
cies look very similar, despite important differences in their behavior 
and physiology. At the other extreme, few morphological traits can 
be compared across distantly related species (earthworms and mam-
mals, for example). Furthermore, some morphological variation has 
an environmental (rather than a genetic) basis and so must be ex-
cluded from phylogenetic analyses. An accurate phylogenetic analy-
sis often requires information beyond that supplied by morphology.

dEVElOPMENT Similarities in developmental patterns may 
reveal evolutionary relationships. Some organisms exhibit simi-
larities only in early developmental stages. The larvae of marine 
creatures called sea squirts, for example, have a flexible gelatinous 
rod in the back—the notochord—that disappears as the larvae de-
velop into adults. All vertebrate animals also have a notochord at 
some time during their development (FIGURE 14.6). This shared 
structure is one of the reasons for inferring that sea squirts are 
more closely related to vertebrates than would be suspected if only 
adult sea squirts were examined.

Evolutionary developmental biology, discussed 
in Chapter 15, compares the developmental 
processes of different organisms to determine 
the ancestral relationship between them, and to 
discover how developmental processes 
evolved. Genetic toolkit genes are expressed in 
different ways in different species, resulting in 
major morphological differences among 
species. The existence of highly conserved 
genes involved in development makes it likely 
that similar traits will evolve repeatedly.

PalEONTOlOGY The fossil record is another important source 
of information on evolutionary history. Fossils show us where and 
when organisms lived in the past and give us an idea of what 
they looked like. Fossils provide important evidence that helps 
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us distinguish ancestral from derived traits. The fossil record can 
also reveal when lineages diverged and began their independent 
evolutionary histories. Furthermore, in groups with few species 
that have survived to the present, information on extinct species is 
often critical to an understanding of the large divergences among 
the surviving species. The fossil record has limitations, however. 
Few or no fossils have been found for some groups, and the fossil 
record for many groups is fragmentary.

BEhaViOR Some behavioral traits are culturally transmitted, 
and others are genetically inherited. If a particular behavior is cul-
turally transmitted, it may not accurately reflect evolutionary rela-
tionships (but may nonetheless reflect cultural connections). Many 
bird songs, for instance, are learned and may be inappropriate 
traits for phylogenetic analysis. Frog calls, however, are genetically 
determined and appear to be acceptable sources of information for 
reconstructing phylogenies.

MOlECulaR daTa All heritable variation is encoded in DNA, 
and so the complete genome of an organism contains an enor-
mous set of traits (the individual nucleotide bases of DNA) that 
can be used in phylogenetic analyses. In recent years, DNA se-
quences have become among the most widely used sources of 
data for constructing phylogenetic trees. Comparisons of nucleo-
tide sequences are not limited to the DNA in the cell nucleus. 
Eukaryotes have genes in their mitochondria as well as in their 
nuclei. Plant cells also have genes in their chloroplasts. The chlo-
roplast genome (cpDNA), which is used extensively in phylo-
genetic studies of plants, has changed slowly over evolutionary 

time, so it is often used to study relatively ancient phylogenetic 
relationships. Most animal mitochondrial DNA (mtDNA) has 
changed more rapidly, so mitochondrial genes are used to study 
evolutionary relationships among closely related animal species 
(the mitochondrial genes of plants evolve more slowly). Many 
nuclear gene sequences are also commonly analyzed, and now 
that entire genomes have been sequenced from many species, 
they too are used to construct phylogenetic trees. Information 
on gene products (such as the amino acid sequences of proteins) 
is also widely used for phylogenetic analyses.

Mathematical models expand the power of 
phylogenetic reconstruction
As biologists began to use DNA sequences to infer phylogenies in 
the 1970s and 1980s, they developed explicit mathematical models 
describing how DNA sequences change over time. These models 
account for multiple changes at a given position in a DNA sequence. 
They also take into account different rates of change at different posi-
tions in a gene, at different positions in a codon, and among different 
nucleotides. For example, nucleotide transitions (changes between 
two purines or between two pyrimidines) usually occur more often 
than transversions (changes between a purine and pyrimidine).

Mathematical models can be used to compute how a tree might 
evolve given the observed data. A maximum likelihood method 
will identify the tree that most likely produced the observed data, 
given the assumed model of evolutionary change. Maximum likeli-
hood methods can be used for any kind of data, but they are most 
often used with molecular data, for which explicit mathematical 
models of evolutionary change are easier to develop. The principal 

Hillis, et al., Principles of Life 3e
Sinauer Associates
Dragon�y Media Group 
POL3e_14.06.ai          Date 05-25-18

Sea squirt and frog larvae (tadpoles) share 
several morphological similarities, including 
the presence of a notochord for body support.

Although larval frogs and 
sea squirts are similar, 
the morphology of the 
adults provides little 
evidence of the common 
ancestry of these two 
groups.

NotochordNeural tube

Notochord
Neural
tube

Sea squirt larva

Frog larva
Adult

Adult

FIGURE 14.6 Development Reveals the Evolutionary 
Relationship between Sea Squirts and Vertebrates All 
chordates—a taxonomic group that includes sea squirts and frogs—
have a notochord at some stage of their development. The larvae share 
similarities that are not apparent in the adults. Such similarities in devel-
opment can provide useful evidence of evolutionary relationships. The 
notochord is lost in adult sea squirts. In adult frogs, as in all vertebrates, 
the vertebral column replaces the notochord as the support structure.
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advantages of maximum likelihood analyses are that they in-
corporate more information about evolutionary change than do  
parsimony methods, and they are easier to treat in a statistical 
framework. The principal disadvantages are that they are computa-
tionally intensive and require explicit models of evolutionary change 
(which may not be available for some kinds of character change).

The accuracy of phylogenetic  
methods can be tested
If phylogenetic trees represent reconstruc-
tions of past events, and if many of these 
events occurred before any humans were 
around to witness them, how can we test 
the accuracy of phylogenetic methods? Bi-
ologists have conducted experiments both in 
living organisms and with computer simula-
tions that have demonstrated the effective-
ness and accuracy of phylogenetic methods.

In one experiment designed to test the 
accuracy of phylogenetic analysis, a single 
viral culture of bacteriophage T7 was used 
as a starting point, and lineages were al-
lowed to evolve from this ancestral virus 
in the laboratory (INVESTIGATION  
FIGURE 14.7). The initial culture was 
split into two separate lineages, one of 
which became the ingroup for analysis 
and the other of which became the out-
group for rooting the tree. The lineages in 
the ingroup were split in two after every 
400 generations, and samples of the virus 
were saved for analysis at each branching 
point. The lineages were allowed to evolve 
until there were eight lineages in the in-
group. Mutagens were added to the viral 
cultures to increase the mutation rate so 
that the amount of change and the degree 
of homoplasy would be typical of the or-
ganisms analyzed in average phylogenetic 
analyses. The investigators then sequenced 
samples from the end points of the eight 
ingroups and one outgroup lineages, as 
well as from the ancestors at the branch-
ing points. They then gave the sequences 
from the end points of the lineages to other 
investigators to analyze, without revealing 
the known history of the lineages or the 
sequences of the ancestral viruses.

After the phylogenetic analysis was completed, the investiga-
tors asked two questions. Did phylogenetic methods reconstruct the 
known history correctly? And were the sequences of the ancestral 
viruses reconstructed accurately? The answer in both cases was yes. 
The branching order of the lineages was reconstructed exactly as it 
had occurred, more than 98 percent of the nucleotide positions of the 
ancestral viruses were reconstructed correctly, and 100 percent of the 
amino acid changes in the viral proteins were reconstructed correctly.

The experiment shown in Figure 14.7 demonstrated that phy-
logenetic analysis was accurate under the conditions tested, but it 
did not examine all possible conditions. Other experimental stud-
ies have taken other factors into account, such as the sensitivity of 
phylogenetic analysis to convergent environments and highly vari-
able rates of evolutionary change. In addition, computer simulations 
based on evolutionary models have been used extensively to study 
the effectiveness of phylogenetic analysis. These studies have also 
confirmed the accuracy of phylogenetic methods and have been 
used to refine those methods and extend them to new applications.

Why do biologists expend the time and effort necessary to recon-
struct phylogenies? Information about the evolutionary relation-
ships among organisms is a useful source of data for scientists 
investigating a wide variety of biological questions. Next we will 
describe how phylogenetic trees are used to answer questions 
about the past, and to predict and compare traits of organisms 
in the present.

Using the parsimony principle, phylogenetic trees are constructed to find the 
simplest explanation for evolutionary changes in traits among a set of organisms. 
Maximum likelihood methods incorporate more explicit mathematical models of 
evolutionary change to reconstruct evolutionary history. Laboratory tests and simu-
lations have confirmed the general accuracy of phylogenetic methods.

The matrix below supplies data for seven land plants and an outgroup: an aquatic 
plant known as a stonewort. Each trait is scored as either present (+) or absent (–) 
in each of the plants.

Trait

Taxon
Protected 
embryos

True 
roots

Persistently 
green 
sporophyte

Vascular 
cells Stomata

True 
leaves Seeds

Stonewort 
(outgroup)

– – – – – – –

Liverwort + – – – – – –

Pine tree + + + + + + +

Bracken fern + + + + + + –

Club moss + + + + + – –

Sphagnum 
moss

+ – – – + – –

Hornwort + – + – + – –

Sunflower + + + + + + + 

1. Use this data matrix to reconstruct the phylogeny of land plants and to answer 
the questions below.

2. Which two of these taxa are most closely related?

3. Plants that produce seeds are known as seed plants. What is the sister group to 
the seed plants among these taxa?

4. Which two traits evolved along the same branch of your reconstructed phylogeny?

5. Are there any homoplasies in your reconstructed phylogeny?
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FIGURE 14.7 Testing the Accuracy of Phylogenetic 
Analysis To test whether analysis of gene sequences can accurately 
reconstruct evolutionary phylogeny, we must have an unambiguously 

known phylogeny to compare against the reconstruction. Will the 
observed phylogeny match the reconstruction?

INVESTIGATION

HYPOTHESIS
A phylogenetic tree reconstructed by analyzing the DNA 
sequences of living organisms can accurately match the 
known evolutionary history of the organisms.

METHOD
1. Researchers selected a single virus plaque to serve as the 

common ancestor for the experimental phylogeny.a

2. They then produced an unambiguous phylogeny of nine 
viral lineages, enhancing the mutation rate to increase 
variation among the lineages.

3. Viral sequences from the end points of each lineage  
(blue dots) were subjected to phylogenetic analysis by 
investigators who were unaware of the history of the  
lineages or the gene sequences of the ancestral viruses. 
These investigators reconstructed the phylogeny and 
ancestral DNA sequences based solely on their analyses 
of the descendants’ genomes.

RESULTS
The true phylogeny and ancestral DNA sequences were 
accurately reconstructed solely from the DNA sequences of 
the viruses at the tips of the tree branches.

CONCLUSION
Phylogenetic analysis of DNA sequences can accurately 
reconstruct evolutionary history.

Animation 14.1 Using Phylogenetic Analysis to Reconstruct 
Evolutionary History
PoL3e.com/a14.1

ANALYZE THE DATA
The full DNA sequences for the viral lineages produced in this experi-
ment are thousands of nucleotides long. However, 23 of the nucleo-
tide positions are shown in the table below, and you can use these 
data to repeat the researchers’ analysis.b Each nucleotide position 
represents a separate character.

1. Construct a phylogenetic tree from the nucleotide positions using the 
parsimony principle (see Key Concept 14.2 and the examples in Table 
14.1 and Figure 14.5). Use the outgroup to root your tree. Assume that 
all changes among nucleotides are equally likely.

2. Using your tree from Question 1, reconstruct the DNA sequences of 
the ancestral lineages.

3. Transitions are mutations that change one purine to the other  
(G ↔ A) or one pyrimidine to the other (C ↔ T), whereas transversions 
exchange a purine for a pyrimidine or vice versa (e.g., A ↔ C or T;  
C ↔ A or G). Which kind of mutation predominates in this phylogeny? 
Why might this be the case?

A similar Analyze the Data exercise may be assigned in LaunchPad.

Character at position

Lineage 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

A T C G G G C C C C C C C A A C C G A T A C A A

B C C G G G T C C C T C C G A T T A G C G T G G

C C C G G G C C C T C C T A A C C G G T A C A A

D T C A G G C C C C C C C A A C C G A T A C A A

E C T G G G C C C C C C T A A C C G G T A C A A

F C T G A A C C C C C C C G A C T G G C G C G G

G C C G G G T T C C T C C G A T T A G C G C G G

H C C G G A C C C C C C C G C C T G G C G C G G
Outgroup C C G G G C C T C C T C G A C C G G C A C G G

aD. M. Hillis et al. 1992. Science 255: 589–592.
bJ. J. Bull et al. 1993. Evolution 47: 993–1007. Hillis, et al., Principles of Life 3e

Sinauer Associates
Dragon�y Media Group 
POL3e_14.07_Investigation.ai          Date 04-11-18

1 Select single viral 
plaque (source of 
common ancestor).

3

2 Split each lineage
every 400 generations, 
sequencing each 
ancestor at time of split.

Sequence genes from 
the end points of the 
lineages (blue dots).

Outgroup
lineage

A lineage

D lineage

C lineage

E lineage

F lineage

H lineage

B lineage

G lineage
400400400

Generations
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Phylogeny Makes 
Biology Comparative and 
Predictive

14.3

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

14.3.1 Formulate a hypothesis about the origin of an 
epidemic using a phylogenetic tree.

14.3.2 Calculate the rate of a molecular clock from a 
graph that shows changes over time.

Once a phylogeny is reconstructed, what do we do with it? What 
else, beyond an understanding of evolutionary history, does  
phylogeny offer us?

Phylogenetic trees can be used to 
reconstruct past events
Reconstructing past events is important for under-
standing many biological processes. In the case of 
zoonotic diseases (diseases caused by infectious 
organisms transmitted to humans from another 
animal host), it is important to understand when, 
where, and how the disease first entered a human 
population. Human immunodeficiency virus (HIV) 
is the cause of such a zoonotic disease, acquired im-
munodeficiency syndrome, or AIDS. Phylogenetic 
analyses have become important for studying the 
transmission of viruses such as HIV. Phylogenies 
are also important for understanding the present 
global diversity of HIV and for determining the 
virus’s origins in human populations. A broader 
phylogenetic analysis of immunodeficiency viruses 
shows that humans acquired these viruses from 
two different hosts: HIV-1 from chimpanzees, and 
HIV-2 from sooty mangabeys (FIGURE 14.8).

HIV-1 is the common form of the virus in human 
populations in central Africa, where chimpanzees 
are hunted for food, and HIV-2 is the common form 
in human populations in western Africa, where 

Hillis, et al., Principles of Life 3e
Sinauer Associates
Dragon�y Media Group 
POL3e_14.00.ai          Date 04-13-18

HIV-1 (humans)

SIVcpz 
(chimpanzees)

SIVhoest 
(L’Hoest monkeys)

SIVsun 
(sun-tailed monkeys)

SIVmnd (mandrills)

SIVagm (African 
green monkeys)

SIVsm (sooty 
mangabeys)

HIV-2 (humans)

SIVsyk 
(Sykes monkeys)

Common
ancestor

Virus transferred from
simian host to humans

FIGURE 14.8 Phylogenetic Tree of Immunodeficiency 
Viruses The evolutionary relationships of immunodeficiency viruses show 
that these viruses have been transmitted to humans from two different 
simian hosts: HIV-1 from chimpanzees and HIV-2 from sooty mangabeys. 
(SIV stands for simian immunodeficiency virus.) (After B. Hahn et al. 2000. 
Science 287: 607–614.)

Hillis, et al., Principals of Life 3e
Sinauer Associates
Dragon�y Media Group 
POL3e_14.09.ai          Date 04-13-18

Phylogenetic analysis 
supported viral 
transmission from the 
physician’s patient to 
the victim.

Patient

Patient

Victim

Victim

Patient

Patient

Patient

Viral isolates
from other
HIV-positive
individuals
in the local
community

Patient

Patient

FIGURE 14.9 A Forensic Application of 
Phylogenetic Analysis This phylogenetic analysis 
demonstrated that strains of HIV present in a victim 
(shown in red) were a phylogenetic subset of viruses 
isolated from a physician’s patient (shown in blue). This 
analysis was part of the evidence used to show that the 
physician drew blood from his HIV-positive patient and 
injected it into the victim in an attempt to kill her. A jury 
found the physician guilty of attempted murder. (After M. 
Metzker et al. 2002. Proc Natl Acad Sci USA 99: 14292–
14297 © 2002 National Academy of Sciences, U.S.A.)

What hypothetical phylogenetic results 
could have exonerated the physician?
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Forensic phylogeny
Phylogenetic trees are used throughout 
biology, but only in recent years have they 
become important for forensic investiga-
tions. Here you will explore the relation-
ship between science and society by 

applying your knowledge of phylogeny to a criminal 
court case.

A criminal case in Texas charged a defendant with 
knowingly and intentionally infecting a series of 
women with HIV. A phylogenetic analysis was used 
to demonstrate that the defendant transmitted HIV 
to his victims. (Other evidence was needed to prove 
knowledge and intent.) In this case, sequences of HIV 
isolated from the victims and the defendant, together 
with the closest sequences from an HIV database 
(the outgroup), were compared and used to con-
struct a phylogenetic tree of the viruses (FIGURE 
14.10). Viruses from each individual in the case are 
colored alike on the tree to the right. The labels are 
the codes for the individuals in the case. All of the 
individuals labeled CC01–CC08 are known to have 
engaged in sex; they represent an epidemiological 
cluster. (In forensic cases, samples are “blinded” 
to the investigators by assigning numbers to each 
sample, rather than using people’s names. Only after 
the conclusions are finalized do other investigators 
decode the numbers to reveal the results.)

1.  Which of the individuals labeled in the tree is 
consistent with being the source of this infection 
cluster? Why?

2.  Why is the tree inconsistent with any of the other 
individuals being the source of infection within this 
cluster?

3.  What was the purpose of including an outgroup 
made up of individuals who were outside the epi-
demiological cluster?

Hillis, et al., Principals of Life 3e
Sinauer Associates
Dragon�y Media Group 
POL3e_14.10_TLAS.ai          Date 04-13-18

Outgroup

CC08

CC06

CC05

CC07

CC01

CC01

CC01

CC04

CC03

CC02

CC01

CC01

FIGURE 14.10 Forensic Phylogeny (After D. I. Scaduto et al. 2010.  
Proc Natl Acad Sci USA 107: 21242–21247.)

Science &
Society

THINK LIKE A SCIENTIST 

sooty mangabeys are hunted for food. Thus it seems likely that 
these viruses entered human populations through hunters who 
cut themselves while skinning chimpanzees and sooty mang-
abeys. The global pandemic of AIDS occurred when these infec-
tions in local African populations rapidly spread through human 
populations around the world.

In recent years, phylogenetic analysis has become important 
in forensic investigations that involve viral transmission events. 
For example, phylogenetic analysis was critical for a criminal 

investigation of a physician who was accused of purposefully 
injecting blood from one of his HIV-positive patients into his for-
mer girlfriend in an attempt to kill her. The phylogenetic analysis 
revealed that the HIV strains present in the girlfriend were a sub-
set of those present in the physician’s patient (FIGURE 14.9). 
Other evidence was needed, of course, to connect the physician 
to this purposeful transmission event, but the phylogenetic anal-
ysis was important to support the viral transmission event from 
the patient to the victim.
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Phylogenies allow us to compare and contrast 
living organisms
Male swordtails—a group of fish in the genus Xiphophorus—have 
a long, colorful tail extension, and their reproductive success is 
closely associated with this appendage. Males with a long sword 
are more likely to mate successfully than are males with a short 
sword (an example of sexual selection; see Key Concept 13.2). Sev-
eral explanations have been advanced for the evolution of this 
structure, including the hypothesis that the sword simply exploits 
a preexisting bias in the sensory system of the females. This sen-
sory exploitation hypothesis suggests that female swordtails had 
a preference for males with long tails even before the tails evolved 
(perhaps because females assess the size of males by their total 
body length—including the tail—and prefer larger males).

To test the sensory exploitation hypothesis, phylogenetic anal-
ysis was used to identify the relatives of swordtails that had split 
most recently from their lineage before the evolution of swords. 
These closest relatives turned out to be fish in the genus Priapella. 
Even though male Priapella do not normally have swords, when 
researchers attached artificial swordlike structures to the tails of 
male Priapella, female Priapella preferred those males. This result 
provided support for the hypothesis that female Xiphophorus had 
a preexisting sensory bias favoring tail extensions even before the 
trait evolved (FIGURE 14.11). Thus a long tail became a sexually 
selected trait because of the preexisting preference of the females. 

The phylogeny allows us to understand when the trait evolved 
relative to the change in female preference.

Phylogenies can reveal convergent evolution
Like most animals, flowering plants (angiosperms) often repro-
duce by mating with another individual of the same species. But 
in many angiosperm species, the same individual produces both 
male and female gametes (contained within pollen and ovules, 
respectively). Self-incompatible species have mechanisms to pre-
vent fertilization of the ovule by the individual’s own pollen, and 
so must reproduce by outcrossing with another individual. Indi-
viduals of some species, however, regularly fertilize their ovules 
using their own pollen; they are self-fertilizing or selfing species, 
and their gametes are self-compatible.

Self-incompatibility in plants depends on the 
plant’s ability to determine whether pollen is 
genetically different than its own pollen. how it 
does this is discussed in Key Concept 27.1.

The evolution of angiosperm fertilization mechanisms was ex-
amined in Leptosiphon, a genus in the phlox family that exhibits a 
diversity of mating systems and pollination mechanisms. The self-
incompatible (outcrossing) species of Leptosiphon have long petals 
and are pollinated by long-tongued flies. In contrast, self-pollinating 
species have short petals and do not require insect pollinators to 
reproduce successfully. Using ribosomal DNA sequences, investiga-
tors reconstructed a phylogeny of this genus (FIGURE 14.12). They 
then determined whether each species was self-compatible by artifi-
cially pollinating flowers with the plant’s own pollen or with pollen 
from other individuals and observing whether viable seeds formed.

The reconstructed phylogeny suggests that self-incompatibil-
ity is the ancestral state and that self-compatibility evolved three 
times within this group of Leptosiphon. The change to self-compat-
ibility eliminated the plants’ dependence on an outside pollinator 
and has been accompanied by the evolution of reduced petal size. 
Indeed, the striking morphological similarity of the flowers in the 
self-compatible groups once led to their being classified as mem-
bers of a single species (L. bicolor). Phylogenetic analysis, however, 
shows them to be members of three distinct lineages. From this 
information we can infer that self-compatibility and its associated 
floral structure are convergent in the three independent lineages 
that had been called L. bicolor.

Ancestral states can be reconstructed
In addition to using phylogenetic methods to infer evolutionary 
relationships, biologists can use these techniques to reconstruct 
the morphology, behavior, or nucleotide and amino acid sequences 
of ancestral species (as was demonstrated for the ancestral se-
quence of bacteriophage T7 in Figure 14.7).

Reconstruction of ancient DNA sequences can also provide 
information about the biology of long-extinct organisms. For 
example, phylogenetic analysis was used to reconstruct an op-
sin protein in the ancestral archosaur (the most recent common 
ancestor of birds, dinosaurs, and crocodiles). Opsins are pig-
ment proteins involved in vision; different opsins (with different 
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FIGURE 14.11 The Origin of a Sexually Selected Trait  
The tail extension of male swordtails (genus Xiphophorus) apparently 
evolved through sexual selection, as females mated preferentially with 
males that had long “swords.” Phylogenetic analysis reveals that Priapella 
split from the swordtails before the evolution of the sword. The indepen-
dent finding that female Priapella prefer male Priapella with an artificial 
sword further supports the idea that this appendage evolved as a result 
of a preexisting preference in females. (After A. L. Basolo. 1995. Proc R 
Soc Lond B Biol Sci 259: 307–311.)
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amino acid sequences) are excited by different wavelengths of 
light. Knowledge of the opsin sequence in the ancestral archo-
saur would provide clues about the animal’s visual capabilities 
and therefore about some of its probable behaviors. Investigators 
used phylogenetic analysis of opsin from living vertebrates to es-
timate the amino acid sequence of the pigment that existed in the 
ancestral archosaur. A protein with this same sequence was then 
constructed in the laboratory. The investigators tested the recon-
structed opsin and found a significant shift toward the red end of 
the spectrum in the light sensitivity of this protein compared with 
that of most modern opsins. Modern species that exhibit similar 
sensitivity are adapted for nocturnal vision, so the investigators 
inferred that the ancestral archosaur might have been active at 
night. Thus reminiscent of the movies Jurassic Park and Jurassic 
World, phylogenetic analyses are being used to reconstruct extinct 
species, one protein at a time.

Molecular clocks help date evolutionary events
For many applications, biologists want to know not only the order 
in which evolutionary lineages split but also the timing of those 
splits. In 1965, Emile Zuckerkandl and Linus Pauling hypothe-
sized that rates of molecular change were constant enough that 
they could be used to predict evolutionary divergence times—an 
idea that has become known as the molecular clock hypothesis.

Of course, different genes evolve at different rates, and there 
are also differences in evolutionary rates among species associated 
with differing generation times, environments, efficiencies of DNA 
repair systems, and other biological factors. Nonetheless, among 

closely related species, a given gene usually evolves at a reason-
ably constant rate. Therefore the protein encoded by the gene 
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Convergent �oral morphology
associated with self-compatibility
arose independently in three
different Leptosiphon lineages…

1 …“fooling” taxonomists 
into classifying three 
separate species as 
L. bicolor.

Self-compatibility
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L. bicolor (sel�ng) L. lini�orus (outcrossing) FIGURE 14.12 Phylogeny Reveals Convergent Evolution Self-compatibility 
apparently evolved independently three times among these species of the plant genus 
Leptosiphon. Because the appearance and structure of the flowers converged in the three 
selfing lineages, taxonomists mistakenly thought they were varieties of the same species.  
(After K. E. Holsinger. 2000. Proc Natl Acad Sci USA 97: 7037−7042.)
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FIGURE 14.13 A Molecular Clock for the Protein Hemoglobin  
Amino acid replacements in hemoglobin have occurred at a relatively con-
stant rate over nearly 500 million years of evolution. The graph shows the 
relationship between the time of divergence and the proportion of amino 
acids that have changed for 13 pairs of vertebrate hemoglobin proteins. 
The average rate of change represents the molecular clock for hemoglobin 
in vertebrates. (After R. E. Dickerson. 1971. J Mol Evol 1: 26–45.)
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accumulates amino acid replacements at a relatively constant rate  
(FIGURE 14.13). A molecular clock uses the average rate at 
which a given gene or protein accumulates changes to gauge the 
time of divergence for a particular split in the phylogeny. Molecu-
lar clocks must be calibrated using independent data, such as the 
fossil record, known times of divergence, or biogeographic dates 
(e.g., the time of separations of continents). Using such calibra-
tions, times of divergence have been estimated for many groups 
of species that have diverged over millions of years.

Molecular clocks are not only used to date ancient events; they 
are also used to study the timing of comparatively recent events. 
Most samples of HIV-1 have been collected from humans only 
since the early 1980s, although a few isolates from medical biop-
sies are available from as early as the 1950s. Biologists can use the 
observed changes in HIV-1 over the past several decades to project 
back to the common ancestor of all HIV-1 isolates, and estimate 

when HIV-1 first entered human populations from chimpanzees 
(FIGURE 14.14). This molecular clock was calibrated using the 
samples from the 1980s and 1990s, and then tested using the sam-
ples from the 1950s. As shown in Figure 14.14C, a sample from a 
1959 biopsy is dated by molecular clock analysis at 1957 ± 10 years. 
Extrapolation back to the common ancestor of the samples sug-
gested a date of origin for this group of viruses of about 1930. Al-
though AIDS was unknown to Western medicine until the 1980s, 
this analysis shows that HIV-1 was present (probably at a very 
low frequency) in human populations in Africa for at least a half-
century before its emergence as a global pandemic. Biologists have 
used similar analyses to conclude that immunodeficiency viruses 
have been transmitted repeatedly into human populations from 
multiple primates for more than a century (see also Figure 14.8).
All of life is connected through evolutionary history, and the re-
lationships among organisms provide a natural basis for making 
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FIGURE 14.14 Dating the Origin of HIV-1 in Human 
Populations (A) A phylogenetic tree for samples of the main group 
of HIV-1 virus. The dates indicate the years in which the samples were 
taken. (For clarity, only a small fraction of the samples that were exam-
ined in the original study are shown.) (B) A plot of sample year versus 
genetic divergence from the common ancestor provided an average 
rate of divergence, or a molecular clock. (C) The molecular clock was 
used to date a sample taken in 1959 (as a test of the clock) and to 

estimate the date of origin of the HIV-1 main group (about 1930). Branch 
length from a common ancestor represents the average number of 
substitutions per nucleotide. (After B. Korber et al. 2000. Science 288: 
1789–1796.)

Determine the expected branch length from the 
common ancestor of an hiV isolate from 1970.
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Phylogenetic trees are used to reconstruct the evolutionary 
history of lineages, to determine when and where traits arose, 
and to make biological comparisons among genes, popula-
tions, and species. They can also be used to reconstruct an-
cestral traits and to estimate the timing of evolutionary events.

1. West Nile virus kills birds of many species and can cause 
fatal encephalitis (inflammation of the brain) in humans and 
horses. In the 1930s the virus was first isolated in Africa, 
where it is thought to be endemic. By the 1990s it had been 
found throughout much of Eurasia. West Nile virus was not 
found in North America until 1999, when it was first de-
tected in New York, but since that time it has spread rapidly 
across most of the United States. Use the phylogenetic 
tree of West Nile virus isolates shown at right to construct 
a hypothesis about the origin of the virus lineage that was 
introduced into the United States (Figure source: R. S. Lan-
ciotti et al. 1999. Science 1286: 2333–2337). The isolates 
are identified by their place and date of isolation.

2. Researchers examined the molecular divergence of a mi-
tochondrial DNA gene (cyt b) among sister species of birds 
called honeycreepers on different Hawaiian Islands. They 
then plotted the measured molecular divergence against 
the estimated dates for separation of the islands (Figure 
source: Fleischer et al. 1998. Mol Ecol 7: 533–545; bars rep-
resent the 95% confidence limits for the estimated molecu-
lar divergences). Calculate the average rate of change in cyt 
b (the molecular clock) from the graph.
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biological comparisons. For these reasons, biologists use phyloge-
netic relationships as the basis for organizing life into a coherent 
classification system.

Phylogeny Is the Basis  
of Biological Classification14.4

LEARNING OBJECTIVES
By the end of this key concept you should be able to:

14.4.1 Use a phylogeny to classify a group of organisms.

14.4.2 Analyze a phylogenetic tree to identify mono
phyletic, polyphyletic, and paraphyletic groups.

The biological classification system in widespread use today is de-
rived from a system developed by the Swedish biologist Carolus 
Linnaeus in the mid-1700s. Linnaeus developed a naming sys-
tem called binomial nomenclature that has allowed scientists 
throughout the world to refer unambiguously to the same organ-
isms by the same names.

Linnaean classification is based on standard 
taxon ranks
Linnaeus gave each species a two-part name, one part identifying 
the species itself and the other the genus to which it belongs. A 
genus (plural genera) is a group of closely related species. Option-
ally, the name of the taxonomist who first proposed the species 
name may be added at the end. Thus, Homo sapiens Linnaeus is 
the name of the modern human species. Homo is the genus to 
which the species belongs, and sapiens identifies the particular 
species in the genus Homo; Linnaeus proposed the species name 
Homo sapiens.

You can think of Homo as equivalent to your surname and sa-
piens as equivalent to your first name. The first letter of the genus 
name is capitalized, and the specific name is lowercase. Both of 
these formal designations are italicized. Rather than repeating 
the name of a genus when it is used several times in the same 
discussion, biologists often spell it out only once and abbreviate 
it to the initial letter thereafter (e.g., D. melanogaster rather than 
Drosophila melanogaster).

As we noted earlier, any group of organisms that is treated 
as a unit in a biological classification system, such as all species 
in the genus Drosophila, or all insects, or all arthropods, is called 
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a taxon. In the Linnaean system, species and gen-
era are further grouped into a hierarchical system 
of higher taxonomic categories. The taxon above 
the genus in the Linnaean system is the family. The 
names of animal families end in the suffix “-idae.” 
Thus, Formicidae is the family that contains all ant 
species, and the family Hominidae contains humans 
and our recent fossil relatives, as well as our clos-
est living relatives, the chimpanzees and gorillas. 
Family names are based on the name of a member 
genus; Formicidae is based on the genus Formica, 
and Hominidae is based on Homo. The same rules 
are used in classifying plants, except that the suffix 
“-aceae” is used for plant family names instead of 
“-idae.” Thus, Rosaceae is the family that includes 
the genus Rosa (roses) and its relatives.

In the Linnaean system, families are grouped 
into orders, orders into classes, classes into phyla 
(singular phylum), and phyla into kingdoms. How-
ever, the ranking of taxa within Linnaean classifica-
tion is subjective. Whether a particular taxon is con-
sidered, say, an order or a class is informative only 
with respect to the relative ranking of other related 
taxa. Although families are always grouped within 
orders, orders within classes, and so forth, there is 
nothing that makes a “family” in one group equiva-
lent (in number of genera or in evolutionary age, for instance) to a 
“family” in another group.

Linnaeus recognized the overarching hierarchy of life, but he 
developed his system before evolutionary thought had become 
widespread. Biologists today recognize the tree of life as the basis 
for biological classification and often name taxa without placing 
them into the various Linnaean ranks.

Evolutionary history is the basis for modern 
biological classification
Today’s biological classifications express the evolutionary relation-
ships of organisms. Taxa are expected to be monophyletic, mean-
ing that the taxon contains an ancestor and all descendants of that 
ancestor, and no other organisms. In other words, a monophyletic 
taxon is a historical group of related species, or a complete branch on 
the tree of life. As noted earlier, this is also the definition of a clade. 
A true monophyletic group can be removed from a phylogenetic tree 
by a single “cut” in the tree, as shown in FIGURE 14.15.

Note that there are many monophyletic groups on any phylo-
genetic tree, and that these groups are successively smaller subsets 
of larger monophyletic groups. This hierarchy of biological taxa, 
with all of life as the most inclusive taxon and many smaller taxa 
within larger taxa, down to the individual species, is the modern 
basis for biological classification.

Although biologists seek to describe and name only mono-
phyletic taxa, the detailed phylogenetic information needed to 
do so is not always available. A group that does not include its 
common ancestor is polyphyletic. A group that does not in-
clude all the descendants of a common ancestor is referred to as 
paraphyletic (see Figure 14.15). Virtually all taxonomists now 

agree that polyphyletic and paraphyletic groups are inappropri-
ate as taxonomic units because they do not correctly reflect evo-
lutionary history. Some classifications still contain such groups 
because some organisms have not been evaluated phylogeneti-
cally. As mistakes in prior classifications are detected, taxonomic 
names are revised and polyphyletic and paraphyletic groups are 
eliminated from the classifications.

Several codes of biological nomenclature 
govern the use of scientific names
Several sets of explicit rules govern the use of scientific names. Bi-
ologists around the world follow these rules voluntarily to facilitate 
communication and dialogue. There may be dozens of common 
names for an organism in many different languages, and the same 
common name may refer to more than one species (FIGURE 
14.16). The rules of biological nomenclature are designed so that 
there is only one correct scientific name for any single recognized 
taxon, and (ideally) a given scientific name applies only to a single 
taxon (that is, each scientific name is unique). Sometimes the same 
species is named more than once (when more than one taxonomist 
has taken up the task). In these cases, the rules specify that the 
valid name is the first name that was proposed. If the same name 
is inadvertently given to two different species, then the species 
that was named second must be given a new name.

Because of the historical separation of the fields of zoology, bot-
any (which originally included mycology, the study of fungi), and 
microbiology, different sets of taxonomic rules were developed for 
each of these groups. Yet another set of rules emerged later for clas-
sifying viruses. This separation of fields resulted in duplicated taxon 
names in groups governed by the different sets of rules. Drosophila, 
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FIGURE 14.15 Monophyletic, Polyphyletic, and Paraphyletic Groups  
Monophyletic groups are the basis of taxa in modern biological classifications. 
Polyphyletic and paraphyletic groups are not appropriate for use in classifications 
because they do not accurately reflect evolutionary history.

Activity 14.3 Types of Taxa
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for example, is both a genus of fruit flies and a genus of fungi, and 
some species in both groups have identical names. Until recently 
these duplicated names caused little confusion, since traditionally 
biologists who studied fruit flies were unlikely to read the litera-
ture on fungi (and vice versa). Today, given the prevalence of large, 
universal biological databases (such as GenBank, which includes 
DNA sequences from across all life), it is increasingly important that 
each taxon have a unique and unambiguous name. Biologists are 
working on a universal code of nomenclature that can be applied to 
all organisms, so that every species will have a unique identifying 
name or registration number. These efforts are helping to build an 
online Encyclopedia of Life (eol.org) that links all the information 
for all the world’s species.

Phylogenetic methods are used by biologists to compare the evo-
lutionary relationships across all of life and to study many evolution-
ary processes. In Chapter 15 we will use phylogenies as one of sev-
eral tools to understand evolution at the level of genes and genomes.
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(C)  Hieracium aurantiacum

(A)  Asclepias tuberosa

(B)  Castilleja coccinea

Biologists organize and classify life by identifying and naming 
monophyletic groups. Several sets of rules govern the use of 
scientific names so that each species and higher taxon can be 
identified and named unambiguously.

Consider the phylogeny and three possible classifications 
shown below.

1. Which of these classifications contains a paraphyletic group?

2. Which of these classifications contains a polyphyletic group?

3. Which of these classifications is consistent with the goal of 
including only monophyletic groups in a biological  
classification?
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Amphibia Frogs, salamanders, and caecilians
Mammalia Mammals
Reptilia Lizards, turtles, and crocodiles
Aves Birds

Classi�cation one:
Named group Included taxa

Amphibia Frogs, salamanders, and caecilians
Mammalia Mammals
Reptilia Lizards, turtles, crocodiles, and birds

Classi�cation two:
Named group Included taxa

Amphibia Frogs, salamanders, and caecilians
Homothermia Mammals and birds
Reptilia Lizards, turtles, and crocodiles 

Classi�cation three:
Named group Included taxa

Caecilians

Salamanders

Frogs

Mammals

Turtles

Lizards

Crocodiles

Birds

FIGURE 14.16 Same Common Name, Not the Same 
Species All three of these distinct plant species are called “Indian 
paintbrush.” Binomial nomenclature allows us to avoid the ambigu-
ity of such common names and communicate exactly what is being 
described. (A) Asclepias tuberosa is a perennial milkweed native to 
eastern North America. (B) Castilleja coccinea is also native to east-
ern North America, but is a member of a very different group of plants 
called scrophs. (C) Hieracium aurantiacum is a European species of 
aster that has been widely introduced into North America.
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1. Draw a phylogenetic tree 
of humans, chimpanzees, 
gorillas, and orangutans. 
Label the root and nodes.

2. What does the root of the 
tree represent?

3. What do the nodes 
represent?

• PHYLOGENY is the history of evolutionary relationships 
among organisms or their genes. Groups of evolutionarily 
related species are represented as branches in a 
PHYLOGENETIC TREE (FIGURE 14.1).

• Named species and groups of species are called TAXA. A 
taxon that consists of an ancestor and all of its evolutionary 
descendants is called a CLADE. HOMOLOGIES are similar 
traits that have been inherited from a common ancestor.

FIGURE 14.1

FIGURE 14.4

14 VISUAL SUMMARY

QUESTIONSAll of Life Is Connected  
through its Evolutionary 
history

14.1

Answer: Most genes and proteins of 
organisms that lived millions of years 
ago have decomposed in the fossil 
remains of these species. Nonetheless, 
the sequences of many ancient genes 
and proteins can be reconstructed by 
the methods described in this chapter. 
As we saw in Figure 14.7, we can 
reconstruct ancestral DNA sequences—
if we have enough information about 
the genomes of their descendants. 
Biologists have reconstructed gene 
sequences from species that have been 
extinct for millions of years. Using this 
information, a laboratory can reconstruct 
real proteins that correspond to those  
gene sequences. This is how biologists 
were able to resurrect fluorescent 
proteins from the extinct ancestors 
of modern corals, then visualize the 
colors produced by these proteins in the 
laboratory (FIGURE 14.17).

How are phylogenetic 
methods used to infer 

changes in protein 
sequences across 

evolutionary 
history?
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FIGURE 14.17 Evolution of Fluorescent 
Proteins of Corals Investigators used phy-
logenetic analysis to reconstruct the sequences of 
fluorescent proteins that were present in the extinct 
ancestors of modern corals. They then expressed 
these proteins in bacteria and plated the bacteria in 
the form of a phylogenetic tree to show how the col-
ors evolved over time.
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• A derived trait that is shared 
by two or more taxa and 
is inherited from their 
common ancestor is called 
a SYNAPOMORPHY. 
Distantly related species 
may show similar traits that 
do not result from common 
ancestry. CONVERGENT 
EVOLUTION and 
EVOLUTIONARY 
REVERSALS can give rise 
to such traits, which are 
called HOMOPLASIES 
(FIGURE 14.4).
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• Biologists use phylogenetic relationships to 
organize life into a coherent classification 
system.

• Taxa in modern classifications are 
expected to be MONOPHYLETIC groups. 
PARAPHYLETIC and POLYPHYLETIC 
groups are not considered appropriate 
taxonomic units (FIGURE 14.15).

• Several sets of rules govern the use of 
scientific names, with the goal of providing 
unique and universal names for taxa.

1. Draw a phylogenetic tree, 
with taxon labels A–F.

2. Label a monophyletic 
group and a paraphyletic 
group on the tree.

3. What are the advantages 
of scientific names for 
taxa, as compared with 
common names?

FIGURE 14.15

QUESTIONS

Phylogeny Is the Basis  
of Biological Classification14.4
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FIGURE 14.13

Phylogeny Makes 
Biology Comparative and 
Predictive

14.3
1. Draw a phylogenetic 

tree of HIV-1, HIV-2, and 
related SIVs from other 
primates.

2. Use the tree of HIVs 
and SIVs to explain the 
multiple origins of HIV in 
human populations.

3. How can phylogenetic 
trees be used to date at 
least one origin of HIV in 
humans?

• Phylogenetic trees are used to make comparisons 
among living organisms.

• Phylogenetic trees are used to reconstruct the past 
and to understand the origin of traits (FIGURE 14.11).

• Phylogenetic trees may include estimates of 
divergence times of lineages determined by 
MOLECULAR CLOCK analysis (FIGURE 14.13).
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• Phylogenetic trees can be constructed from synapomorphies using the logic of 
PARSIMONY (FIGURE 14.5).

1. What does the 
parsimony method 
minimize?

2. What is an example of a 
synapomorphy?

3. Why is it important that 
phylogenetic characters 
are genetically 
determined, rather 
than being influenced 
by the organism’s 
environment?

FIGURE 14.5

Phylogeny Can Be 
Reconstructed from 
Traits of Organisms

14.2
Go to ACTIVITIES 14.1 and 14.2 and 
ANIMATION 14.1
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• Phylogenetic trees can 
also be constructed using 
MAXIMUM LIKELIHOOD 
methods, which find the tree 
most likely to have generated 
the observed data under a 
specific model of evolution.

• Phylogenetic methods 
have been tested in both 
experimental and simulation 
studies, and have been shown 
to be accurate under a wide 
variety of conditions.
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