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Chapters begin with 
an OPENING STORY 
designed to show you 
how the biology relates 
to historical, medical, or 
social issues. Each story 
ends with an intriguing 
question.

The ANSWER comes at 
the chapter’s conclusion, 
with references to 
relevant information 
and illustrations in the 
chapter.

▲ OPENING STORY & QUESTION

APPLY THE CONCEPT

APPLY THE CONCEPT exercises ask you to use a concept in a real-world setting
to interpret actual research data and draw your own conclusions.

KEY CONCEPTS 
begin each chapter. 

CHECKpoints revisit 
the Key Concepts at the 
end of each section.

In-text LINKS point you to additional discussion 
of a concept or key term elsewhere in the book.  

LINKS

KEY CONCEPTS & CHECKPOINTS▲

Each chapter introduces essential biological concepts and the science that led 
to our understanding of them. Chapters are designed to help you focus on what’s 

▲
▲
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Works for You…

CHAPTER SUMMARIES provide a thorough review of chapter 
content, including key fi gures, and references to supporting 
online resources, including Animated Tutorials and Activities. 

QUICK RESPONSE (QR) CODES and DIRECT WEB ADDRESSES 
integrated into the text link you immediately to engaging animations, 
media clips, and activities. Just scan the code with your smartphone or 
tablet, or type the short Web address into any browser. 
(Free QR reader apps are available from your mobile device’s app store.)

INVESTIGATION fi gures emphasize the process 
of scientifi c inquiry to give you a realistic sense 
of how science is done. Each Investigation fi gure 
is organized in order of hypothesis, method, 
results, and conclusion and cites the original 
research paper(s). 

INVESTIGATION

Numbered BALLOON CAPTIONS in the illustrations make it easy to 
follow key processes step by step. 

HELPFUL ART WITH BALLOON CAPTIONS

CHAPTER SUMMARY

important, and they off er a number of ways to analyze and review what you’ve read as 
you prepare for class or exams.

INSTANT ACCESS CODES

Most INVESTIGATION fi gures are followed by 
ANALYZE THE DATA problems, which ask you 
to work with data from published biological 
research and make your own connections 
between observations, analyses, hypotheses, 
and conclusions.

ANALYZE THE DATA

▲

▲

▲

▲
▲
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 is the easy-to-use online course space that 
off ers rich content organized in a breakthrough user interface. 

’s learning units combine animations, activities, and 
exercises with the e-Book version of the textbook to give you a 
complete set of resources for each chapter.

 ’s interactive 
e-Book incorporates powerful 
study tools and integrated media 
resources. You can highlight 
text and add notes, click terms 
to get instant defi nitions and 
pronunciations (shown here as 
a pop-up), and review key 
animations and activities as 
you read.

 features a wealth of 
study and review resources for 
each chapter of the textbook. 
These include Animated Tutorials, 
Activities, Media Clips, Flashcards 
and Key Terms, Investigation Links, 
Analyze the Data exercises, and 
more, all designed to help you 
learn and apply the material.

 is a dynamic quizzing system that helps you learn the 
material in each chapter. By adapting to your responses, it presents questions 
at appropriate diffi  culty levels within each topic area and across the chapter. 
With its game-like format, direct links to the e-Book, and instant feedback, 

 is a great way to understand the concepts and master the 
content.

This textbook may have come packaged with a LaunchPad 

access code. If not, you can purchase access online at 

macmillanhighered.com/launchpad

▲ INTERACTIVE e-BOOK

MACMILL ANHIGHERED.COM/L AUNCHPAD

▲
MEDIA RESOURCES

▲ LEARNINGCURVE SELF-ASSESSMENT
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ONLINE RESOURCES
The following online resources are referenced throughout the textbook, on the pages indicated. Each is available via the instant access code 
(QR code) and/or direct Web address that appears with the in-text reference. All of these resources (along with many additional resources) are 
also available within LaunchPad at macmillanhighered.com/launchpad.

MEDIA CLIPS

1.1   Wallace’s Flying Frog 11

2.1  The Elements Song 19

3.1  Protein Structures in 3D 47

4.1  The Inner Life of a Cell 67

5.1  An Amoeba Eats by 
Phagocytosis 93

  6.1  ATP Synthase in Motion 112

  7.1  Mitosis: Live and Up Close 136

8.1  Mendel’s Discoveries 151

9.1  Discovery of the Double 
Helix 176

9.2  Sickle Cells: Deformed by a 
Mutation 188

10.1  Protein Synthesis: An Epic on a 
Cellular Level 209

11.1  The Surprising Epigenetics of 
Identical Twins 228

12.1  A Big Surprise from 
Genomics 248

  13.1  Striking Views of Recombinant 
DNA Being Made 255

  14.1  Spectacular Fly Development in 
3D 287

  15.1  Watching Evolution in Real 
Time 299

  15.2  The Ubiquitous Protein 314

  16.1  Morphing Arachnids 328

  17.1  Narrowmouth Toads Calling for 
Mates 352

  18.1  Lava Flows and Magma 
Explosions 362

  19.1  Cyanobacteria 386

  19.2  A Swarm of Salmonella 387

  19.3  Bacteriophages Attack E. coli 399

20.1  A Dinofl agellate Shows Off Its 
Flagellum 406

20.2  Diatoms in Action 408

20.3  A Kelp Forest 408

20.4  Euglenids 411

20.5  Amoeboid Movement 412

20.6  Plasmodial Slime Mold 
Growth 413

20.7  Cellular Slime Mold 
Aggregation 413

21.1  Reproductive Structures of 
Chara 423

  21.2  Liverwort Life Cycle 425

  21.3  Bryophyte Reproduction 427

  21.4  Pollen Transfer by Wind 433

  21.5  Pollen Transfer by a Bat 441

  21.6  Flower and Fruit Formation 445

  22.1  Fungal Decomposers 453

  22.2  Mind-Control Killer Fungi 464

  23.1  Nervous Systems Lead to Effi cient 
Predators 475

  23.2  Ctenophores 478

  23.3  Feeding with a Lophophore 481

  23.4  Rotifer Feeding 482

  23.5  Explosive Extrusion of Ribbon 
Worm Proboscis 483

  23.6  Leeches Feeding on Blood 485

  23.7  Octopuses Can Pass Through 
Small Openings 487

  23.8  Molting a Cuticle 487

  23.9  Elaboration of Courtship Displays: 
Even Spiders Twerk 492

  23.10  Barnacles Feeding 494

  23.11  Complete Metamorphosis 495

  23.12  Sea Star Feeding on a 
Bivalve 499

  23.13  Hagfi sh Slime 502

  23.14  Coelacanths in the Deep Sea 505

  23.15  Answering a Mating Call 508

  23.16  Komodo Dragons Bring Down 
Prey 510

  23.17  Falcons in Flight 511

  23.18  Bats Feeding in Flight 513

  24.1  Rapid Growth of Brambles 527

  25.1  Inside the Xylem 549

  26.1  Gibberellin Binding to Its 
Receptor 564

  27.1  Pollen Germination in Real 
Time 576

  28.1  Leaves for Every 
Environment 597

  29.1  Thermoregulation in 
Animals 613

  30.1  Following Food from Mouth to 
Gut 637

  31.1  Hunting on the Sea Bed with One 
Breath 659

  32.1  Capillary Flow: A Tight 
Squeeze 663

  33.1  Be Still My Beating Stem Cell 
Heart 695

  34.1  Put Some ACh Into It! 710

  34.2  Into the Eye 721

  35.1  The Testosterone Factor 746

  36.1  Inside the Bladder 753

  37.1  Human Ovulation 773

  38.1  Frog Gastrulation Time-
Lapse 795

  39.1  The Chase Is On: Phagocyte 
versus Bacteria 812

  40.1  Social Shrimps 841

  41.1  Perpetual Ocean Currents 852

  42.1  Dangerous Deer Ticks 868

  43.1  Wolf Cascade 891

  44.1  Dung Beetles 901

  45.1  Tracking Dead Zones from 
Space 923

  45.2  Time-Lapse of Global CO
2
 

Emissions 928

  B1  Interpreting Frequency 
Distributions 945

ANIMATED TUTORIALS

  1.1  System Simulation 7

  1.2  Using Scientifi c Methodology 12

  2.1  Chemical Bond Formation 20

  2.2  Macromolecules: Carbohydrates 
and Lipids 26

  2.3  Synthesis of Prebiotic 
Molecules 35

  3.1  Macromolecules: Nucleic Acids 
and Proteins 42

  3.2  Enzyme Catalysis 55

  3.3  Allosteric Regulation of 
Enzymes 55

  4.1  Eukaryotic Cell Tour 67

  4.2  The Golgi Apparatus 69

  5.1  Lipid Bilayer Composition 85

  5.2  Passive Transport 90

  5.3  Active Transport 92

  5.4  Endocytosis and Exocytosis 95

  5.5  G Protein-Linked Signal 
Transduction and Cancer 98

  5.6  Signal Transduction 
Pathway 101

  6.1  Electron Transport and ATP 
Synthesis 112

  6.2  Two Experiments Demonstrate the 
Chemiosmotic Mechanism 114

  6.3 Photophosphorylation 122

  6.4  The Source of the Oxygen 
Produced by Photosynthesis 123

  6.5  Tracing the Pathway of CO
2
 125

  7.1  Mitosis 134

  7.2  Meiosis 140

  8.1  Independent Assortment of 
Alleles 156

  8.2  Pedigree Analysis 
Simulation 158

  8.3  Alleles That Do Not Sort 
Independently 163

  9.1  The Hershey–Chase 
Experiment 179

  9.2  Experimental Evidence for 
Semiconservative DNA 
Replication 179

  

SE_TIP_IN.indd   1 11/21/13   11:00 AM

http://macmillanhighered.com/launchpad


ONLINE RESOURCES continued

The following online resources are referenced throughout the textbook, on the pages indicated. Each is available via the instant access code 
(QR code) and/or direct Web address that appears with the in-text reference. All of these resources (along with many additional resources) are 
also available within LaunchPad at macmillanhighered.com/launchpad.

 9.3  DNA Replication, Part 1: 
Replication of a Chromosome and 
DNA Polymerization 180

  9.4  DNA Replication, Part 2: 
Coordination of Leading and 
Lagging Strand Synthesis 182

  9.5  Polymerase Chain Reaction 
Simulation 185

  10.1  Transcription 199

  10.2  RNA Splicing 202

  10.3  Deciphering the Genetic 
Code 203

  10.4  Genetic Mutations 
Simulation 205

  10.5  Protein Synthesis 206

  11.1  The lac Operon 218

  11.2  The trp Operon 219

  11.3  Initiation of Transcription 222

  12.1  Sequencing the Genome 235

  12.2  High-Throughput 
Sequencing 236

  13.1  Separating Fragments of DNA by 
Gel Electrophoresis 256

  13.2  DNA Chip Technology 264

  14.1  Cell Fates 275

  14.2  Embryonic Stem Cells 278

  14.3  Early Asymmetry in the 
Embryo 281

  14.4  Pattern Formation in the 
Drosophila Embryo 287

  14.5  Modularity 290

  15.1  Natural Selection 300

  15.2  Genetic Drift Simulation 307

  15.3  Hardy–Weinberg 
Equilibrium 309

  16.1  Phylogeny and Molecular 
Evolution Simulation 331

  16.2  Using Phylogenetic Analysis 
to Reconstruct Evolutionary 
History 334

  17.1  Speciation Simulation 346

  17.2  Founder Events and Allopatric 
Speciation 348

  17.3  Speciation Mechanisms 351

  18.1  Evolution of the Continents 361

  19.1  The Evolution of the Three 
Domains 379

  20.1  Family Tree of Chloroplasts 404

  20.2  Digestive Vacuoles 407

  20.3  Life Cycle of the Malarial 
Parasite 416

  21.1  Life Cycle of a Moss 427

  21.2  Life Cycle of a Conifer 438

  21.3  Life Cycle of an Angiosperm 443

  22.1  Life Cycle of a Zygospore 
Fungus 462

  23.1  Life Cycle of a Cnidarian 479

  23.2  An Overview of the 
Protostomes 480

  23.3  An Overview of the 
Deuterostomes 498

  23.4  Life Cycle of a Frog 506

  24.1  Secondary Growth: The Vascular 
Cambium 533

  25.1  Nitrogen and Iron 
Defi ciencies 538

  25.2  Water Uptake in Plants 546

  25.3  Xylem Transport 549

  25.4  The Pressure Flow Model 552

  26.1  Tropisms 563

  26.2  Auxin Affects Cell Walls 563

  27.1  Double Fertilization 577

  27.2  The Effect of Interrupted Days 
and Nights 581

  28.1  Signaling between Plants and 
Pathogens 590

  29.1  The Hypothalamus 619

  29.2  Circadian Rhythms 621

  30.1  Parabiotic Mice Simulation 640

  30.2  Insulin and Glucose 
Regulation 641

  31.1  Airfl ow in Birds 653

  31.2  Airfl ow in Mammals 657

  32.1  The Cardiac Cycle 667

  32.2  Hemoglobin Loading and 
Unloading Simulation 677

  33.1  Molecular Mechanisms of Muscle 
Contraction 685

  33.2  Smooth Muscle Action 696

  34.1  The Resting Membrane 
Potential 704

  34.2  The Action Potential 708

  34.3  Synaptic Transmission 710

  34.4  Neurons and Synapses 710

  34.5  Mechanoreceptor Simulation 717

  34.6  Sound Transduction in the 
Human Ear 719

  34.7  Photosensitivity 719

  34.8  Information Processing in the 
Spinal Cord 727

  35.1  The Hypothalamus and Negative 
Feedback 743

  35.2  Complete Metamorphosis 748

  36.1  The Mammalian Kidney 765

  36.2  Kidney Regulation 
Simulation 765

  37.1  Fertilization in a Sea Urchin 
Egg 774

  37.2  The Menstrual Cycle 779

  38.1  Gastrulation 795

  38.2  Tissue Transplants Reveal the 
Process of Determination 799

  39.1  Cells of the Immune System 812

  39.2  Humoral Immune Response 819

  39.3  A B Cell Builds an Antibody 821

  39.4  Cellular Immune Response 822

  40.1  Time-Compensated Solar 
Compass 836

  40.2  Homing Simulation 836

  40.3  The Costs of Defending a 
Territory 842

  40.4  Foraging Behavior 842

  41.1  Rain Shadow 852

  41.2  Terrestrial Biomes 855

  41.3  Aquatic Biomes 856

  42.1  Multiplicative Population Growth 
Simulation 873

  42.2  Density-Dependent Population 
Growth Simulation 874

  42.3  Metapopulation Simulation 877

  42.4  Habitat Corridors 879

  43.1  Species Interactions and 
Population Dynamics 886

  43.2  An Ant–Plant Mutualism 896

  44.1  Succession after Glacial 
Retreat 902

  44.2  Island Biogeography 
Simulation 908

  44.3  Fragmentation Effects 912

  45.1  The Global Water Cycle 922

  45.2  The Global Nitrogen Cycle 923

  45.3  The Global Carbon Cycle 925

  45.4  Earth’s Radiation Budget 927

  B1  Standard Deviations, Standard 
Errors, and Confi dence 
Intervals 950

ACTIVITIES

  1.1  The Hierarchy of Life 6

  2.1  Functional Groups 26

  2.2  Forms of Glucose 27

  3.1  Nucleic Acid Building Blocks 38

  3.2  DNA Structure 40

  3.3  Features of Amino Acids 43

  3.4  Free Energy Changes 50

  4.1  The Scale of Life 61

  4.2  Lysosomal Digestion 71

  4.3  Animal Cell Junctions 79

  5.1  Membrane Molecular 
Structure 83

  5.2  Concept Matching 104

  6.1  ATP and Coupled Reactions 106

SE_TIP_IN.indd   2 11/25/13   3:06 PM

http://macmillanhighered.com/launchpad


ONLINE RESOURCES continued

The following online resources are referenced throughout the textbook, on the pages indicated. Each is available via the instant access code 
(QR code) and/or direct Web address that appears with the in-text reference. All of these resources (along with many additional resources) are 
also available within LaunchPad at macmillanhighered.com/launchpad.

6.2  The Citric Acid Cycle 111

6.3  Respiratory Chain 112

6.4  Glycolysis and Fermentation 115

6.5  Energy Levels 116

6.6  Regulation of Energy 
Pathways 118

6.7  The Calvin Cycle 125

7.1  Sexual Life Cycle 131

7.2  The Mitotic Spindle 135

7.3  Images of Mitosis 136

7.4  Images of Meiosis 143

8.1  Homozygous or 
Heterozygous? 154

8.2  Concept Matching I 171

8.3  Concept Matching II 171

9.1  DNA Polymerase 182

10.1  Eukaryotic Gene Expression 197

10.2  The Genetic Code 204

11.1  Eukaryotic Gene Expression 
Control Points 216

11.2  Concept Matching 233

  12.1  Concept Matching 252

  13.1  Expression Vectors 265

  14.1  Stages of Development 274

  14.2  Plant and Animal 
Development 288

  15.1  Darwin’s Voyage 300

  15.2  Gene Tree Construction 320

  16.1  Constructing a Phylogenetic 
Tree 330

  16.2  Types of Taxa 339

  17.1  Concept Matching 356

  18.1  Concept Matching 375

  19.1  Gram Stain and Bacteria 381

  20.1  Anatomy of a Paramecium 407

  21.1  The Fern Life Cycle 430

  21.2  Homospory 432

  21.3  Heterospory 432

  21.4  Life Cycle of a Conifer 438

  21.5  Flower Morphology 439

  22.1  Fungal Phylogeny 460

  22.2  Life Cycle of a Dikaryotic 
Fungus 462

  23.1  Animal Body Cavities 474

  23.2  Sponge and Diploblast 
Classifi cation 475

  23.3  The Amniote Egg 508

  23.4  The Major Groups of 
Organisms 519

  24.1  Eudicot Root 529

  24.2  Monocot Root 529

  24.3  Eudicot Stem 530

  24.4  Monocot Stem 530

  24.5  Eudicot Leaf 531

  25.1  Apoplast and Symplast of the 
Root 548

  26.1  Monocot Shoot 
Development 557

  26.2  Eudicot Shoot Development 557

  26.3  Events of Seed Germination 560

  27.1  Angiosperm Reproduction 575

  28.1  Concept Matching 603

  29.1  Thermoregulation in a 
Homeotherm 611

  29.2  Tissues and Cell Types 617

  30.1  Vitamins in the Human Diet 628

  30.2  Mineral Elements Required by 
Animals 628

  30.3  The Human Digestive 
System 636

  31.1  The Human Respiratory 
System 655

  31.2  Concept Matching 660

  32.1  Vertebrate Circulatory 
Systems 666

  32.2  The Human Heart 668

  32.3  Structure of a Blood Vessel 673

  32.4  Oxygen-Binding Curves 678

  33.1  The Structure of a Sarcomere 683

  33.2  The Neuromuscular Junction 686

  34.1  The Nernst Equation 705

  34.2  Structures of the Human Ear 718

  34.3  Structure of the Human Eye 720

  34.4  Structure of the Human 
Retina 721

  34.5  Structures of the Human 
Brain 728

  35.1  The Human Endocrine 
Glands 744

  35.2  Concept Matching: Vertebrate 
Hormones 750

  36.1  The Human Excretory 
System 753

  36.2  The Vertebrate Nephron 760

  37.1  Spermatogenesis 772

  37.2  The Human Female Reproductive 
Tract 777

  37.3  The Human Male Reproductive 
Tract 780

  38.1  Extraembryonic Membranes 802

  39.1  Infl ammation Response 814

  39.2  Immunoglobulin Structure 819

  39.3  The Major Organ Systems 826

  40.1  Honey Bee Dance 
Communication 837

  40.2  Concept Matching 843

  41.1  Major Biogeographic 
Regions 858

  42.1  Population Growth 873

  43.1  Ecological Interactions 883

  43.2  The Major Trophic Levels 890

  44.1  Energy Flow through an 
Ecological Community 904

  44.2  Measures of Species 
Diversity 905

  45.1  The Phosphorus and Sulfur 
Cycles 926

  45.2  The Benefi ts of Cooperation 932

  45.3  Concept Matching 934

SE_TIP_IN.indd   3 11/21/13   11:00 AM

http://macmillanhighered.com/launchpad


SE_TIP_IN.indd   4 11/21/13   11:00 AM



Principles of

Life
SECOND EDITION

00_POL2eFM.indd   i 11/21/13   9:27 AM



00_POL2eFM.indd   ii 11/21/13   9:27 AM



David M. Hillis
University of Texas at Austin

David Sadava
Emeritus, The Claremont Colleges

Richard W. Hill
Michigan State University

Mary V. Price
Emerita, University of California, 
Riverside

SINAUER ASSOCIATES MACMILLAN

Principles ofLife
SECOND EDITION

00_POL2eFM.indd   iii 11/25/13   2:43 PM



About the Cover

A juvenile pink orchid mantis (Hymenopus coronatus) looks, at first glance, like an orchid 

flower. Its abdomen, head, and four walking legs look like the petals of the flower, and 

the small black dot at the posterior tip of the abdomen resembles a small fly investigat-

ing the flower. This mimicry is advantageous to the mantid for two reasons. The mantis 

is concealed from potential predators, which mistake the mantis for a flower. At the 

same time, insects looking for nectar become prey for the mantis, which captures visit-

ing insects with its front pair of toothed, grasping legs. As a result of these advantages, 

natural selection favored the evolution of this spectacular example of an insect that re-

sembles an orchid flower. © Ch’ien Lee/Minden Pictures. 

Principles of Life, Second Edition

Copyright © 2014 by Sinauer Associates, Inc.  All rights reserved.

This book may not be reproduced in whole or in part without permission.

Address editorial correspondence to:

Sinauer Associates, Inc., P.O. Box 407, Sunderland, MA 01375 U.S.A.

www.sinauer.com

publish@sinauer.com

Address orders to:

MPS / W.H. Freeman & Co., Order Dept., 16365 James Madison Highway, 

U.S. Route 15, Gordonsville, VA 22942 U.S.A. or call 1-888-330-8477

Examination copy information: www.whfreeman.com/request or 1-800-446-8923

 This SFI label applies to text and cover stocks.

Courier Corporation, the manufacturer 

of this book, owns the Green Edition Trademark

Library of Congress Cataloging-in-Publication Data

Hillis, David M.

Principles of life / David M. Hillis, University of Texas at Austin, David Sadava, 

Emeritus, The Claremont Colleges, Richard W. Hill, Michigan State University, 

Mary V. Price, Emerita, University of California, Riverside. -- Second edition.

      pages cm

 Includes index.

 ISBN 978-1-4641-0947-8

1.  Biology.  I. Title.

 QH308.2.P75 2013

 570--dc23

                                                             2013036105

Printed in U.S.A.

First Printing November 2013

The Courier Companies, Inc.

Planet Friendly Publishing
 Made in the United States
 Printed on Recycled Paper
 Text: 10% Cover: 10%
Learn more: www.greenedition.org

00_POL2eFM.indd   iv 11/25/13   2:43 PM

http://www.sinauer.com
mailto:publish@sinauer.com
http://www.whfreeman.com/request
http://www.greenedition.org


To all our students. You have taught us, too, and inspired us to write this book.

00_POL2eFM.indd   v 11/21/13   9:27 AM



The Authors

David M. Hillis is the Alfred W. Roark Centennial Professor in 

Integrative Biology at the University of Texas at Austin, where 

he also has directed the Center for Computational Biology and 

Bioinformatics and the School of Biological Sciences. Dr. Hillis 

has taught courses in introductory biology, genetics, evolution, 

systematics, and biodiversity. He has been elected to the National 

Academy of Sciences and the American Academy of Arts and 

Sciences, awarded a John D. and Catherine T. MacArthur Fellow-

ship, and has served as President of the Society for the Study of 

Evolution and of the Society of Systematic Biologists. He served 

on the National Research Council committee that wrote the re-

port BIO 2010: Transforming Undergraduate Biology Education 

for Research Biologists, and currently serves on the Executive 

Committee of the National Academies Scientific Teaching Alli-

ance. His research interests span much of evolutionary biology, 

including experimental studies of evolving viruses, empirical 

studies of natural molecular evolution, applications of phyloge-

netics, analyses of biodiversity, and evolutionary modeling. He is 

particularly interested in teaching and research about the practi-

cal applications of evolutionary biology.

David Sadava is the Pritzker Family Foundation Professor of Biol-

ogy, Emeritus, at the Keck Science Center of Claremont McKenna, 

Pitzer, and Scripps, three of The Claremont Colleges. In addition, 

he is Adjunct Professor of Cancer Cell Biology at the City of Hope 

Medical Center. Twice winner of the Huntoon Award for supe-

rior teaching, Dr. Sadava has taught courses in introductory biol-

ogy, biotechnology, biochemistry, cell biology, molecular biology, 

plant biology, and cancer biology. In addition to Life: The Science 
of Biology, he is the author or coauthor of books on cell biology 

and on plants, genes, and crop biotechnology. His research has 

resulted in many papers coauthored with his students, on top-

ics ranging from plant biochemistry to pharmacology of narcotic 

analgesics to human genetic diseases. For the past 15 years, he 

has investigated multi-drug resistance in human small-cell lung 

carcinoma cells with a view to understanding and overcoming 

this clinical challenge. At the City of Hope, his current work fo-

cuses on new anti-cancer agents from plants.

Richard W. Hill is Professor in the Department of Zoology at 

Michigan State University and a frequent Guest Investigator at 

Woods Hole Oceanographic Institution. He received his Ph.D. in 

Zoology from the University of Michigan. Apart from Sinauer 

Associates’ editions of Animal Physiology, Dr. Hill has authored 

two other books on the subject (the second with Gordon Wyse), 

as well as numerous articles for scientific journals, encyclope-

dias, and edited volumes. Among the awards he has received 

are the Outstanding Faculty Award (Michigan State University 

Senior Class Council) and election as Fellow of the American As-

sociation for the Advancement of Science. He was a U.S. Senior 

Fulbright Scholar in 2000–2001. He has taught courses in envi-

ronmental physiology and marine biology, and for the last five 

years has led student trips to the Galápagos Islands. His research 

interests include: temperature regulation and energetics in birds 

and mammals, especially neonates; and environmental physi-

ology of marine tertiary sulfonium and quaternary ammonium 

compounds, especially in the contexts of biogeochemistry and 

animal–algal symbioses.

Mary V. Price is Professor of Biology, Emerita, at the University 

of California, Riverside and Adjunct Professor in the School of 

Natural Resources and the Environment at the University of Ari-

zona. In “retirement,” she continues to teach and study, having 

learned the joy and art of scientific discovery as an undergradu-

ate student at Vassar College and doctoral student at the Uni-

versity of Arizona. Dr. Price has mentored and published with 

independent-research students and has developed and taught 

general biology and ecology courses from introductory (majors 

and nonmajors) to graduate levels. She has particularly enjoyed 

leading field classes in the arid regions of North America and 

Australia, and the tropical forests of Central America, Africa, and 

Madagascar. Dr. Price’s research focuses on understanding the 

ecology of North American deserts and mountains. She has asked 

why so many desert rodents can coexist, how best to conserve 

endangered kangaroo rat species, how pollinators and herbivores 

influence floral evolution and plant population dynamics, and 

how climate change affects ecological systems.

David Sadava, Richard W. Hill, David M. Hillis, and Mary V. Price
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Preface

Since the First Edition of Principles of Life was published, the 

surge in biology education research and the availability of re-

sources for teachers continues to create excitement among the 

teaching community. Just as the First Edition appeared, the 

American Association for the Advancement of Science (sup-

ported by the National Science Foundation) published Vision 
and Change in Undergraduate Biology Education: A Call to Action. 

This report endorsed teaching core concepts and core compe-

tencies, and promoted the active involvement of students in 

problem-solving activities. When the First Edition of Principles 
of Life was published, it offered a radically new approach to 

teaching introductory biology that aligns with the goals put 

forward in the Vision and Change report (see below). 

Principles of Life emphasizes mastering major concepts in 

biology through active learning, problem solving in realistic 

scenarios, and understanding rather than memorization. Now 

other textbook authors are beginning to follow our lead. We are 

proud that Principles of Life has helped to usher in this change 

in the way biology courses are taught, and we intend to con-

tinue to develop our book as the leading vehicle for this new 

approach to biology education.

Leading the Change in Undergraduate 
Biology Education

We are standing at an important crossroads in biology educa-

tion, and many recent efforts have converged to produce an op-

portunity for lasting change in the way that instructors teach 

introductory biology. The validity of our approach in Principles 
of Life is supported by numerous reports and studies published 

by education agencies and national study groups since the turn 

of the millennium. In particular, two major reports have encour-

aged this change: the Vision and Change report mentioned above 

and BIO2010: Transforming Undergraduate Education for Future Re-
search Biologists, sponsored by the National Institutes of Health 

and the Howard Hughes Medical Institute. These reports recom-

mended focusing on core concepts and competencies, teaching 

students through active learning rather than memorization, and 

improving the integration of statistical and computational ap-

proaches. At about the same time, the College Board was rede-

signing the Advanced Placement Biology course with the same 

objectives. In Principles of Life, we have used our experience as 

authors and educators to implement these recommendations in 

a new approach to teaching introductory biology.

The Vision and Change report (2011) identified five “core 

concepts for biological literacy” that should be integrated 

throughout the curriculum. These core concepts center around 

the themes of: 

• evolution 

• the relationship between structure and function

• information flow, exchange, and storage

• pathways and transformations of energy and matter

• biological systems 

In the Second Edition of Principles of Life, we have worked to 

ensure that these five core concepts are stressed and reinforced 

throughout the text, problems, media links, and other activities. 

To help students build bridges between different portions of 

the course and areas of knowledge, we have provided Links 

throughout the book. Using these Links, students can see, for 

example, that information they learn about molecular or cell 

biology is connected to topics in evolution, diversity, physiol-

ogy, and ecology. 

In addition to urging a focus on core concepts, the Vision 
and Change report argued that students need to cultivate certain 

core competencies to become successful scientists. Students 

should be able to:

• apply the process of science

• use quantitative reasoning

• use modeling and simulation

• tap into the interdisciplinary nature of science

• communicate and collaborate with other disciplines

• understand the relationship between science and society

Students are encouraged to practice these core competencies 

throughout the Second Edition of Principles of Life. Every chap-

ter contains Apply the Concept exercises, which give students op-

portunities to practice working with data. These problems tie 

in with our Making Sense of Data: A Statistics Primer (Appendix 

B), which helps students understand why and how biologists 

draw conclusions from biological data, and thus helps them de-

velop quantitative reasoning skills. We have also added more 

online Animated Tutorials and Activities, which include opportu-

nities for students to use modeling and simulation modules to 

further reinforce their understanding of concepts. By engaging 

in these activities, students also learn about the importance of 

biological concepts and analyses for addressing societal issues 

and challenges.

The Principles of Life Story

Prior to our launch of the First Edition of Principles of Life, 

introductory biology textbooks for science majors presented 
encyclopedic summaries of biological knowledge. We believe 

that students who spend their time diligently memorizing 

myriad details and vast terminology actually retain fewer 

of the concepts that are the foundation for further study in 

advanced courses. In Principles of Life, we take the opposite 

approach: we promote understanding over memorization. 

Details are important, but no modern biology textbook can 

00_POL2eFM.indd   viii 11/21/13   9:27 AM



Preface ix

begin to cover all the information biologists have learned to 

date, and students today have many other ways to access the 

details as they need them.

To help us create this new breed of biology textbook, in 2009 

our publishers Sinauer Associates and W. H. Freeman brought 

together an Advisory Board of 20 leading biology educators 

and instructors in introductory biology from throughout North 

America. During an intensive meeting of the authors and the 

Board, dynamic discussions led to the solidification of the core 

concepts we believe are essential for teaching introductory biol-

ogy. The book took shape, and the Advisory Board members 

then reviewed the emerging chapters and provided consider-

able feedback at every stage of the book’s development. The 

result was a book that showcased the logical structure of sci-

entific investigation, including lab, field, and computer mod-

eling approaches. Principles of Life helped students apply the 

concepts they learn by providing opportunities for them to 

analyze original data in every chapter. In this and many other 

ways Principles of Life incorporated inquiry-based approaches 

that encourage active learning.

The First Edition of Principles of Life was widely adopted 

and well received. Adopters and reviewers praised the ap-

proach, and encouraged us to expand the effort to include even 

more problem-solving opportunities for students and more ex-

amples of the experiments that have formed the basis of our 

understanding. For the Second Edition, all chapters underwent 

extensive between-edition review by experts in each respective 

subdiscipline, and the chapters were revised accordingly. We 

now provide more references to original data and analyses so 

that students and instructors can easily explore the original 

experiments in greater depth. Moreover, we have expanded 

opportunities for students to apply what they have learned by 

using real data and examples, and have better integrated and 

explained the concepts of statistical analysis of data. We have 

included links to online videos (the new Media Clips) that help 

students to appreciate the relevance of what they have learned 

and to enjoy the excitement of biology. 

How Is Principles of Life Different?

Each chapter of Principles of Life is organized into a series of 

Concepts that are important for mastering introductory biol-

ogy. We have carefully chosen these concepts in light of feed-

back from our colleagues, from the Advisory Board, and from 

the numerous reports examining introductory biology. Con-

cepts are elaborated upon, but not with the extensive detail 

found in most introductory texts. Principles of Life is focused; it 

is not meant to be encyclopedic.

Students learn concepts best when they apply them to prac-

tical problems. Each chapter of Principles of Life contains exer-

cises, called Apply the Concept, that present data for students 

to analyze. Each of these exercises reinforces a concept that is 

central to that chapter. Science students need to understand 

basic methods for data presentation and analysis, so many of 

these problems ask students about statistical significance of the 

results. To help students understand issues in data presenta-

tion and interpretation, we have provided a short introduction 

to the reasoning behind biological statistics in Appendix B. 

Although this Appendix is not meant to replace a more formal 

introduction to statistics, we believe that statistical thinking is 

an important skill that should be developed in all introduc-

tory science courses. We have kept the problems and examples 

straightforward to emphasize the concepts of statistical analy-

sis rather than the details of any particular statistical test. Some 

of the Apply the Concept exercises are simple enough that they 

can be presented, analyzed, and discussed in class; others are 

better suited for homework assignments.

Our Investigation figures let students see how we know 
what we know. These figures present a Hypothesis, Method, 

Results, and Conclusion. Most of these Investigation figures 

now include a section titled Analyze the Data, in which we 

have extracted a subset of data from the published experi-

ment. Students are asked to analyze these data and to make 

connections between observations, analyses, hypotheses, and 

conclusions. As with Apply the Concept problems, students are 

asked to apply basic statistical approaches to understand the 

results and draw conclusions. We have also provided original 

references and extensive online resources for each Investiga-
tion figure. The online resources are available in LaunchPad, 

Principles of Life’s new online platform. These resources include 

expanded discussions of the original research, links to the origi-

nal publications, and discussion and links for any follow-up 

investigations that have been published. 

Each chapter begins with an application of a major con-

cept—a story that illustrates and provides a motivation for 

understanding the chapter’s content, and provides a social, 

medical, scientific, or historical context for the material. Each 

of these vignettes ends with an open-ended question that stu-

dents can keep in mind as they read and study the rest of the 

chapter. We return to this opening question at the close of the 

chapter to show how information presented throughout the 

chapter illuminates the question and helps provide an answer. 

By pondering these questions as they read and study, students 

can begin to think like scientists. 

At the end of each conceptual discussion we provide 

Checkpoints designed to help students self-evaluate their 

understanding of the material. These Checkpoints span the in-

cremental levels of Bloom’s Taxonomy of Cognitive Domains: 

factual knowledge, comprehension, application, analysis, syn-

thesis, and evaluation. 

Another important element for student success is rein-

forcement and application of concepts through online Ani-

mated Tutorials, Activities, and Media Clips. Each chapter 

contains instant access codes (in the form of both a direct 

URL and a Quick Response, or QR, code, a barcode students 

can scan with a smartphone or tablet) that allow students to 

quickly access these online resources while reading. For many 

concepts, students can conduct their own simulations, explore 

a concept in greater depth, and understand concepts through 

active discovery. Using the Media Clips, they can also watch 

videos that help explain concepts or introduce students to the 

wonders of biological diversity.

Students need to learn about some of the major Research 

Tools that are used in biology, including major laboratory, 

computational, and field methods. Our Research Tools figures 
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explain these tools and provide a context for how they are used 

by biologists.

Our art program for Principles of Life continues to build on 

our success from Life: The Science of Biology. We pioneered the 

use of balloon captions to help students understand and in-

terpret the biological processes illustrated in figures without 

repeatedly going back and forth between a figure, its legend, 

and the text. These guides help students connect critical points 

of figures to the concepts that are developed in the text.

Media and Supplements

The Second Edition of Principles of Life features an expanded 

collection of online resources to support and reinforce the ma-

terial covered in the textbook. In an effort to more closely link 

the printed book to the online resources, you will find refer-

ences with instant access (QR) codes and direct Web addresses 

for all of the new Media Clips, Animated Tutorials, Activities, 

and Interactive Summaries throughout the book. These allow 

students to link instantly to these resources from any device—

computer, smartphone, or tablet—while reading the book.

The new LaunchPad online platform integrates all of the 

student resources, instructor resources, the complete eBook, 

and all assessment tools within a streamlined interface that 

groups essential content into easily assignable learning units. 

LaunchPad features a range of assessment tools including the 

new LearningCurve adaptive quizzing engine, and pre-built 

summative quizzes for each chapter. To support course prepa-

ration, classroom sessions, and assessment programs, there is 

a wide range of instructor resources available, including mul-

tiple versions of all textbook figures, a wealth of PowerPoint 

resources, multiple banks of assessment questions, a large col-

lection of videos, and in-class active learning exercises.

For a complete list of all the media and supplements avail-

able for Principles of Life, please refer to “Media and Supple-

ments to accompany Principles of Life” following this Preface. 

Also, please refer to the inside front cover for a full list of the 

student media resources referenced in the text.

Special Contributions

Many people contributed to the creation of the Second Edi-

tion of Principles of Life (see below). However, two individuals 

deserve special mention for their contributions. Susan D. Hill 

did a masterful job in writing Chapter 38 on Animal Devel-

opment. Nickolas Waser worked extensively with Mary Price 

on the Ecology section (Part 7), and was otherwise intimately 

involved in discussions of the book’s planning and execution. 

Many People to Thank

In addition to the many biologists listed on the next page who 

provided formal reviews, each of us benefitted enormously 

from personal contacts with colleagues who helped us resolve 

issues and made critical suggestions for new material. They 

are: Walter Arnold, University of Veterinary Medicine (Vienna); 

Harry Greene, Cornell University; Will Petry, University of Cal-

ifornia, Irvine; David Sleboda, Brown University; Thomas Ruf, 

University of Veterinary Medicine (Vienna); Andrew Zanella, 

The Claremont Colleges; Edward McCabe, University of Colo-

rado and the March of Dimes Foundation; and Frank Price, 

Utica College. 

Our editor and publisher, Andy Sinauer, embraced the need 

for change in introductory biology textbooks and has helped 

make our vision into a reality. Bill Purves, Gordon Orians, and 

Craig Heller, our co-authors on earlier editions of Life: The Sci-
ence of Biology and/or Principles of Life, were instrumental in 

articulating the concepts developed in this Second Edition of 

Principles of Life, and many aspects of this book can be traced 

back to their critical contributions. 

For this new Edition, Sinauer Associates assembled a tal-

ented duo, Laura Green and Danna Niedzwiecki, who coordi-

nated the editorial team and did much of the developmental 

editing. Annie Reid and Carol Pritchard-Martinez worked to 

ensure that the level and terminology are appropriate for be-

ginning undergraduate students. Jane Murfett also contributed 

to developmental editing. Laura and Danna worked closely 

with a top-notch copyeditor, Liz Pierson. Carol Wigg was the 

principle production editor on previous editions of Principles of 
Life and Life: The Science of Biology and her mark endures. Eliza-

beth Morales, our artist, again worked with each of us to create 

effective and beautiful line art. She also revised many figures 

to make them more effective for people with common forms of 

color blindness. David McIntyre again rose to the challenge of 

finding new, even better photographs. Designer Joan Gemme 

brought a fresh look to the book and did a fine job of assem-

bling all of the book’s elements into clear and attractive pages. 

Chris Small coordinated production and imposed his exact-

ing standards on keeping the myriad components consistent. 

Johannah Walkowicz organized and commissioned the many 

expert academic reviews. Jason Dirks coordinated the team that 

created the vast array of online media and supplements. Dean 

Scudder, Director of Sales and Marketing, and Azelie Fortier, 

Biology Acquisitions Editor, participated in every stage of the 

book’s development.

At W. H. Freeman, we continue to benefit from the long-

term input of Biology Publisher Susan Winslow. John Britch, 

Director of Marketing, in collaboration with the Regional Spe-

cialists, Regional Sales Managers, and the Market Development 

team, coordinated all the stages of informing Freeman’s skilled 

sales force of our book’s story. We also wish to thank the Free-

man media group for their expertise in producing LaunchPad.

David M. Hillis

David Sadava

Richard W. Hill

Mary V. Price
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for Principles of Life, SECOND EDITION

LaunchPad (macmillanhighered.com/launchpad) is the 

easy-to-use online platform that integrates the e-Book, all 

of the student and instructor media resources, and assess-

ment functions into a unified interface. In addition to a 

wealth of course management, communication, organiza-

tion, and gradebook features, LaunchPad includes the fol-

lowing resources.

e-Book

A complete online version of the textbook, the e-Book is 

fully integrated into LaunchPad and includes media re-

sources, in-text links to all glossary entries (with audio pro-

nunciations), and flexible notes and highlighting features. 

In addition, instructors can easily hide chapters or sections 

that they don’t cover in their course, rearrange the order of 

chapters and sections, and add their own content directly 

into the e-Book.

Student Resources

INTERACTIVE SUMMARIES. For each chapter, these dy-

namic summaries combine a review of important con-

cepts with links to all of the key figures, Activities, and 

Animated Tutorials.

ANIMATED TUTORIALS. In-depth animations and simu-

lations present complex topics in a clear, easy-to-follow 

format that includes a brief quiz.

MEDIA CLIPS. New for the Second Edition, these short, 

engaging video clips depict fascinating examples of some 

of the many organisms, processes, and phenomena dis-

cussed in the textbook.

ACTIVITIES. A range of interactive activities helps stu-

dents learn and review key facts and concepts through 

LearningCurve is a powerful adaptive quizzing system 

with a game-like format to engage students. Rather than 

simply answering a fixed set of questions, students answer 

dynamically selected questions to progress toward a target 

level of understanding. At any point, students can view a 

report (with links to e-Book sections and media resources) 

of how well they are performing in each topic, to help them 

focus on problem areas.

labeling diagrams, identifying steps in processes, and 

matching concepts.

LECTURE NOTEBOOK. Available online as PDF files, the 

Lecture Notebook includes all of the textbook’s figures 

and tables, with space for note-taking.

BIONEWS FROM SCIENTIFIC AMERICAN. BioNews makes 

it easy for instructors to bring the dynamic nature of the 

biological sciences and up-to-the-minute currency into 

their course via an automatically updated news feed.

BIONAVIGATOR. A unique visual way to explore all of the 

Animated Tutorials and Activities across the various lev-

els of biological inquiry—from the global scale down to 

the molecular scale.

ANALYZE THE DATA. Online versions of the Analyze the 

Data exercises included in many of the Investigation fig-

ures in the textbook.

FLASHCARDS AND KEY TERMS. An ideal way for students 

to learn and review the extensive terminology of introduc-

tory biology, featuring a review mode and a quiz mode.

INVESTIGATION LINKS. An overview of the experiments 

featured in each of the textbook’s Investigation figures, 

with links to the original paper(s), related research or ap-

plications that followed, and additional information relat-

ed to the experiment.

GLOSSARY. The full glossary, with audio pronunciations 

for all terms.

TREE OF LIFE. An interactive version of the Tree of Life 

from Appendix A, with links to a wealth of information 

on each group listed.

MATH FOR LIFE. A collection of mathematical shortcuts 

and references to help students with the quantitative 

skills they need in the biology laboratory.

SURVIVAL SKILLS. A guide to more effective study habits, 

including time management, note-taking, highlighting, 

and exam preparation.

Assessment Resources

SUMMATIVE QUIZZES. The pre-built summative quizzes 

assess overall student understanding of each chapter, and 

provide instructors with data on class and individual-

student comprehension of chapter material.

LEARNINGCURVE. Reports provide instructors with in-

stant information on student performance, broken down 

by individual section.
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TEST BANK. The Principles of Life Test Bank includes over 

5,000 questions, all referenced to specific textbook sec-

tions and categorized according to Bloom’s taxonomy. Each 

chapter includes a wide range of multiple-choice, fill-in-

the-blank, and short-answer questions, including diagram 

questions.

COMPREHENSIVE QUESTION BANKS include questions 

from the Test Bank, LearningCurve, Summative Quizzes, 

and the Study Guide. Question filtering allows instructors 

to select questions based on Bloom’s taxonomy, textbook 

section, and question type, in order to easily select the de-

sired mix of question types.

CUSTOM ASSESSMENT TOOLS allow instructors to create 

quizzes and many other types of assignments using any 

combination of publisher-provided questions and those 

created by the instructor.

Instructor Media and 
Course Planning Resources 
(Also available on the stand-alone Instructor’s Media Library 
disc, ISBN 978-1-4641-8468-0.)

TEXTBOOK FIGURES AND TABLES. Every figure and table 

from the textbook (including all photos and all unnum-

bered figures) is provided in both JPEG (high- and low-

resolution) and PDF formats, in multiple versions, includ-

ing whole, reformatted, and unlabeled.

POWERPOINT RESOURCES. For each chapter of the text-

book, many different PowerPoint presentations are avail-

able, providing instructors the flexibility to build presen-

tations in the manner that best suits their needs, including 

the following:

• Textbook Figures and Tables

• Lecture Presentations

• Figures with Editable Labels

• Layered Art Figures

• Supplemental Photos

• Active Learning Exercises

SUPPLEMENTAL PHOTOS. The supplemental photograph 

collection contains over 1,500 photographs, giving in-

structors a wealth of additional imagery to draw upon.

ANIMATIONS. An extensive collection of detailed anima-

tions and simulations.

VIDEOS. Featuring many new videos for the Second Edi-

tion, the wide-ranging collection of video segments helps 

demonstrate the complexity and beauty of life.

ACTIVE LEARNING EXERCISES. Set up for easy integration 

into lectures, each exercise poses a question or problem 

for the class to discuss or solve. Each also includes a mul-

tiple-choice element, for easy use with clicker systems.

ANSWERS TO TEXTBOOK QUESTIONS. Complete answers 

to all of the textbook’s CheckPoint, Apply the Concept, 

and Analyze the Data questions.

INSTRUCTOR’S MANUAL. A wealth of course planning 

material, the Instructor’s Manual includes the following 

sections for each chapter of the textbook: Chapter Over-
view, What’s New, Key Concepts & Learning Objectives, Chap-
ter Outline, Lecture Outline, and Key Terms.

MEDIA GUIDE. A visual guide to the extensive media re-

sources available with Principles of Life.

Additional Instructor Resources
Computerized Test Bank
(CD, ISBN 978-1-4641-8467-3)

The entire Test Bank, plus the Summative Quizzes, Learn-

ingCurve questions, and Study Guide questions are all 

included in Blackboard’s easy-to-use Diploma program 

(software included). Designed for both novices and ad-

vanced users, Diploma allows instructors to quickly and 

easily create or edit questions, create quizzes or exams 

with a “drag-and-drop” feature (using any combina-

tion of publisher-provided and instructor-added ques-

tions), publish to online courses, and print paper-based 

assessments.

Course Management System Support

As a service for Principles of Life adopters using Blackboard, 

Moodle, Desire2Learn, or other course management sys-

tems, full electronic course packs are available.

Developed for educators by educators, i>clicker is a hassle-

free radio-frequency classroom response system that 

makes it easy for instructors to ask questions, record re-

sponses, take attendance, and direct students through 

lectures as active participants. For more information, visit 

www.iclicker.com.

LabPartner is a site designed to facilitate the creation of 

customized lab manuals. Its database contains a wide se-

lection of experiments published by W. H. Freeman and 

Hayden-McNeil Publishing. Instructors can preview, 

choose, and reorder labs, interleave their own original 

experiments, add carbonless graph paper and a pocket 

folder, customize the cover both inside and out, and select 

a binding type. Manuals are printed on demand.

www.whfreeman.com/labpartner
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The Scientific Teaching Book Series is a 

collection of practical guides, intended 

for all science, technology, engineering 

and mathematics (STEM) faculty who 

teach undergraduate and graduate stu-

dents in these disciplines. The purpose 

of these books is to help faculty become 

more successful in all aspects of teaching and learning sci-

ence, including classroom instruction, mentoring students, 

and professional development. Authored by well-known 

science educators, the Series provides concise descriptions 

of best practices and how to implement them in the class-

room, the laboratory, or the department. For readers inter-

ested in the research results on which these best practices 

are based, the books also provide a gateway to the key 

educational literature. The Series includes:

Scientific Teaching

Jo Handelsman, Sarah Miller, and Christine Pfund 

(ISBN 978-1-4292-0188-9)

Transformations: Approaches to College Science Teaching

Deborah Allen and Kimberly Tanner 

(ISBN 978-1-4292-5335-2)

Entering Research: A Facilitator’s Manual

Janet L. Branchaw, Christine Pfund, and Raelyn Rediske 

(ISBN 978-1-4292-5857-9)

Discipline-Based Science Education Research: 

A Scientist’s Guide

Stephanie J. Slater, Timothy F. Slater, and Janelle M. Bailey 

(ISBN 978-1-4292-6586-7)

Assessment in the College Classroom

Clarissa Dirks, Mary Pat Wenderoth, and Michelle Withers 

(ISBN 978-1-4292-8197-3)

Additional Student Resources
Principles of Life Study Guide
(Paper, ISBN 978-1-4641-8475-8)

The Principles of Life Study Guide offers a variety of study 

and review resources to accompany each chapter of the 

textbook. The opening Big Picture section gives students 

a concise overview of the main concepts covered in the 

chapter. The Study Strategies section points out common 

problem areas that students may find more challenging, 

and suggests strategies for learning the material most ef-

fectively. The Key Concept Review section combines a 

detailed review of each section with questions that help 

students synthesize and apply what they have learned, in-

cluding diagram questions, short-answer questions, and 

more open-ended questions. Each chapter concludes with 

a Test Yourself section that allows students to test their 

comprehension. All questions include answers, explana-

tions, and references to textbook sections.

Principles of Life Flashcards App

Available for iPhone/iPad and Android, the Flashcards 

App is a great way for students to learn and review all 

the key terminology from the textbook, whenever and 

wherever they want to study, in an intuitive flashcard 

interface.

CatchUp Math & Stats for the Life Sciences

Michael Harris, Gordon Taylor, and Jacquelyn Taylor 

(ISBN 978-1-4292-0557-3)

Presented in brief, accessible units, this primer will help 

students quickly brush up on the quantitative skills they 

need to succeed in biology.

A Student Handbook for Writing in Biology, 
Fourth Edition

Karen Knisely (ISBN 978-1-4641-5076-0)

This book provides practical advice to students who are 

learning to write according to the conventions in biology, 

using the standards of journal publication as a model.

Bioethics and the New Embryology: 
Springboards for Debate

Scott F. Gilbert, Anna L. Tyler, and Emily J. Zackin 

(ISBN 978-0-7167-7345-0)

Our ability to alter the course of human development 

ranks among the most significant changes in modern sci-

ence and has brought embryology into the public domain. 

The question that must be asked is: Even if we can do such 

things, should we?

BioStats Basics: A Student Handbook

James L. Gould and Grant F. Gould 

(ISBN 978-0-7167-3416-1)

Engaging and informal, BioStats Basics provides introduc-

tory-level biology students with a practical, accessible in-

troduction to statistical methodology.

Inquiry Biology: 
A Laboratory Manual, Volumes 1 and 2

Mary Tyler, Ryan W. Cowan, and Jennifer L. Lockhart 

(Volume 1 ISBN 978-1-4292-9288-7; Volume 2 ISBN 

978-1-4292-9289-4)

This introductory biology laboratory manual is inquiry-

based—instructing in the process of science by allowing 

students to ask their own questions, gather background 

information, formulate hypotheses, design and carry out 

experiments, collect and analyze data, and formulate 

conclusions.

Hayden-McNeil Life Sciences Lab Notebook

(ISBN 978-1-4292-3055-1)

This durable, high-quality carbonless laboratory notebook 

allows students to hand in originals or copies of their lab 

work, not entire composition books. The Lab Notebook 

contains Hayden-McNeil’s unique white paper carbonless 

copies and biology-specific reference materials.
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1

When you take a walk through the 
woods and fields or a park near 

your home, what do you see? Like most 
people, you probably notice the trees, 
colorful flowers, and some animals. But 
do you spend more than a little time 
thinking about how these living things 
survive, reproduce, interact with one 
another, or affect their environment? 
With the introduction to biology in this 
book, we would like to inspire you to ask 
questions about what life is, how living 
systems work, and how the living world 
came to be as we observe it today.

Biologists have amassed a huge 
amount of information about the living 
world, and some introductory biology 
classes focus on memorizing these de-
tails. In this book we take a different ap-
proach, focusing on the major principles 
of life that underlie everything in biology.

What do we mean by “principles of 
life”? Look at the photograph. Why is the 
view so overwhelmingly green? A fun-
damental principle of life, namely that all 
living organisms require energy to grow, 

move, reproduce, and maintain their 
bodies, can explain the color. Ultimately, 
most of that energy comes from the sun. 
The leaves of plants contain chlorophyll, 
a green pigment that captures energy 
from the sun and uses it to transform 
water and carbon dioxide into sugar 
and oxygen (in the process called pho-
tosynthesis). That sugar stores some of 
the energy from the sun in its chemical 
bonds. The plant, or other organisms that 
eat the plant, can then obtain energy by 
breaking down the sugar. The frog in the 
photo used energy to climb up the tree. 
That energy came from molecules in the 
bodies of insects eaten by the frog. The 
insects, in turn, had built up their bodies 
by ingesting tissues of plant leaves, which 
grew by using some of the sun’s energy 
captured through photosynthesis. The 
frog, like the plants, is ultimately solar-
powered, as is the human observer who 
took this photograph.

The photograph also illustrates other 
principles of biology. One is that living 
organisms often survive and thrive by 

interacting with one another in complex 
ways. You probably noticed the frog and 
the trees. But did you notice the patches 
of growth on the trunk of the tree? Most 
of those are lichens, a complex interac-
tion between a fungus and a photo-
synthetic organism (in this case, a kind 
of alga). In lichens, the fungus and the 
alga depend on each other for survival. 
Many other organisms in this scene are 
too small to be seen, but they are critical 
components for keeping this living sys-
tem functioning over time.

After reading this book, you should 
understand the main principles of life. 
You’ll be able to describe how organisms 
capture and transform energy; pass ge-
netic information to their offspring in re-
production; grow, develop, and behave; 
and interact with other organisms and 
with their physical environment. You will 
also have learned how this system of life 
on Earth evolved, and how it continues 
to change. May a walk in the park never 
be the same for you again!

Principles of Life1
KEY CONCEPTS 
1.1  Living Organisms Share 

Common Aspects of 
Structure, Function, and 
Energy Flow

1.2  Life Depends on 
Organization and Energy 

1.3  Genetic Systems 
Control the Flow, 
Exchange, Storage, and 
Use of Information

1.4  Evolution Explains the 
Diversity as Well as the 
Unity of Life

1.5  Science Is Based on 
Quantitative Observa-
tions, Experiments, and 
Reasoning

What principles of life are illustrated in this scene?
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2 Chapter 1 ■ Principles of Life

Biology is the scientific study of life, which encompasses all liv-

ing things, or organisms. The living things we know about are 

all descended from a single-celled ancestor that lived on Earth 

almost 4 billion years ago. We can imagine that something 

with some similarities to life as we know it might have origi-

nated differently, perhaps on other planets. But the evidence 

suggests that all of life on Earth today has a single origin—a 

single common ancestor—and we consider all the organisms 

that descended from that common ancestor to be a part of life.

Life as we know it had a single origin

The overwhelming evidence for the common ancestry of life 

lies in the many characteristics that are shared among living 

organisms. Typically, living organisms

• are composed of a common set of chemical parts, such as 

nucleic acids (one example is DNA, which is the important 

molecule that carries our genetic information) and amino 

acids (the chemical building blocks that make up pro-

teins), and similar structures, such as cells enclosed within 

membranes

• depend on intricate interactions among structurally 

complex parts to maintain the living state

• contain genetic information that uses a nearly universal 

code to specify how proteins are assembled 

• convert molecules obtained from their environment into 

new biological molecules

• extract energy from the environment and use it to carry 

out life functions

• replicate their genetic information in the same manner 

when reproducing themselves

• share structural similarities among a fundamental set of 

genes

• evolve through gradual changes in their genetic 

information

Taken together, these shared characteristics logically lead to the 

conclusion that all life has a common ancestry, and that the di-

verse organisms that exist today originated from one life form. 

If life had multiple origins, there would be little reason to ex-

pect a nearly universal genetic code, or the similarities among 

many genes, or a common set of amino acids. If we were to 

discover something similar to life, such as a self-replicating 

system that originated independently on another planet, we 

would expect it to be fundamentally different in these aspects. 

It might be similar in some ways to life on Earth, such as using 

genetic information to reproduce. But we would not expect the 

details of its genetic code, for example, to be like ours.

The simple list of shared characteristics above, however, 

does not describe the incredible complexity and diversity 

of life. Some forms of life may not even display all of these 

characteristics all of the time. For example, the seed of a desert 

plant may exist for many years in a dormant state in which 

it doesn’t extract energy from the environment, convert mol-

ecules, or reproduce. Yet the seed is alive. 

And then there are viruses, which are not composed of cells 

and cannot carry out physiological functions on their own. In-

stead they use the cells they invade to perform these functions 

for them. Yet viruses contain genetic information, and they mu-

tate and evolve. So even though viruses are not independent 

cellular organisms, their existence depends on cells, and there 

is strong evidence that viruses evolved from cellular life forms. 

For these reasons, most biologists consider viruses to be a part 

of life. But as viruses illustrate, the boundaries between “liv-

ing” and “nonliving” are not always clear, and all biologists do 

not agree exactly on where we should draw the lines.

Major steps in the history of life are compatible 
with known physical and chemical processes

Geologists estimate that Earth formed between 4.6 and 4.5 bil-

lion years ago. At first the planet was not a very hospitable 

place. It was some 600 million years or more before the earli-

est life evolved. If we picture the history of Earth as a 30-day 

month, with each day representing about 150 million years, 

life first appeared somewhere toward the end of the first week 

(FIGURE 1.1).

How might life have arisen from nonliving matter? In 

thinking about this question, we must take into account that 

the young Earth’s atmosphere, oceans, and climate all were 

very different than they are today. Biologists have conducted 

many experiments that simulate the conditions on early Earth. 

These experiments have confirmed that the formation of com-

plex organic molecules under such conditions is possible, even 

probable.

The critical step for the evolution of life, however, was the 

appearance of nucleic acids—molecules that could reproduce 

themselves and also contain the information for the synthesis, or 

manufacture, of large molecules with complex but stable shapes. 

These large, complex molecules were proteins. Their shapes var-

ied enough to enable them to participate in increasing numbers 

and kinds of chemical reactions with other molecules. 

CELLULAR STRUCTURE EVOLVED IN THE COMMON ANCESTOR 

OF LIFE In the next big step in the origin of life, a membrane 

surrounded and enclosed complex proteins and other biologi-

cal molecules, forming a tiny cell. This membrane kept the 

enclosed components separate from the surrounding external 

environment. Molecules called fatty acids played a critical role 

because these molecules form membrane-like films instead of 

dissolving in water. When agitated, these films can form hol-

low spheres, which could have enveloped assemblages of bio-

logical molecules. The creation of a cell interior, separate from 

the external environment, allowed the reactants and products 

of chemical reactions to be concentrated, opening up the pos-

sibility that those reactions could be integrated and controlled. 

This natural process of membrane formation likely resulted in 

the first cells with the ability to reproduce—the evolution of the 

first cellular organisms. 

CONCEPT

1.1
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Aspects of Structure, Function, and 
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1.1 Living Organisms Share Common Aspects of Structure, Function, and Energy Flow 3

For more than 2 billion years after cells originated, every or-

ganism consisted of only one cell. These first organisms were 

prokaryotes, which are made up of single cells containing ge-

netic material and other biochemical structures enclosed in a 

membrane (FIGURE 1.2). Vast numbers of their descendants, 

such as bacteria, exist in similar form today. Early prokaryotes 

were confined to the oceans, which had an abundance of com-

plex molecules they could use as raw materials and sources of 

energy. The oceans also shielded them from the damaging effects 

of ultraviolet (UV) light, which was intense at that time because 

there was little or no oxygen (O2) in the atmosphere, and for that 

reason, no protective ozone (O3) layer in the upper atmosphere.

PHOTOSYNTHESIS ALLOWED LIVING ORGANISMS TO CAP-

TURE THE SUN’S ENERGY To fuel the chemical reactions in-

side them, the earliest prokaryotes took in molecules directly 

from their environment and broke down these small mole-

cules to release and use the energy contained in their chemical 

bonds. Many modern prokaryotes still function this way, and 

very successfully. 

About 2.7 billion years ago, or on day 13 of our imaginary 

month-long calendar of life, the emergence of photosynthesis 

changed the nature of life on Earth (see Figure 1.1). Photosynthe-

sis is a set of chemical reactions that transforms the energy of sun-

light into chemical-bond energy of the sugar glucose and other 

relatively small biological molecules. In turn, the chemical-bond 

energy of these small molecules can be tapped to power other 

chemical reactions inside cells, including the synthesis of large 

molecules, such as proteins, that are the building blocks of cells. 

Photosynthesis is the basis of much of life on Earth today 

because its energy-capturing processes provide food for other 

organisms. Photosynthetic organisms use solar energy to build 

their tissues, and then other organisms use those tissues as 

food. Early photosynthetic cells were probably similar to the 

present-day prokaryotes called cyanobacteria (FIGURE 1.3). 

Over time, photosynthetic prokaryotes became so abundant 

that they produced vast quantities of O2 as a by-product of 

photosynthesis.

During the early eons of life on Earth, there was no O2 in 

the atmosphere. In fact, O2 was poisonous to many of the pro-

karyotes that lived at that time. But those organisms that toler-

ated O2 were able to proliferate as O2 slowly 

began to accumulate in the atmosphere. The 

presence of O2 opened up vast new avenues 

of evolution. Aerobic metabolism, a set of 

chemical reactions that releases energy from 

life’s molecules by using O2, proved to be 

more efficient than anaerobic metabolism, a 

set of reactions that extracts energy without using O2. For this 

reason, O2 allowed organisms to live more intensely and grow 

larger. The majority of living organisms today use O2 in extract-

ing energy from molecules. 

27

First life?

12

6

39

27 28 29 30

Each “day” represents 

about 150 million years.

Homo sapiens (modern humans) 

arose in the last 5 minutes of day 

30 (around 500,000 years ago).

Recorded history

covers the last few

seconds of day 30.

Life appeared some time around day 5, 

a little less than 4 billion years ago.

FIGURE 1.1 Life’s Calendar Depicting 
Earth’s history on the scale of a 30-day 
month provides a sense of the immensity 
of evolutionary time.

Membrane

This prokaryotic organism synthesizes 

and stores molecules that nourish and 

maintain it in harsh environments.

Haloferax mediterranei

FIGURE 1.2 The Basic Unit of Life Is the Cell The concentration of 
reactions within the enclosing membrane of a cell allowed the evolu-
tion of integrated organisms. Today all organisms, even the largest and 
most complex, are made up of cells. Single-celled organisms such 
as this one, however, remain the most abundant living organisms (in 
absolute numbers) on Earth.
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4 Chapter 1 ■ Principles of Life

Oxygen in the atmosphere also made it possible for life to 

move onto land. For most of life’s history, UV radiation falling 

on Earth’s surface was so intense that it destroyed any living 

cell that was not well shielded by water. But as a result of pho-

tosynthesis, O2 accumulated in the atmosphere for more than 

2 billion years and gradually resulted in a layer of ozone in the 

upper atmosphere. By about 500 million years ago, or about 

day 28 on our imaginary calendar of life, the ozone layer was 

sufficiently dense and absorbed enough of the sun’s UV radia-

tion to make it possible for organisms to leave the protection 

of the water and live on land (see Figure 1.1).

EUKARYOTIC CELLS AROSE THROUGH ENDOSYMBIOSIS 

Another important, earlier step in the history of life was the 

evolution of cells with membrane-enclosed compartments 

called organelles. Organelles were—and are—important be-

cause specialized cellular functions could be performed inside 

them, separated from the rest of the cell. The first organelles 

probably appeared about 2.5 billion years after life first ap-

peared on Earth, or about day 20 on Figure 1.1. 

One of these organelles, the nucleus, came to contain the cell’s 

genetic information. The nucleus (Latin nux, “nut” or “core”) 

gives these cells their name: eukaryotes (Greek eu, “true”; 

karyon, “kernel” or “core”). The eukaryotic cell is distinct from 

the cells of prokaryotes (pro, “before”), which lack nuclei and 

other internal compartments.

Some organelles are hypothesized to have originated by 

endosymbiosis, which means “living inside another” and 

may have occurred when larger cells ingested smaller ones. 

The mitochondria that release energy for use by a eukaryotic 

cell probably evolved from engulfed prokaryotic organisms. 

And chloroplasts—the organelles specialized to conduct pho-

tosynthesis in eukaryotic photosynthetic organisms—could 

have originated when larger eukaryotes ingested photosyn-

thetic prokaryotes. If the larger cell failed to break down this in-

tended food object, a partnership could have evolved in which 

the ingested prokaryote provided sugars from photosynthesis 

and the host cell provided a good environment for its smaller 

partner.

MULTICELLULARITY ALLOWED SPECIALIZATION OF TISSUES 

AND FUNCTIONS For the first few billion years of life, all 

organisms—whether prokaryotic or eukaryotic—were single-

celled. At some point, the cells of some eukaryotes failed to 

separate after cell division and remained attached to each oth-

er. These groupings of cells made it possible for some cells in 

the group to specialize in certain functions, such as reproduc-

tion, while other cells specialized in other functions, such as 

absorbing nutrients. Cellular specialization enabled multicel-

lular eukaryotes to increase in size and become more efficient 

at gathering resources and living in specific environments.

Biologists can trace the evolutionary tree of life

If all the organisms on Earth today are the descendants of a 

single kind of unicellular organism that lived almost 4 billion 

years ago, how have they become so different? An organism 

reproduces by replicating its genome, which is the sum total of 

its genetic material, as we will discuss shortly. This replication 

process is not perfect, however, and changes, called mutations, 

are introduced almost every time a genome is replicated. Some 

mutations give rise to structural and functional changes in or-

ganisms. As individuals mate with one another, these changes 

can spread within a population, but the population continues 

to be made up of one kind, or species, of organism. However, 

if something happens to isolate some members of a population 

from the others, structural and functional differences between 

the two groups will accumulate over time. The two groups may 

eventually differ enough that their members no longer regu-

larly reproduce with one another. In this way the two popula-

tions become two different species. 

Tens of millions of species exist on Earth today. Many times 

that number lived in the past but are now extinct. As biologists 

discover species, they give each one a scientific name called 

a binomial (because it is made up of two Latinized words). 

The first word identifies the species’ genus—a group of spe-

cies that share a recent common ancestor. The second word 

indicates the species. For example, the scientific name for the 

(A)

(B)

FIGURE 1.3 Photosynthetic Organisms Changed Earth’s 

Atmosphere Cyanobacteria were the first photosynthetic organ-
isms on Earth. (A) Colonies of cyanobacteria called stromatolites are 
known from the ancient fossil record. (B) Living stromatolites are still 
found in suitable environments on Earth today.
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1.1 Living Organisms Share Common Aspects of Structure, Function, and Energy Flow 5

human species is Homo sapiens: Homo is our genus and sapiens
our species. Homo is Latin for “man,” and sapiens is from the 

Latin word for “wise” or “rational.” Our closest relatives in 

the genus Homo are the Neanderthals (Homo neanderthalensis), 

which are now extinct and are known only from fossil remains.

Much of biology is based on comparisons among species. 

Our ability to make relevant comparisons has improved greatly 

in recent decades as a result of our relatively newfound ability 

to study and compare the genomes of different species. We do 

this by sequencing a genome (in whole or in part), which means 

we can determine the order of the nucleotides that serve as 

the building blocks of the organism’s DNA. Genome sequenc-

ing and other molecular techniques have allowed biologists to 

add a vast array of molecular evidence to existing evolutionary 

knowledge based on the fossil record. The result is the ongoing 

compilation of phylogenetic trees that document and diagram 

evolutionary relationships as part of an overarching tree of life. 

The broadest categories of this tree are shown in FIGURE 1.4. 

(The tree is expanded in Appendix A, and you can also explore 

the tree interactively online.)

Many details remain to be clarified, but the broad outlines 

of the tree of life have been determined. Its branching patterns 

are based on a rich array of evidence from fossils, structures, 

chemical processes, behavior, and molecular analyses of ge-

nomes. Molecular data in particular have been used to separate 

the tree into three major branches called domains: Archaea, Bac-

teria, and Eukarya. The organisms of each domain have been 

evolving separately from those in the other domains for more 

than a billion years. Note that all organisms that are alive today 

descended from common ancestors in the past. In other words, 

living species did not evolve from other species living today. 

Rather, all living organisms evolved from now-extinct common 

ancestors. For example, humans did not evolve from our close 

relatives, the chimpanzees, but humans and chimpanzees both 

evolved from a common (now extinct) ancestral species.

Organisms in the domains Archaea and Bacteria are single-

celled prokaryotes. However, members of these two groups 

differ so fundamentally that they are thought to have sepa-

rated into distinct evolutionary lineages very early. Species be-

longing to the third domain—Eukarya—have eukaryotic cells 

whose mitochondria and chloroplasts originated from endo-

symbioses with bacteria, as we have described. 

Plants, fungi, and animals are examples of familiar multicel-

lular eukaryotes. We know that multicellularity arose indepen-

dently in each of these three multicellular groups because they 

are each most closely related to different groups of unicellular 

eukaryotes (commonly called protists), as you can see from the 

branching pattern of Figure 1.4. 

Life’s unity allows discoveries in biology 
to be generalized

Knowledge gained from investigations of one kind of organism 

can, with care, be generalized to other organisms because all life 

is related by descent from a common ancestor, shares a genetic 

Endosymbiotic bacteria

became the mitochondria

of eukaryotes.

Endosymbiotic, 

photosynthetic bacteria

became chloroplasts.

Plants

M
ito

c
h
o
n
d

ria

C
h
lo

ro
p

la
s
ts

Life

Protists

Protists

Protists

Protists

Protists

Protists

Animals

Fungi

270,000

80,000

1,300,000

100,000

260

10,000

Number of known
(described) 

species

400,000–
500,000

500,000–
1 million

10 million–
100 million

1–2 million

1,000–
1 million

Millions

Estimated total 
number of living 

species

ARCHAEA

BACTERIA

EUKARYA

FIGURE 1.4 The Tree of Life The classification 
system used in this book divides Earth’s organisms 
into three primary domains: Bacteria, Archaea, and 
Eukarya. The dark blue branches within Eukarya 
represent various groups of microbial protists 
(mostly unicellular eukaryotes). Animals, plants, 
and fungi (green and turquoise branches) are the 
most familiar groups of multicellular eukaryotes. In 
this book we adopt the convention that time flows 
from left to right, so this tree (and other trees in 
this book) lies on its side, with its root—the com-
mon ancestor—at the left.

01_POL2eRecto.indd   5 11/19/13   3:03 PM



6 Chapter 1 ■ Principles of Life

code, and consists of similar molecular building blocks. Biolo-

gists use certain model organisms for research, knowing they 

can extend their findings to other organisms, including humans. 

Our basic understanding of the chemical reactions in cells 

came from research on bacteria but is applicable to all cells, 

including those of humans. Similarly, the biochemistry of 

photosynthesis—the process by which plants use sunlight to 

produce sugars—was largely worked out from experiments 

on Chlorella, a unicellular green alga. Much of what we know 

about the genes that control plant development is the result of 

work on Arabidopsis thaliana, a member of the mustard family. 

Knowledge about how animals develop has come from work 

on sea urchins, frogs, chickens, roundworms, and fruit flies. 

And recently, the discovery of a major gene controlling human 

skin color came from work on zebrafish. Being able to general-

ize from model systems is a powerful tool in biology.

All of life depends on organization. Physics gives us the second 

law of thermodynamics, which states that, left to themselves, 

organized entities tend to become more random. Any loss of 

organization threatens the well-being of organisms. Cells, for 

example, must combat the thermodynamic tendency for their 

molecules, structures, and systems to lose organization—to be-

come disorganized. Energy is required to maintain organiza-

tion. For this reason, cells require energy throughout their lives. 

Organization is apparent in a hierarchy of levels 
from molecules to ecosystems

Cells synthesize, or manufacture, proteins and other complex 

molecules by assembling atoms into new, highly organized con-

figurations. Such complex molecules give cells their structure 

and enable them to function. For example, a fatty acid molecule 

that the cell synthesizes may become part of a membrane that 

structures the inside of the cell by dividing it into compartments. 

Or a protein made by a cell may enable a specific chemical re-

action to take place in the cell by helping start or speed up the 

reaction—that is, by acting as a catalyst for the reaction.

Organization is also essential for many cells to func-

tion together in a multicellular organism. As we have seen, 

multicellularity allows individual cells to specialize and de-

pend on other cells for functions they themselves do not per-

form. But the different specialized cells also work together. For 

example, division of labor in a multicellular organism usually 

requires a circulatory system so that the functions of special-

ized cells in one part of the body are of use to cells in other, 

distant parts of the body. 

Overall, a multicellular organism exhibits many hierarchi-

cal levels of organization (FIGURE 1.5A). Small molecules are 

organized into larger ones, such as DNA and proteins. Large 

molecules are organized into cells, and assemblages of differ-

entiated cells are organized into tissues. For example, a single 

muscle cell cannot generate much force, but when many cells 

combine to form the tissue of a working muscle, considerable 

force and movement can be generated. Different tissue types 

are organized to form organs that accomplish specific func-

tions. The heart, brain, and stomach are each constructed of 

several types of tissues, as are the roots, stems, and leaves of 

plants. Organs whose functions are interrelated can be grouped 

into organ systems; the esophagus, stomach, and intestines, 

for example, are all part of the digestive system. Because all 

these levels of organization are subject to the second law of 

thermodynamics, they all tend to degrade unless energy is ap-

plied to the system. This is why an organism must use energy 

to maintain its functions.

Matching the internal hierarchy of an individual organ-

ism is an external hierarchy in the larger biological world 

where organisms interact with their physical environment—

an ecological system, often shortened to ecosystem (FIGURE 

1.5B). Individual organisms interacting with their immediate 

CONCEPT

1.2
Life Depends on Organization
and Energy

Large molecules,
proteins, nucleic acids

Cells

DNA

Organism

Cell 
specialization

Tissues

Organs

Organ systems
Multicellular organism

(leopard frog)

Water

Atoms

Small molecules

Methane
Colonial organisms

Unicellular organisms

Oxygen

Carbon

Hydrogen
Carbon dioxide

(A)  Atoms to organisms

FIGURE 1.5 Life Consists of Organized Systems at a Hierarchy of 

Scales (A) The hierarchy of systems within a multicellular organism. 
DNA—a molecule—encodes the information for cells—a higher level 
of organization. Cells, in turn, are the components of still higher levels 
of organization: tissues, organs, and the organism itself. (B) Organisms 
interacting with their external environment form ecological systems on 
a hierarchy of scales. Individual organisms form the smallest ecologi-
cal system. Individuals of a species form populations, which interact 
with other populations to form communities. Multiple communities in 
turn interact within landscapes at progressively larger scales until they 
include all the landscapes and organisms of Earth: the entire biosphere.

Go to ACTIVITY 1.1 The Hierarchy of Life

PoL2e.com/ac1.1
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environment form the smallest ecological system. Groups of 

individuals of any one species live together and interact in

populations, and populations of different species that live and 

interact in a single area form ecological communities. Multiple 

communities interact within landscapes. The landscape of the 

entire Earth and all its life is known as the biosphere.

But there are some important differences between biologi-

cal systems at the organismal level and these larger scales. All 

the hierarchical levels of organization within an individual or-

ganism are encoded by its single genome, so that these levels 

generally interact harmoniously. By contrast, the external hier-

archy of populations, communities, and landscapes involves 

interactions among multiple species with multiple genomes, so 

that interactions are not always harmonious. For example, indi-

viduals often prevent others of their own species from exploit-

ing a necessary resource such as food, or they exploit members 

of their own or different species as food.

Each level of biological organization 
consists of systems

We have already discussed organ systems and ecological sys-

tems. More generally, a system is a set of interacting parts 

in which neither the parts nor the whole can be understood 

without taking into account the interactions. A simple biologi-

cal system might consist of a few components (e.g., proteins, 

pools of nutrients, or organisms) and the processes by which 

the components interact (e.g., protein synthesis, nutrient me-

tabolism, or grazing) (FIGURE 1.6). 

Consider, for example, the system within a cell that synthe-

sizes and controls the quantity of a particular protein, which 

we’ll call Protein T (FIGURE 1.7A). The components of the sys-

tem are the amino acids from which Protein T is made, Protein 

T, and the breakdown products of Protein T. The processes are 

the biochemical pathways that synthesize and break down 

Protein T. To understand how the cell controls the amount of 

Protein T, we must understand how all the other components 

and processes in this system function. 

Systems are found at every level of biological organization. 

For example, our bodies have a physiological system that con-

trols the amount of sodium (Na+) in our body fluids (FIGURE 

1.7B). Grass, voles, and predators (foxes and owls) are compo-

nents of a community-level system (FIGURE 1.7C). 

Biological systems are highly dynamic even 
as they maintain their essential organization

Given the central importance of organization, you might think 

that biological systems are inflexible and static. Actually, they 

are often incredibly dynamic—characterized by rapid flows of 

matter and energy. On average, for example, a cell in your body 

breaks down and rebuilds 2–3 percent of its protein molecules 

per day. Each day it also makes and uses more than 100,000 

trillion (1014) molecules of adenosine triphosphate (ATP), the 

molecule responsible for shuttling energy from sources to uses. 

Collectively, all the cells in your body liberate more than 90 

grams of hydrogen every day from the foods they break down 

to obtain energy. Your cells also combine that hydrogen with 

oxygen (O2) to make almost a liter of water every day.

This dynamic aspect of biological systems means that they 

constantly exchange energy and matter with their surround-

ings. For example, even after a single-celled or multicellular 

Population

Community
Landscape

Biosphere

(B)  Organisms to ecosystems

Boxes represent 

components.

Arrows represent processes

by which components interact.

Component A
Interaction
between
A and B

Component B
Interaction
between
B and C

Component C

FIGURE 1.6 A Generalized System Systems in cells, whole organ-
isms, and ecosystems can be represented with boxes and arrows.

 Go to ANIMATED TUTORIAL 1.1

 System Simulation
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8 Chapter 1 ■ Principles of Life

organism has reached maturity, most of its molecules are 

steadily replaced. In this ceaseless, dynamic process, atoms 

are lost from the cells in the organism to the surrounding soil, 

air, or water, and they are replaced with atoms from the soil, 

air, or water. Yet as the atomic building blocks of any particular 

cell come and go, the organization of the molecules, structures, 

and systems in the cell persists. This fact emphasizes the central 

importance of organization.

Positive and negative feedback are common 
in biological systems

Often, the amount of one of the components of a system, such 

as component C in FIGURE 1.8, affects the rate of one of the 

earlier processes in the system. This effect is called feedback

and may be described as positive or negative. Feedback is of-

ten diagrammed simply with a line and symbol, but its actual 

mechanism may be complex.

Positive feedback occurs in a system when a product of the 

system speeds up an earlier process. The effect of positive feed-

back is to cause the product to be produced faster and faster. To 

return to one of our earlier examples, if the breakdown prod-

ucts of Protein T sped up synthesis of Protein T, this would 

lead to more breakdown products, then even more Protein 

T, then even more breakdown products, and so on. Positive 

feedback tends to destabilize a system, but destabilization can 

sometimes be advantageous, provided it is ultimately brought 

under control.

Negative feedback occurs when a product of a system slows 
down an earlier process in the system. Often, as the product in-

creases in amount or concentration, it exerts more and more of 

a slowing effect. Negative feedback stabilizes the amount of the 

product in this way: if a high amount of the product accumu-

lates, that accumulation tends to reduce further production of 

the product. For example, if an increase in the amount of break-

down products of Protein T slowed down synthesis of Protein T, 

this would lead to a decreased amount of breakdown products 

and a return to the previous rate of Protein T synthesis. Nega-

tive feedback is very common in regulatory systems, which are 

systems that tend to stabilize amounts or concentrations. 

Systems analysis is a conceptual tool for 
understanding all levels of organization

Biologists today employ an approach known as systems analy-

sis to understand how biological systems function. In systems 

analysis, we identify the parts or components of a biological 

system and specify the processes by which the components 

interact (see Figure 1.6). We may also be able to specify the rates
of these interactions and how the rates are affected by feedback. 

What we can do then is analyze how the system will change 

through time. Will the amounts of different components in-

crease or decrease, and how quickly, and how will this depend 

on the rates of the interactions? Will there be any stable balance, 

or equilibrium, that the system eventually reaches? 

To do the analysis we write out mathematical equations that 

express the amounts of the different components and that in-

clude the processes and their rates. Expressed in words, such 

an equation for component B in Figure 1.6 has the following 

form:

The amount of B present at some time in the future =

the amount of B now + the amount of A converted into B 

– the amount of B converted into C

We write out a similar equation for each component in the 

system.

We can analyze the relatively simple biological systems in 

Figure 1.7 by hand, but the analysis of larger systems quickly 

Synthesis of Protein T

increases the amount 

of Protein T.

Breakdown of Protein T

decreases the amount 

of Protein T.

Amount of
free amino
acids in cell

(A)  A cellular-level system

Synthesis
of Protein T

Amount of
Protein T in
cell

Breakdown
of Protein T

Amount of
breakdown
products
in cell

Amount of
Na+ in gut
from foods

(B)  An organismal-level system

Absorption
of Na+ from
gut by gut 
cells

Amount of
Na+ in body
fluids

Amount of
Na+ leaving
the body
in urine

Excretion
of Na+ by
kidney cells

Abundance
of grass

(C)  A community-level system

Consumption
of grass by
voles

Number of
voles

Number of
foxes and 
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Consumption
of voles 
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FIGURE 1.7 Organized Systems Exist at Many Levels (A) This 
cellular-level system synthesizes and breaks down a cell protein called 
Protein T. (B) This organismal-level system determines the amount 
(and thus the concentration) of sodium (Na+) in the blood plasma 
and other extracellular body fluids of a human. (C) This community-
level system helps determine the number of meadow voles (Microtus 
pennsylvanicus) in a field in the spring.

Positive feedback 

speeds up an earlier 

process in a system.

Feedback occurs when the 

rate of an early process is 

affected by the amount of a

later product (C in this case). 

Negative feedback

slows down the

process.

Component A
Rate of
conversion
of A to B

+ –

Rate of
conversion
of B to C

Component B Component C

FIGURE 1.8 Feedback Can Be Positive or Negative Positive feed-
back tends to destabilize a system, whereas negative feedback typi-
cally stabilizes a system.
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becomes very complicated and is typically carried out using 

computers. The approach, however, is the same: We express the 

rates of all processes as mathematical equations.

After this analysis is done, we have a computational model 

of the biological system. If the computational model is well 

grounded in factual knowledge of the biological system, the 

model will mimic the biological system.

An important use of computational models is prediction. 

For instance, if atmospheric temperature affects a biological 

system, we can use a computational model to develop a hy-

pothetical prediction of the future behavior of the system in a 

warming world by adjusting the model to take into account the 

expected increases in temperature. 

The information required for an organism to function—the 

“blueprint” for its existence—is contained in the organism’s 

genome, which as we noted earlier is the sum total of all the 

information encoded by its genes. The presence of genetic in-

formation and the processes by which organisms “decode” and 

use it to build the proteins that underlie a body’s structure and 

function involve fundamental principles that we will discuss 

and expand on throughout the book, especially in Chapters 

10–14.

Genomes encode the proteins that govern 
an organism’s structure

Early in the chapter we noted the importance of self-replicating 

nucleic acids in the origin of life. Nucleic acid molecules con-

tain long sequences of four subunits called nucleotides. The 

sequence of these nucleotides in deoxyribonucleic acid, or 

DNA, allows the organism to assemble proteins. Each gene is 

a specific segment of DNA whose sequence carries the informa-

tion for building, or controlling the building of, one or more 

proteins (FIGURE 1.9). Proteins, in turn, are the molecules that 

govern the chemical reactions within cells and form much of 

an organism’s structure. For these reasons, in biology we often 

say that genes “encode” proteins.

By analogy with a book, the nucleotides of DNA are like the 

letters of an alphabet. The sentences in the book are genes that 

encode proteins, which means that the genes provide instruc-

tions for making the proteins at a particular time or place. If 

you were to write out your own genome using four letters to 

represent the four DNA nucleotides, you would write more 

than 3 billion letters. Using the size type you are reading now, 

your genome would fill more than 1,000 books the size of this 

one. 

All the cells of a given multicellular organism contain the 

same genome, yet the different cells have different functions 

and form different proteins. For example, oxygen-carrying 

hemoglobin occurs in red blood cells, gut cells produce diges-

tive proteins, and so on. Therefore different types of cells in an 

organism must express, or use, different parts of the genome. 

How any given cell controls which genes it expresses, or uses 

(and which genes it suppresses, or doesn’t use), is a major focus 

of current biological research.

The genome of an organism contains thousands of genes. If 

mutations alter the nucleotide sequence of a gene, the protein 

that the gene encodes is often altered as well. Mutations may 

occur spontaneously, as happens when mistakes take place 

during replication of DNA. Mutations can also be caused by 

certain chemicals (such as those in cigarette smoke) and radia-

tion (including UV radiation from the sun). Most mutations 

either are harmful or have no effect. Occasionally a mutation 

improves the functioning of the organism under the environ-

mental conditions the individual encounters. Mutations are the 

raw material of evolution.

In a quantified system, A, B, and C are quantified measures of the 

amounts or concentrations of the components of the system.

 A
Equation 1
(describes rate
of conversion
of A to B)

Equation 2
(describes rate
of conversion
of B to C)

B C
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Four distinct nucleotides are the 

building blocks of DNA. The 

nucleotides differ in the base they 

contain (C, G, T, or A).

DNA is made up of two 

strands of linked sequences 

of nucleotides.

A gene consists of a specific

sequence of nucleotides.

The nucleotide sequence in a 

gene contains the information

to build a specific protein.

DNA

DNA

Protein

One nucleotide

Gene

Strand 1

Strand 2

FIGURE 1.9 DNA Is Life’s Blueprint The instructions for life are 
contained in the sequences of nucleotides in DNA molecules. Specific 
DNA nucleotide sequences comprise genes. The average length of 
a single human gene is 27,000 nucleotides. The information in each 
gene provides the cell with the information it needs to manufacture 
molecules of a specific protein.
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