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Biology for the AP® Course

Dear AP® Biology Teacher:

Welcome to Biology for the AP® Course. Over our years of involvement with AP® Biology, we have 
joined forces with many teachers just like you. We have spoken with you at readings, during workshops 
and institutes, and in casual conversations in less formal settings; sometimes in our own children’s 
schools. We have been awestruck by how much you are able to achieve and the challenges you face. 
Even a pandemic didn’t dampen your spirits or weaken your commitment!

More than anything, we wanted to write a book that will help you bring AP® Biology to life in an 
accessible and inspiring way for all your students. And we wanted to make your job a little easier, too. 
Because we know how hard it is to correlate your textbook with the structure of the course, we have 
aligned our units and the topics within them to match the AP® Biology curriculum framework. Because 
we know that pacing over the year is an issue for every teacher, we have divided the units into modules 
that contain just enough material for one or two class periods. Because we know that many students 
need extra help with science practice skills, we have filled the book with tutorials and practice boxes 
that teach and review all the necessary mathematical and statistical tools, as well as graph reading 
skills. We also know that the sheer volume of material can be overwhelming for students, so we have 
included specific AP® exam tips to help students focus on what they need to know for the exam. 
Finally, if there is one consistent theme in what all teachers want; it’s plenty of AP® Biology practice 
questions throughout the year. In Biology for the AP® Course, you will find hundreds of AP® practice 
questions that match the exam in format and scope, and a full practice exam at the end of the book.

Biology for the AP® Course grew out of our love for teaching biology and our belief that a special 
course deserves a special book. It reflects our belief in the power of learning for students of all 
backgrounds. And it’s our tribute to you, teachers on the front lines of AP® Biology across the country. 

We hope you enjoy this sample. We’d love to hear about your AP® Biology teaching experiences! 
Please write to us at APBiology@bfwpub.com.

James Morris   |   Domenic Castignetti   |   John Lepri   |   Rick Relyea

AP® is a trademark registered by the College Board, which is not affiliated with, and does not endorse, this product. 
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Biology for the AP® Course

JAMES MORRIS is professor of 
biology at Brandeis University. He 
teaches a wide variety of courses for 
majors and non-majors, including 
introductory biology, evolution, 
genetics and genomics, epigenetics, 
comparative vertebrate anatomy, and 
a first-year seminar on Darwin’s On 

the Origin of Species. He is the recipient of numerous 
teaching awards from Brandeis and Harvard. His research 
focuses on the rapidly growing field of epigenetics, 
making use of the fruit fly Drosophila melanogaster as a 
model organism. He currently pursues this research with 
undergraduates in order to give them the opportunity 
to do genuine, laboratory-based research early in their 
scientific careers. Dr. Morris received a PhD in genetics 
from Harvard University and an MD from Harvard Medical 
School. He was a Junior Fellow in the Society of Fellows 
at Harvard University and a National Academies Education 
Fellow and Mentor in the Life Sciences. For the last two 
years he has served as a reader for the AP® Biology Exam. 

DOMENIC CASTIGNETTI is 
professor emeritus of biology at 
Loyola University Chicago. During 
his 37 years at Loyola, he taught 
many courses, including the 
introductory biology two-semester 
course, general microbiology, micro-
bial physiology, and biochemistry. 

He was awarded Loyola University’s Master Teacher of 
the College of Arts and Sciences Award and received 
the first Faculty/Staff Member of the Year Award from 
the Student Government Association. Dr. Castignetti 
received an MS from Colorado State University and 
a PhD in microbial ecology and physiology from the 
University of Massachusetts-Amherst. His research, 
conducted with undergraduate and graduate students, 
focused on the microbiology and biochemistry of soil 
microorganisms. He has been associated with the 
AP® Biology program since 2003 and has served as a 
reader, table leader, and a member of the Development 
Committee. He was chief reader for five years. 

JOHN LEPRI is Professor of Biology and 
Faculty Fellow in the Lloyds International 
Honors Program at the University 
of North Carolina at Greensboro. 
He teaches courses in introductory 
biology, biological clocks, and animal 
physiology. His earlier research focused 
on hormones and pheromones that 

coordinate reproduction in mammals. Dr. Lepri earned 
a PhD in zoology at North Carolina State University. His 
professional activities include teacher preparation programs 
for high school science teachers. He has worked with 
College Board and ETS for more than 25 years, including 
five years as chief reader for the AP® Biology Exam. 

RICK RELYEA is the David Darrin 
Senior ‘40 Endowed Chair in 
Biological Sciences and the 
director of the Darrin Freshwater 
Institute at Rensselaer Polytechnic 
Institute. He received a BS in 
environmental forest biology 
from the SUNY College of 

Environmental Science and Forestry, an MS in wildlife 
management from Texas Tech University, and a PhD in 
ecology and evolution from the University of Michigan. 
He has authored more than 200 scientific articles 
and book chapters and presented research seminars 
throughout the world. Dr. Relyea was a professor at 
the University of Pittsburgh for 15 years, where he 
was named the Chancellor’s Distinguished Researcher 
and received the Tina and David Bellet Teaching 
Excellence Award. In 2014, he moved to Rensselaer 
Polytechnic Institute to direct The Jefferson Project, 
which is the most technologically advanced research 
endeavor to study freshwater lakes. Rick has a strong 
interest in high school education, including hosting high 
school science teachers who conduct research in his 
laboratory. He is co-author of Environmental Science for 
the AP® Course, also published by BFW publishers.

Committed and Experienced Authorship.
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Biology for the AP® Course

The Content You Need.  
The Support You Want.
An AP® Biology Program Built for You. 
This program grew out of the belief that the AP® Biology experience would be stronger with a 
textbook that precisely matches the goals and organization of the course. Although the course 
content is the equivalent of a first-year college biology course, AP® teachers and students face 
unique challenges, which we have worked to address. Biology for the AP® Course: 

•  Provides the rigor expected for the course while addressing the need for careful pacing. 

•  Provides solid skill-building on data analysis and statistical testing through teaching, 
review, and practice. 

•  Focuses on the Science Practices around which the course is designed and interweaves 
the Four Big Ideas of AP® Biology. 

• Contains stunning visuals that reinforce the Science Practices throughout.

Image: Felineus/Shutterstock
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Biology for the AP® Course

The Perfect Book for Student Success 
Biology for the AP® Course:

•  Aligns to the organization and scope of the AP® Biology Course and Exam Description 
(CED), with thorough, patient coverage of in-scope content, allowing more space for  
patient explanations and extra AP® practice.

•  Presents coverage in brief modules for student-friendly pacing and accessible reading.

•  Provides detailed in-text tutorials, instruction, and review as well as practice with  
all required data analysis and statistical testing tools and techniques.

•  Contains AP® Practice questions at the end of each module and unit, plus a full AP® 
Practice test.

•  Focuses on the practice of science and AP® Science Practices.

You also get: 
•  AP® Teacher Resources in the trusted BFW style, including a powerful full-wraparound 

annotated Teacher’s Edition. 

•  Complete digital support including accessible and interactive features, industry leading  
e-books, videos, online homework with targeted feedback, and more. 

•  Extensive professional development support. 
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TM
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Teacher’s Edition

Turn the page or visit 
bfwpub.com/pounce  
to learn more.
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Biology for the AP® Course

Structured for the AP® Classroom!
Follows the AP® Biology Course and Exam Description

The organization and content of the book follows the course framework. Teachers can progress 
through the year without having to determine what content should be covered. The book weaves 
the Big Ideas throughout, building a deep network of connections across course content.

UNITS

The eight units match the 
units of the Course and 
Exam Description (CED) 
for easy alignment with 
the course and resources.

TUTORIAL

Longer Tutorials presented 
throughout the book provide 
comprehensive explanations 
of statistics, growth equations, 
probability, and graphing skills 
used throughout the course. The 
tutorials are a great review tool. 
Tutorials also point you to relevant 
Analyzing Statistics and Data 
boxes for additional practice.

Biology for the AP® Course

 Unit 1: Chemistry of Life
Module 0: Introduction

Tutorial 1: Statistics

Module 1: Elements of Life

Module 2: Water and Life

Module 3: Carbohydrates and Lipids

Module 4: Proteins

Module 5: Nucleic Acids

 Unit 2: Cell Structure and Function
Module 6: Cell Structure and Function

Module 7: Subcellular Components of Eukaryotes

Module 8: Cell and Organism Size

Module 9: Cell Membranes

Module 10: Membrane Transport

Module 11:  Water Movement: Osmosis,  
Tonicity, and Osmoregulation

Module 12:  Origin of Compartmentalization  
and the Eukaryotic Cell

 Unit 3: Cellular Energetics
Module 13: Cellular Energetics

Module 14: Enzymes

Module 15: Photosynthesis I: Overview

Module 16: Photosynthesis II: Biochemistry

Module 17: Cellular Respiration I: Overview

Module 18: Cellular Respiration II: Biochemistry

Module 19:  Metabolism, the Environment,  
and Evolutionary Fitness

AP® is a trademark registered by the College Board, which is not affiliated with, and does not endorse, this product. 
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Biology for the AP® Course

 Unit 4:  Cell Communication  
and Cell Cycle

Module 20: Cell Communication

Module 21: Signal Transduction

Module 22: Changes in Signal Transduction Pathways

Module 23: Feedback in Cell Communication

Module 24: The Cell Cycle

Module 25: Regulation of the Cell Cycle

 Unit 5: Heredity
Module 26: Meiosis and Genetic Diversity

Module 27: Mendelian Genetics

Tutorial 2: Probability

Module 28: Non-Mendelian Genetics

Module 29: Environmental Effects on Phenotype

Module 30: Chromosomal Inheritance

 Unit 6: Gene Expression and Regulation
Module 31: DNA and RNA Structure and Function

Module 32: DNA Replication

Module 33: Transcription and RNA Processing

Module 34: Translation

Module 35: Regulation of Gene Expression

Module 36: Cell Specialization and Development

Module 37: Mutation

Module 38: Biotechnology

Module 39: Viruses

MODULES

Modules correspond to topic areas identified 
in the AP® curriculum framework. This allows 
teachers to match their lesson plans to the 
course framework. Content is scaffolded so 
each new topic is introduced with appropriate 
foundations in place. Modules contain 
manageable amounts of material—enough for 
1-2 class periods—and include appropriate 
review and practice to ensure teachers cover 
required content.

 Unit 7: Evolution and Natural Selection
Module 40:  Introduction to Evolution  

and Natural Selection

Module 41: Natural and Artificial Selection

Module 42: Population Genetics

Module 43: Hardy-Weinberg Equilibrium

Module 44:  Evidence of Common Ancestry  
and Evolution

Module 45: Continuing Evolution

Module 46: Phylogeny

Module 47: Speciation

Module 48: Extinction

Module 49: Variation in Populations

Module 50: Origins of Life on Earth

 Unit 8: Ecology
Module 51: Responses to Environment

Module 52: Energy Flow through Ecosystems

Module 53: Population Ecology

Module 54: Effect of Density of Populations

Tutorial 3: Rate and Growth in Population Ecology

Module 55: Community Ecology

Module 56: Biodiversity

Module 57: Disruptions to Ecosystems

Tutorial 4: Graphing

AP® Practice Exam

AP® EXAM TIPS

Written by two former chief readers, AP® Exam Tips 
in each module highlight key content students are 
likely to see on the exam and provide guideposts 
on concepts they should be sure to review.

AP® is a trademark registered by the College Board, which is not affiliated with, and does not endorse, this product. 
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Biology for the AP® Course

Analyzing Statistics and Data boxes cover all the 
statistics and mathematical tools found in the AP® 
Biology curriculum. They also review important 
skills from prior courses such as working with 
scientific notation and percentages. Each box walks 
students through a practice problem and provides 
a Your Turn problem to try. Further practice is 
available in the Teacher’s Resource Materials, 
including video walkthroughs for students.

Understanding questions and methods in the context 
of actual scientific work provides students with a better 
foundation for applying science practices — enter 
Practicing Science boxes. This feature evaluates key 
experiments in the history of biology, while addressing 
the science practice of questions and methods with 
an in-depth look at research questions, experimental 
design, and results. A free-response style AP® Practice 
Question concludes each box by asking students 
to evaluate experimental design and methods or a 
proposed extension to the researcher’s work.

Recognizing the importance of 
spiraling the Big Ideas throughout the 
course, each module is framed with a 
Focus on the Big Ideas prompt at the 
beginning, and a related Revisit the 
Big Ideas question at the end of each 
module. Tips for using this feature to 
keep the Big Ideas front and center 
throughout the course can be found 
throughout the Teacher’s Edition.

Science Practices Built In! 
Help students develop and retain the skills 
they need to do well on the exam. 
Four active learning features within modules work together to teach, demonstrate,  
and reinforce essential science practice skills. 

Your Turn: Each Analyzing Statistics and Data box 
provides an opportunity for students to practice the 
relevant tools and gain confidence in real time.

AP® is a trademark registered by the College Board, which is not affiliated with, and does not endorse, this product. 
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Biology for the AP® Course

Form and Function Combined. 
The structure of the text program goes 
hand in hand with its function. 
When looking at the structure of the text you will notice that the Learning Goals match the 
section heads—which then match the Summary. This structure helps teachers organize and 
pace each lesson, and presents the content in a way that is highly accessible to students.

LEARNING GOALS    SECTION HEADS    SUMMARIES 

Each module is organized around 3-5 Learning Goals which encompass key items of the CED learning 
objectives and essential knowledge. At the end of each module, Summaries are also organized around 
Learning Goals so that students can go back and review key content at any point. Note that each summary 
point is tagged to a specific page location in the text where the content is covered.

AP® is a trademark registered by the College Board, which is not affiliated with, and does not endorse, this product. 
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Biology for the AP® Course

An Essential Visual Program. 
Created with AP® Biology students in mind.

Every page is filled with compelling and instructive visuals, creating integrated opportunities 
for visual analysis.

GRAPHS

Graphs appear in both the text and problems, 
providing ample opportunities to learn 
how to read graphs and understand the 
relationship between data and visual display.

VISUAL SYNTHESIS FIGURES 

These beautifully rendered works of art present key concepts from the unit 
in an informative and visually engaging way. The Visual Synthesis Figures 
also help students make connections among multiple complex topic areas 
such as photosynthesis and cellular respiration.

ILLUSTRATIONS

Key concepts are illustrated with details that help students 
understand structure and function. Longer captions walk 
the student through the illustration and reinforce the text. 
Discussion of figures is woven seamlessly into the text, 
so students are supported as they learn how to study 
complex illustrations.

PHOTOS 

Throughout the text, hundreds of 
photos bring biology to life.

AP® is a trademark registered by the College Board, which is not affiliated with, and does not endorse, this product. 
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Biology for the AP® Course

Every section within a module concludes with 
a Concept Check with 2-4 questions, allowing 
students to check their reading comprehension. 

Assessment That Gets Results. 
Build confidence with multiple layers of assessment.

From the very first module, the assessment program begins with reading comprehension questions, 
and then continues to introduce students to AP® Practice Questions that challenge their critical 
thinking skills and match the actual exam questions in style and scope. The assessment program 
addresses all six AP® Biology Science Practices.

Following each module, a set of Module AP® 
Practice Questions tests students’ ability to apply 
the Science Practices to module concepts with 
questions that match the AP® Biology Exam in style 
and scope. These questions consist of 3-5 multiple 
choice questions (many with substantial stems), 
and 1 free-response question that asks students 
to use visual analysis, graphical analysis, or data 
analysis. The level of difficulty increases as the book 
progresses to help students build confidence as they 
sharpen their test-taking skills.

Every module concludes with multiple-choice 
Review Questions, which further check 
reading comprehension. 

PREP FOR THE AP® EXAM

272   UNIT 3  CELLULAR ENERGETICS  

 ytiralimis a sebircsed yletarucca tnemetats hcihW   .3
between photosynthesis and cellular respiration?

 na morf ygrene gnisu PTA etareneg htoB   )A(    
  .tneidarg notorp lacimehcortcele

 H esu htoB   )B(   2   .snortcele fo ecruos a sa O 

  .HPDAN ecudorp htoB   )C(   

     .llec eht fo yportne eht esaercni htoB   )D(   

 eht dna sisylocylg htob ni decuder si elucelom hcihW   .4   
Krebs cycle?

      etavuryP)C(     AoC-lytecA   )A(    

OC )B(   2            )D( +NAD

 era yehT .stnalp ton era plek sa hcus sdeewaeS   .5
photosynthetic algae that can live 10 to 30 meters 
underwater. Long wavelength light, which produces 
orange and red colors, does not penetrate deeper than 
10 meters underwater. Short wavelength light, which 
produces green and blue colors, may penetrate as deep 
as 40 meters underwater. Kelp and other underwater 
algae are often orange or red in color. Which provides 
the best explanation for why these algae are not green 
like land plants?

 raeppa ylno plek ekil eagla citehtnysotohP   )A(    
brown, orange, or red when they are not in 

environment.  

 a si hcihw ,llyhporolhc morf semoc roloc neerG   )B(   
  .stnalp ni ylno dnuof tnemgip citehtnysotohp

 tsartnoc der dna ,egnaro ,nworb ekil sroloc lluD   )C(   
with the ocean �oor to make the kelp visible to 

  .serovibreh

 morf ygrene brosba ot detpada evah stnemgip laglA   )D(   
shorter wavelength green and blue light so the algae 

     .thgil elbisiv murtceps-lluf rednu der ro egnaro raeppa

    Section   1:  Multiple-Choice Questions  
  .51–1 snoitseuq rof rewsna tseb eht esoohC  

 llec a edisni ecalp ekat taht snoitcaer lacimehc ynaM   .1   
require an input of energy. Which best describes how 
these reactions can occur?

 ecruos a sa ydob eht morf taeh ezilitu snoitcaer ehT   )A(   
  .ygrene fo

 ylppus taht semyzne yb dezylatac era snoitcaer ehT   )B(  
  .ygrene

 sisylordyh  morf desaeler ygrene ezilitu snoitcaer ehT   )C(  
  .PTA fo

 nehw desaeler si taht ygrene erutpac snoitcaer ehT   )D(  
  +NAD      .decuder si

 neewteb pihsnoitaler eht sebircsed tseb margaid hcihW   .2   
H 2 O, CO 2  O dna , 2  dna sisehtnysotohp yb nevird sa  

     ?noitaripser ralullec

  

a.

O2
+

H2O

Photo-
synthesis

Cellular
respiration

CO2

CO2
+

H2O

b.
O2

Photo-
synthesis

Cellular
respiration

c. CO2
+

H2O
Photo-

synthesis
Cellular
respiration

O2

d. O2
+

H2O
Photo-

synthesis
Cellular
respiration

CO2    
   a   )A(      c   )C(  

   b   )B(        d   )D(  

Unit   3   
AP ®  Practice Questions  

22_morrisapbiology1e_11331_Unit3_Mod19_262-275_2pp.indd   272 24/05/21   8:25 PM

At the end of each unit, a comprehensive set of Unit AP®

Practice Questions addresses content across the unit. 
These mini-exams consist of approximately 15 multiple-
choice questions and 2 free-response questions. 

A comprehensive AP® Practice Exam at the end of the 
book matches the actual AP® Biology Exam in structure 
and scope.
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Biology for the AP® Course

This project was inspired by the efforts of Jen Pfannerstill, who was deeply committed to the AP® 
Biology course and students. Her vision for a book that meets the unique needs of the course, and 
the contributions of the following advisory board members guided the authors every step of the way. 

PAULA PHILIPS
Lansing High School, 

Lansing, NY

JAMES SMANIK
Sycamore High School, 

Cincinnati, OH.

BRIAN LAZZARRO
Cornell University,  

Ithaca, NY

SEAN BENNETT
Career Center High School, 

Winston-Salem, NC

JOAN CARLSON
Fitchburg State University, 

Fitchburg, MA

MARK STEPHANSKY
Whitman-Hanson Regional High 

School, Whitman, MA

GORDON UNO
University of Oklahoma, 

Norman, OK

AUDRA BROWN WARD
The Westminster Schools, 

Atlanta, GA

Meet the Biology for the 
AP® Course Advisory Board
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 MODULE 0   IntroductIon   1

    Portugal seacoast by LOOK Die Bildagentur der Fotografen  GmbH/Alamy   

Unit 1 0 1 2 3 4 5

    Module   0 
 Introduction             
   LEARninG GOALS         LG   0.1   Four Big Ideas form a fundamental basis for understanding biology.  

LG   0.2   Scientific inquiry is a deliberate way of asking and answering questions about nature.       

 T he ears of the snowshoe hare ( Lepus americanus ) 
stand tall as it listens carefully and its nose twitches as 

it smells the air for the scent of its predator, the Canada lynx 
( Lynx canadensis ). At the same time, the lynx uses its keen 
eyesight, its sense of smell, and its ears to locate its prey, the 
hare. Having spotted the hare, the lynx quietly and deliber-
ately moves toward it, slowly closing the distance between 
itself and the hare. Then, suddenly, the lynx springs upon the 
hare and the chase for life and food begins. 

 The activities of predator and prey depend on a number 
of key processes that they both possess. For instance, both 
hare and lynx are strong and swift runners. Both are exqui-
sitely adapted to sense their habitats, be aware of danger, 
and identify potential sources of food. All of the processes 
employed by the hare and the lynx are part of the study of 
  biology   ,  the science of life.   Biologists  , scientists who study 
life, have come to understand a great deal about these and 
other processes. They attempt to explain why biology works 
as it does. That is, they explore the underlying principles and 
processes that shape and mold biological   organisms  , which 
are the living beings that display all of the properties of life. 
We don’t know everything about how life works and there 
is still so much to discover, but the study of biology provides 
us with an organized way of understanding ourselves, other 
living things, and the world. 

 The scope of modern biology is vast and the pace at 
which we acquire new knowledge continues to  accelerate. For 
example, in recent decades, we have gained unprecedented 

understanding of the   gene   ,  which is the unit of heredity, and 
the   genome   ,  which is all of the genetic information that 
an organism contains. This information is helping us come 
up with new ways of fighting disease in humans, other ani-
mals, and plants. It is also helping us understand how differ-
ent groups of organisms have evolved and how endangered 
species might be saved. Many new biological frontiers have 
opened up in recent decades, while others are still waiting to 
be explored. For example, researchers are only just beginning 
to understand how bacteria in our digestive system affect our 
health and well-being. Other researchers are looking at how 
the temperature and acidity of seawater affect the ecology of 
coral reefs. 

 By the time you finish this course, you will have an 
understanding of how life works. You will explore the 
structure and function of   cells  , which are the simplest 
self-reproducing unit that can exist independently. You will 
look at pathways that cycle carbon through the  biosphere. 
You will understand many of the processes that have 
shaped the living world. You will see connections among 
the different ways of investigating life and gain a greater 
understanding of how to ask and answer scientific ques-
tions. This study will help you develop a basis for mak-
ing informed decisions about issues in your life that have a 
direct relationship to biology. 

 In this module, we begin our study of biology with a 
first look at the four Big Ideas of AP ®  Biology:  Evolution, 
Energetics, Information Storage and Transmission, and 

      Unit   1 
 Chemistry of Life    
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2   Unit 1   chemIstry of LIfe

    0.1  Four Big Ideas form 
a fundamental basis for 
understanding biology  
 Let’s return to the snowshoe hare and Canada lynx, which 
are pictured in  FIGURE 0.1  . We can view this interaction 
from four different lenses, each providing the perspective of 
one of the four Big Ideas. From the lens of  evolution , we 
can ask how the ancestors of snowshoe hares and lynxes 
developed their keen senses and ability to run swiftly and 
 skillfully. From the lens of  energetics , we can explore the food 
sources of both animals and how they use the fuel they 
acquire from these sources. From the lens of information 
storage and transmission, we can learn how the lynx knows 
to hunt the hare and how the hare knows to run, as well as 
how this information is passed on to subsequent generations. 
From the lens of systems interactions, we can investigate the 
ecosystem dynamics that bring the hare and lynx together 

or we can examine how the collection of cells that make up 
each individual animal communicate to enable the lynx to 
pursue the hare and the hare to evade the lynx.    

 Every unit in this text examines topics from the per-
spective of these four Big Ideas. As you read the modules of 
this book, tie in one or more of the Big Ideas to what you 
are learning. Doing so will help you to learn about biology 
and will assist you in understanding how biologists study 
and learn about life.

In this section, we will take a quick first look at each 
Big Idea. Although we present them one at a time, they are 
not really separate or distinct. Instead, they are inseparable 
in nature. To tackle biological problems—whether building 
an artificial cell, stopping the spread of infectious diseases 
like malaria or a coronavirus, feeding a growing population, 
or preserving endangered species—we need to understand 
these ideas and how they work together. 

   Big Idea 1: Evolution  
 Have you ever noticed how ants have the same body plan, 
but may be big or small, black or red? In fact, there are more 
than 10,000 different  species  of ants. A   species   is a group 
of interbreeding organisms that produce fertile offspring. 
A species is often distinct from other groups in body form, 
behavior, or biochemical properties.  FIGURE 0.2   shows 
two ant species. While there are many different species of 
ants and each has distinct characteristics, all ants have similar 
traits that enable us to recognize them as ants. Such simi-
larities and differences are widely observed, and biologists 
refer to them as the unity and diversity of life. The study 
of    evolution   ,  or change over time, explains this unity and 
diversity of life. Evolution—Big Idea 1—is the central con-
cept that unites all of biology, and biologists recognize it as a 
key principle of life.    

 All ants have some shared features, such as their dis-
tinctive segmented bodies and bent antennae. Ants are also 
diverse. For example, they vary in size and color. Some tol-
erate colder climates while others require warm, tropical 
places. Ants are not unique in displaying unity and diversity. 
Unity and diversity occur in all living creatures, from the 

Systems Interactions. These four Big Ideas provide a frame-
work for understanding and examining biology. After we 
examine the four Big Ideas, we will consider how biologists 
use scientific inquiry to understand how scientists ask and 
answer questions about the natural world. 

  FOCUS ON THE BIG IDEAS  
 think about ways that each of the big ideas can serve as a 
different lens to look at life. 

 PREP FOR THE AP® EXAM

FIGURE   0.1       Canada lynx and snowshoe hare chase 

The photograph shows the snowshoe hare running to escape its 
predator, the Canada lynx. The lynx gives chase to obtain its food, 
the hare. The hare runs for its life. The example of the hare and the 
lynx exemplifies the four Big Ideas of the AP ®  Biology curriculum. 
Photo: Tom & Pat Leeson/Science Source   
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 MODULE 0   IntroductIon   3

smallest single-celled organisms to the great Sequoia trees 
and the largest animal ever, the 150-ton blue whale.

Evolution occurs by several different mechanisms that will 
be discussed in detail in Unit 7. Of these, perhaps the most sig-
nificant is a process first described in the nineteenth century by 
Charles Darwin and Alfred Russel Wallace. Both of these natu-
ralists suggested that species change over time by a process called 
natural selection. Natural selection is a mechanism of evolution 
in which some individuals survive and reproduce more than 
others in a particular environment as a result of variation among 
individuals that can be passed on to the next generation.

As Darwin recognized, farmers have used a princi-
ple similar to natural selection for thousands of years to 
develop crops, such as wheat, corn, cabbage, and broccoli. 
It is how people around the world have developed breeds 
of horses, pigeons, cats, and dogs, like the two shown  

in FIGURE 0.3. And it is why many bacteria and other 
disease- causing microorganisms have stopped responding to 
antibiotics, which is becoming a public health crisis. Life has 
been shaped by evolution since its origin, and the capac-
ity for Darwinian evolution may be life’s most fundamental 
property.

The concept of natural selection was in part inspired by 
observing strong competition for survival and reproduction. 
For example, among animals, individuals often compete 
for food. In a Canada lynx population, the fastest and most 
skilled hunters are more likely to succeed in catching hares, 
and therefore surviving and reproducing. Slower and less 
skilled Canada lynx are more likely to perish before they can 
reproduce. If the animals with better hunting skills repro-
duce more and have more viable offspring, their offspring 
will predominate in the next generation.

And just as natural selection has shaped predators, it has 
also shaped prey. Predator–prey interactions are important 
in every habitat on Earth. After all, every living animal can 
be classified as either “predator” or “prey”—and often both 
labels apply. The skills that a predator needs to hunt its prey 
and that its prey needs to escape depend in large part on 

FIGURE 0.2 Unity and diversity in ants

All ants have common features, such as their segmented bodies and 
six legs. They also display considerable diversity, as evidenced by 
the shapes and sizes of their heads, mandibles (jaws), and abdomens 
 (hindmost section). (a) This fire ant (Solenopsis invicta) is red and known 
for its painful sting. (b) This Costa Rican army ant (Eciton burchellii) has 
large mandibles and hunts in large groups. Photos: (a) Satrio Adi/EyeEm/Getty 

Images; (b) John Mason/ARDEA

FIGURE 0.3 Dog breeds

Dog breeders use a process similar to natural selection to develop 
many different breeds of dogs, such as this husky and terrier. Photo: © Rob 

Brodman 2011

a.

b.
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4   Unit 1   chemIstry of LIfe

and not a liver cell? The answer is that it contains informa-
tion that is used by the cell, so it looks and acts like a skin 
cell. This information is stored in a cell’s DNA. DNA, the 
abbreviation for deoxyribonucleic acid, is the carrier of 
genetic information for all organisms.

In addition to storing information, cells must also 
retrieve this information. In other words, they need to be 
able to access the information and use to it to grow and 
carry out their functions. Finally, cells need to be able to 
transmit their genetic information to the next generation. 
DNA is remarkable because it can store genetic  information, 
allow this information to be retrieved and used by the cell, 
and transmit this information to the next generation. We 
will learn a lot more about DNA and its role later in this 
unit and throughout the book.

The transmission of genetic information from parents 
to their offspring enables species of organisms to main-
tain their identity through time. The genetic information 
in DNA guides the development of the offspring, ensur-
ing that parental apple trees give rise to apple seedlings and 
parental geese give rise to goslings. Furthermore, variation 
in this genetic information allows some organisms to sur-
vive and reproduce in particular environments more than 
others. Through natural selection, these organisms pass on 
the genetic variants that account for their ability to do well 
in their environment. For example, if faster speed enhances 
survival and reproduction among hares and Canada lynx, the 
underlying genetic variation that accounts for this trait will 
likely be passed on to the next generation. Therefore, Big 
Idea 3—Information Storage and Transmission—is essen-
tial to the survival, growth, reproduction, and evolution of 
a species.

Big Idea 4: Systems Interactions
A system is a group of things that function together as a 
whole. We can consider systems at different levels of scale, 
from a single cell in a hare to an entire forest, which includes 
many interactions that occur among the organisms and 
nonliving materials it contains. Biologists refer to living 
organisms as biotic, and nonliving components as abiotic. 
A biological system is made up of both biotic and abiotic 
entities that interact. As a result of these interactions, biolog-
ical systems show complex properties.

Big Idea 4 recognizes that biological systems exist at 
different levels, from the simple to the complex, and inter-
actions among the parts of the system lead to new, emer-
gent properties. An emergent property is a property of a 
system that the individual parts do not have on their own. 

a host of features of their nervous, sensory, musculoskeletal, 
endocrine, circulatory, and respiratory systems. In short, nat-
ural selection has left a physical imprint on both predator 
and prey, from nose to tail.

As we examine a wide range of biological topics 
throughout the book, you will notice that evolution perme-
ates these discussions—whether we are explaining the bio-
chemistry of cells, how organisms function and reproduce, 
how species interact in nature, or the remarkable biological 
diversity of our planet.

Big Idea 2: Energetics
All life forms require energy to survive, grow, move about, 
and reproduce. Energy is the ability to do work and it is 
absolutely essential for life. The study of energetics exam-
ines the properties of energy and how energy is distributed 
in biological, chemical, or physical processes.

Strategies to capture and use energy vary among spe-
cies and depend on their evolutionary history. Plants use 
the energy of sunlight to produce their own food to grow, 
reproduce, and carry out their functions. Humans and other 
animals obtain energy by eating other organisms. In fact, all 
organisms obtain energy from just two sources—the sun or 
chemical compounds. Losing or reducing access to sources 
of energy can have damaging and sometimes fatal conse-
quences for organisms.

Consider what happens when you eat an apple. The 
apple contains sugars, which store energy. By breaking down 
sugar, our cells harness this energy and convert it into a form 
that can be used to do the work of the cell. Energy from 
the food we eat allows us to grow, move, communicate, and 
do all the other things that we do. Using sugar as a source 
of energy to power the cell is not a strategy that is just used 
by human cells. It is widespread among organisms and rep-
resents another unifying characteristic of most species. This 
observation suggests that the ability to use sugar as a source 
of energy evolved early in the history of life and has been 
retained over time. We will delve more deeply into how 
organisms access and use energy in Unit 3.

Big Idea 3: Information Storage and 
Transmission
Big Idea 3 looks at biology from the perspective of infor-
mation storage and transmission. In this context, informa-
tion refers to the instructions that all cells have that in part 
determine what they look like and how they function. For 
example, how does your skin cell “know” to be a skin cell 
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 MODULE 0   IntroductIon   5

For example, the muscles in the leg of the hare in Figure 
0.1 interact with the leg bones, tendons, and nerves to pro-
vide movement and remarkable agility. The Canada lynx, 
using its nervous, sensory, musculoskeletal, cardiovascular, 
and respiratory systems working together, is able to note the 
presence of the snowshoe hare, plan a strategy, hunt, chase, 
and possibly catch the hare.

If we examine the various components that interact with 
one another in an organism, we will observe the resulting 
emergent property, which is life. The interactions among the 
parts of a biological system are hallmarks of life and are found 
at all levels of biological organization. For example, when fresh 
water from a large river meets the ocean, the ocean’s salty water 
becomes diluted with fresh water. The mixture of these waters 
results in a number of new environments where animals, plants, 
and microorganisms may live, including estuaries, like the one 
shown in FIGURE 0.4. The environment of the estuary is dif-
ferent from the river and ocean systems that created it and it 
provides a unique habitat for many different species.

From the molecular to the cellular to the organismal 
to the biosphere levels, biological systems are diverse and 
 complex. These features enable biological systems to have 
a robustness that helps them to withstand, tolerate, and 
respond to the changes in the environment. Like evolution, 
energy, and information storage and transmission, biologi-
cal systems interactions help ensure the survival and repro-
duction of organisms,  populations, species, and—on a larger 
scale—life. Visual  Synthesis 1.1: The Four Big Ideas of 
AP® Biology, on page 18, illustrates the connectedness of 
these concepts.

FIGURE 0.4 Estuaries as a biological system

Estuaries such as the Sado Estuary Natural Reserve in Portugal are 
formed in areas where salt water from oceans and fresh water from 
rivers mix. Photo: Maurício Abreu/AGE Fotostock

✓ Concept Check
1. Describe how a comparison of a fire ant and an 
army ant shows both the unity and diversity of life.

2. Identify why a lack of energy would result in the 
death of an organism.

3. Describe what would happen if organisms were 
unable to retrieve the information contained in their 
genes.

4. Describe an example of how a systems interaction 
allows an organism to adjust to its environment.

0.2 Scientific inquiry is a 
deliberate way of asking and 
answering questions about 
nature
How do we go about trying to understand the vastness and 
complexity of nature? Scientific inquiry is the process sci-
entists use to ask questions and seek answers about the natu-
ral world in a deliberate and ordered way. Scientific inquiry 
is limited to investigations of the natural world. Examina-
tion of questions not in the natural world, such as questions 
about religion, faith, and morality, are outside the realm of 
scientific inquiry.

Scientific inquiry provides the opportunity to observe, 
investigate, and explain how natural phenomena occur. 

As shown in FIGURE 0.5, scientific inquiry consists of 
three parts: exploration, investigation, and communica-
tion. We will now examine how scientists use scientific 
inquiry to conduct an orderly and logical investigation of 
the natural world and communicate their findings with 
others.

Making Observations and  
Asking Questions
For most scientists, studies of the natural world begin with 
exploration. In the exploration phase, scientists make obser-
vations and ask questions. Observation is the act of viewing 
the world around us. Observations allow us to ask focused 
questions about nature. For example, Charles Darwin ini-
tially made many observations about anatomy, embryology, 
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6   Unit 1   chemIstry of LIfe

knowledge to start refining questions that would be inter-
esting to investigate.  

 Regardless of where they come from or when they arise 
in the process, questions are the keys to scientific inquiry. 
Indeed, learning to ask good questions is a fundamental 
component of thinking like a scientist.  

   Formulating Hypotheses  
 Observations such as those about the hummingbird, 
the questions observations raise, and consulting the sci-
entific literature allow us to move on to investigation. 
 Scientists use observation and critical thinking to propose 
a     hypothesis   . A hypothesis is a tentative explanation for 
one or more observations, and it makes predictions that 
can be tested by experimentation or additional observa-
tions. A hypothesis is not just an idea or hunch. It is a 
working explanation that helps a researcher understand 
an observation and leads to a better understanding of the 
observation. 

 We might, for example, hypothesize that a humming-
bird is carrying pollen from one flower to the next, facili-
tating reproduction in the plant. Or we might hypothesize 
that nectar produced by the flower provides nutrition for 

domesticated plants and animals, fossils, and the distribution 
of organisms on the Earth. These observations led him to 
ask questions. Why are organisms adapted, often exquisitely, 
to their environment? Why do some fossil organisms resem-
ble living ones? Why are there penguins in the Southern 
 Hemisphere but not the Northern Hemisphere? Why are 
islands home to so many species that are found nowhere else 
in the world? 

 Let’s say you observe a hummingbird, like the one pic-
tured in  FIGURE 0.6,   hovering near a red flower, occasion-
ally dipping its long beak into the bloom. What motivates 
this behavior? Is the bird feeding on some substance within 
the flower? Is it drawn to the flower by its vivid color? 
What benefit, if any, does the flowering plant derive from 
the bird?   

 Having formulated these questions, the next step that 
scientists often take is to consult the scientific literature, 
which is the published information about observations 
and experiments that others have done. In our example, 
the scientist would likely review those papers that focus 
on hummingbird feeding habits and possibly on the effects 
hummingbirds have on plants they visit. Having reviewed 
the scientific literature, the scientist should have enough 

     FIGURE   0.5       Scientific Inquiry 

Scientific inquiry is the organized, deliberate process that scientists use to examine the natural world. It consists of three parts: 
exploration, investigation, and communication.  

If results are
not consistent,
revise or reject
the hypothesis.

If results are consistent
over many experiments
and explain a wide variety
of observations, hypotheses  
become a theory.

Exploration
Make observations

Ask questions
Approach the world with curiosity

Read the scienti�c literature

Communication
Discuss experiments

Share results
Publish papers

Participate in conferences
Inform policy

Address problems

Investigation
Formulate hypotheses

Make predictions

Do experiments or make new observations

Gather and interpret data

Establish a theory

02_morrisapbiology1e_11331_Unit1_Mod0_01-19_3pp.indd   6 10/04/21   9:09 AM

©2022 BFW Publishers. PAGES NOT FINAL. For review purposes only - do not post. 



 MODULE 0   IntroductIon   7

us to reject a hypothesis, or it can support the hypoth-
esis, but it cannot prove that a hypothesis is correct. To 
move forward, then, we might undertake a second set of 
 observations. Does pollen that adheres to the humming-
bird rub off when the bird visits a second flower of the 
same species? If so, we have stronger evidence and support 
for our hypothesis.

We might also use observations to test a more general 
hypothesis about birds and flowers. Does the color red gen-
erally attract birds and thereby facilitate pollination in a wide 
range of flowers? To answer this question, we might catalog 
the pollination of many red flowers and ask whether they 
are pollinated mainly by birds. Or we might go the oppo-
site direction and catalog the flowers visited by many differ-
ent birds—are they more likely to be red than chance alone 
might predict?

Designing Controlled Experiments
Our hummingbird example used observation to test 
several different hypotheses, but scientists often test 
hypotheses through experimentation. One of the most 
powerful types of experiment is a controlled experiment. In 
a  controlled experiment, the researcher sets up at least 
two groups to be tested; the conditions and setup of the 
groups are identical, except the researcher deliberately 
introduces a single change, or variable, in one group to 
see its effect.

Suppose we want to understand the relationship 
between caffeine consumption and the heart rate when a 
person is not exercising, which is known as resting heart 
rate. We might hypothesize that caffeine causes an increase 
in resting heart rate. This hypothesis could be based on our 
own experience and observations, or perhaps the scientific 
literature. To test this hypothesis, we can carry out a con-
trolled experiment. In this case, we might have two groups 
of people who are similar in terms of age, gender, socio-
economic background, health, and so on. One group is 
given caffeine, perhaps in the form of a cup of coffee. This 
group is called the test group or experimental group 
because this group experiences the variable—it receives 
caffeine. In a second group, the people are not given any 
caffeine. This group is called the control group because it 
is not exposed to the variable.

Why is it necessary to include a control group? Imagine 
for a moment that there was just a test group and no con-
trol group, and the resting heart rate of the people in the 
test group went up after they drank a cup of coffee. In this 
case, you might conclude that the hypothesis is supported 

the hummingbird—that the hummingbird’s actions reflect 
its need to take in food. Both hypotheses about the hum-
mingbird’s behavior provide a reasonable explanation of 
our observations, but they may or may not be correct. The 
predictions of the hypothesis lead to further observation or 
experimentation.

Because hypotheses make predictions, we can test them. 
That is, we can devise an experiment to test whether the 
predictions made by the hypothesis are supported by the 
evidence, or we can go into the field to make further obser-
vations predicted by the hypothesis.

Scientists collect data by observation or  experimentation, 
or both. They will then analyze the data and determine if 
the data support the hypothesis. If the data do not support 
the hypothesis, the hypothesis is rejected. In this case, the 
researcher may generate a new hypothesis. If the data sup-
port the hypothesis, it gains support and further questions 
can be asked. These questions may refine or extend the 
hypothesis.

Returning to the hummingbird and flower, we can test 
the hypothesis that the bird is transporting pollen from one 
flowering plant to the next, enabling the plant to  reproduce. 
Observation provides one type of test: if we catch and exam-
ine the bird just after it visits a flower, do we find pollen 
stuck to its beak or feathers? If so, our hypothesis is sup-
ported by the data.

The test, however, cannot prove the hypothesis. Pollen 
might be stuck on the bird for a different reason—perhaps 
it provides food for the hummingbird. However, if the 
birds didn’t carry pollen from flower to flower, we would 
reject the hypothesis that they facilitate pollination. In 
other words, a single observation or experiment can lead 

FIGURE 0.6 Observation

Observing a hummingbird visiting a flower may lead to a number of 
questions that a scientist can explore. Photo: Charles J. Smith
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8   Unit 1   chemIstry of LIfe

the researcher accepts the hypothesis and then subjects it 
to more scrutiny by making further observations and doing 
additional experiments. As we saw in the hummingbird 
example, a hypothesis may be supported, but it is never 
proven because we can never know for certain whether it is 
true in all cases. 

 Let’s now turn our attention to a real-world exper-
iment that demonstrates some of the features we have 
been discussing. “Practicing Science 0.1: Using obser-
vation and experimentation to examine a horticultural 
problem” shows how a young scientist used the process of 
scientific inquiry to determine the cause of death in daf-
fodils, like the ones shown in  FIGURE 0.7  , and to create 
an effective treatment. This study also gives us a chance 
to review how to use percentages when evaluating data, 
descr ibed in “Analyzing Statistics and Data:  Percent 
Change” on page 10.               

and caffeine increased heart rate. But how do you know 
that the heart rate of people in the group didn’t increase on 
its own? How do you know the variable that was changed 
caused the observed effect? The control group shows what 
happens without caffeine so researchers can compare 
what happens with and without the variable, holding every 
other factor the same. In this way, they can determine if the 
variable accounts for any changes in heart rate. 

 In a test of this hypothesis, the action of consum-
ing caffeine is known as the   independent variable   ,
the variable that is manipulated to test the hypothesis. 
This variable is considered “independent” because the 
researchers can manipulate it as they wish. The result 
of the exper iment—resting heart rate—is known as 
the   dependent variable   .  This variable is considered 
 “dependent” because it is expected to vary based on the 
independent variable. 

 Scientists use controlled experiments because they 
are extremely powerful. By changing just one indepen-
dent variable at a time, the researcher is able to determine 
whether that variable is important. If many independent 
variables were changed at once, it would be difficult, if 
not impossible, to draw conclusions from the experiment 
because the researcher would not be able to determine 
which variable caused the outcome. 

 Our experiment testing the relationship between caf-
feine consumption and resting heart rate is very simple. In 
reality, we might include more than two groups of people. 
For example, we could test how the amount of caffeine 
affects resting heart rate by giving several groups different 
numbers of cups of coffee. In this case, there are several 
test groups, each of which receives the variable of  caffeine. 
We could also include more than one control group. 
One could receive nothing to drink and the other a cup 
of water. In both cases, the control groups do not receive 
 caffeine. However, by providing a cup of water, we control 
for the potential variable of drinking. Both of these control 
groups are also called   negative control groups   because 
the expectation is that we will see no effect. We could also 
include a   positive control group   .  This is a group that 
receives a treatment or variable with a known result. In 
our example, we could give a medicine that is known to 
increase heart rate to be sure that heart rate increases as 
expected. 

 If observations or exper iments do not support a 
hypothesis, the researcher modifies or rejects the hypoth-
esis. If observations or experiments support a hypothesis, 

  AP ®  EXAM TIP  
 you should know how to design a controlled experiment 
with a clear and precise hypothesis. the design should 
include experimental and control groups, and independent 
and dependent variables. 

  PREP FOR THE AP® EXAM 

FIGURE   0.7       Daffodils 

Daffodils, like the ones shown here, were the subject of scientific 
inquiry by James Kirkham Ramsbottom, who tried to track down 
what was causing their deaths in the early 1900s.  Photo: Victoria Ambrosi/

EyeEm/Getty Images   
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MODULE 0   IntroductIon   9

  Practicing Science 0.1   

   Using observation and experimentation 
to investigate a horticultural problem  
Background  Scientific inquiry is often called upon to address prob-
lems that arise in society and industry. In 1916, British horticulturalists 
were concerned with a disease that killed daffodils. Daffodils grow 
from bulbs, which are large underground stems that store energy and 
are seen in many plants, such as daffodils, tulips, and onions. However, 
the disease caused leaves to wither, bulbs to become discolored, and 
eventually death of the plant. The demise of the plants represented 
a substantial loss of commercial production and income to the hor-
ticultural industry. While some suspected a fungus caused the plant 
deaths, no one was able to determine the source of the problem.  

  The British Royal Horticultural Society took up the cause and assigned 
the problem to James Kirkham Ramsbottom. At the time he was a 
top student at the Royal Horticultural Society’s garden in Wisley, a 
community near London.         

Observation and Hypothesis  Ramsbottom began by making 
observations. He examined hundreds of diseased bulbs, preparing 
microscopic slides and studying them closely. While he did see fungi, 
Ramsbottom observed that all of the diseased bulbs contained a 
parasitic worm,  Tylenchus devastratix . Ramsbottom hypothesized that 
the worm was the cause of the disease afflicting the plants and pre-
dicted that if he could devise a way to kill the worm without killing the 
bulbs, the disease would be eliminated.  

   Experimentation  Ramsbottom launched a series of experiments 
where he examined a number of agents that might selectively kill the 
worm while keeping the plant alive. He tried chemical treatments, 
spraying the plants and dousing them. He experimented with both 
gas and formaldehyde. He settled on the use of heat. Ramsbottom 
immersed the bulbs for different amounts of time in hot water. The 
photograph shows the removable wire basket and copper boiler that 
permitted Ramsbottom to heat the daffodil bulbs for different periods 
of time. He determined that soaking them in   110°F (43°C)         water for 
2 to 4 hours left the bulbs intact while the parasite was eliminated. 
Untreated, infected daffodil bulbs failed to grow, died, and did not pro-
duce flowers. The heat-treated daffodil bulbs grew normally and pro-
duced the sought-after plant and flower. Today, the Ramsbottom heat 
treatment is still used in virtually the same manner as he developed it.   

  SOURCE  
  Flower Preservation, 1916.  The Scientist,  2:64.      Photo: RHS Lindley Collections    

PREP FOR THE AP® EXAM

   AP ®  PRACTICE QUESTION  
 James Kirkham Ramsbottom used the process of scientific inquiry 
to figure out what was causing the death of daffodils. Organize the 
description of his experiment by identifying the following: 

   1.   The scientific (testable) question  

  2.   The hypothesis  

  3.   The independent variable  

  4.   The dependent variable  

  5.   The experimental group  

  6.   The control group     

   Analyzing and Interpreting Data  
 After conducting an observational or controlled experiment, 
the scientist has a collection of data. Data are the bedrock of 
science. Biologists collect, analyze, and interpret data to answer 
questions about the natural world. Hypotheses are supported 

or rejected on the basis of data, and our understanding of the 
world is ultimately built on a foundation of data. 

 What types of data will you encounter in your AP ®

Biology course? Data can take many forms, including 
 observations, measurements, and facts. Data can be qualitative 
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10   Unit 1   chemIstry of LIfe

   Your Turn  
 The emerald ash borer is an invasive species that has destroyed ash tree populations in North America. Before the insect arrived, 
one forest contained 300 ash trees. A number of years after the ash borer was introduced to the area, only 60 ash trees remained. 
By what percent did the ash tree population decrease?     

or quantitative. Qualitative data are descriptive. For example, 
the stem of a corn plant can be described as “short” or “tall.” 
Quantitative data are expressed numerically. For example, 
a corn stem might measure 2.04 m or 2.76 m in length. 
Similarly, the heart rate data that we collected in our con-
trolled experiment is an example of quantitative data. Scien-
tists often deal with quantitative data because numbers lend 
themselves to statistical analysis. 

 Statistical analysis helps scientists interpret the data they col-
lect. For example, when several measurements are made, they 
are typically not all the same. In this case, the researcher might 
report the average of the measurements. The researcher might 

   ANALYZING STATISTICS AND DATA  PREP FOR THE AP® EXAM

   Percent Change  
 In biology, percentages are frequently used to describe and ana-
lyze data. For example, a researcher might use percentages to 
describe the concentration of a solution, or to compare the num-
bers of each gender in a group. 

 Percentages describe “parts per hundred” or “parts of a whole.” 
For example, imagine you have 10 trees in your yard and 4 of 
them are maple trees. You could say that   410    or 0.4 of the trees 
in your yard are maple trees. However, you can also calculate 
the number of maple trees per 100 trees, or the percentage of 
maple trees. To find the percentage of maple trees, you multiply 
0.4 by 100: 

   0.4 ë 100 = 40%   

 In other cases, scientists might be interested in calculating percent 
change. This is useful to compare an initial value to a final value, 
which allows you to see how much something has increased or 
decreased. Use the following formula to calculate percent change: 

% change =
 final value - initial value

                             initial value            
ë 100

      

 If the final value is larger than the initial value, the percent change 
is a positive number, representing an increase between the values 
you are comparing. If the final value is smaller than the initial value, 
the percent change is a negative number, signifying a decrease 
between the values you are comparing. 

   PRACtiCE tHE SKiLL  
 Let’s look at an example of how percent change might be used. 
James Kirkham Ramsbottom discovered a way to eliminate para-
sites from daffodil bulbs by immersing them in hot water. Before 
he found an effective soaking time of 2 to 4 hours, he immersed 
50 bulbs for 30 minutes and 50 bulbs for 1 hour. At the end of 
30 minutes, 10 of the daffodil bulbs were free of parasites. After 
1 hour, 25 of the bulbs were free of parasites. What was the per-
cent change in the number of healthy, parasite-free bulbs as the 
immersion time increased? 

 To start, we must find the two values we need to calculate 
 percent change. After 30 minutes, 10 of the 50 bulbs were free 
of  parasites. The initial value is 10 bulbs. At the end of 1 hour, 
25 bulbs were free of parasites. So, the final value is 25 bulbs. 
Now we can plug these values into our formula:  

   == −− ××% Change
25 10

10
100   

   == ××% Change
15
10

100   

   == ××% Change 1.5 100   
   ==% Change 150%   

 There was a 150% increase in parasite-free bulbs as Ramsbottom 
changed the immersion time from 30 minutes to 1 hour.   

also indicate the extent to which the observed measurements 
deviate from the average. The spread of the data can be calcu-
lated in various ways, each of which provides an indication of 
how tightly the data points are clustered around the average. 

 Statistics can also help researchers understand whether 
the data collected for the experimental and control groups 
reflect a real, or what is termed a statistically significant, 
 difference. For example, in the caffeine experiment, let’s say 
we observe that resting heart rate is higher in the test group 
compared to the control group. Is this difference the result 
of caffeine, in which case scientists call it a real difference? 
Or is the difference just due to chance? 
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MODULE 0   IntroductIon   11

As a result, you can think of the error bar as a way to show 
the uncertainty of a measurement or data point.    

 Throughout this course, you will have the opportunity 
to learn some of the techniques researchers use to evaluate 
data and to work with data yourself. “Tutorial 1:  Statistics” 
on page 20 walks you through some of the statistics tools 
you will encounter. “Analyzing Statistics and Data:  Averages” 
gives you a chance to practice working with these concepts.         

 To answer this question, researchers begin by stating a 
null hypothesis   ,  which predicts that the intervention or 
treatment has no effect at all. In other words, any differ-
ence between the test and control groups is due to chance 
alone and nothing else is responsible for the difference 
between the two groups. In this case, the null hypothesis is 
that  caffeine does not cause an increase in heart rate. They 
also state an   alternative hypothesis   ,  which predicts that 
the intervention or treatment has an effect, so the difference 
between the test and control groups is real. In this case, the 
alternative hypothesis is that caffeine causes an increase in 
resting heart rate. 

 A statistical test normally yields a number, called the 
 p -value, that expresses the likelihood that an observed result 
could have been observed merely by chance. A  p -value is a 
probability. If   p ≤ 0.05 (5%)  , there is less than or equal to a 
5% chance that the observed results are the result of chance. 
This is a relatively small chance. In this case, it is likely that 
the observed results in a dataset are real and not due to 
chance. In other words, the null hypothesis is rejected. By 
contrast, if   p > 0.05  , there is greater than a 5% chance that 
the observed results could have been obtained by chance, so 
you fail to reject the null hypothesis. The phrasing “the null 
hypothesis has failed to be rejected” reminds us that although 
the results do not support the alternative hypothesis, it does 
not mean that the null hypothesis is correct. Rather, it sim-
ply means that the null hypothesis has not been disproven. 

 Finally, scientists are often interested in determining 
how confident they should be in their data. Uncertainty can 
be shown graphically as an error bar. An error bar is typically 
a short vertical line showing a range of values. For  example, 
 FIGURE 0.8   shows results from our controlled experiment 
investigating the relationship between caffeine and resting 
heart rate. The data points indicate the average heart rate of 
the people in the groups. The vertical lines through the data 
points are error bars. In spite of its name, an error bar doesn’t 
represent an error or a mistake. Instead, it shows a range of 
values that incorporates small differences among the indi-
viduals and perhaps even inaccuracies in the measurements. 

FIGURE   0.8       Error bars 

An error bar represents a range of values within which the true value 
is likely to be. This graph shows the relationship between caffeine 
consumption and resting heart rate. It plots the average resting 
heart rate of groups of people who consumed 0, 1, 2, 3, or 4 cups 
of coffee, with error bars giving an indication of the uncertainty of 
the data.  

  AP ®  EXAM TIP  
 When evaluating the results of an experiment, you should 
be able to explain whether the alternative hypothesis is 
supported or not, and whether the null hypothesis should 
be rejected or fail to be rejected. you should know that 
data are often analyzed statistically to determine if real 
differences exist between the data collected from the 
experimental and control groups. 

  PREP FOR THE AP® EXAM 
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12   Unit 1   chemIstry of LIfe

   Your Turn  
 A researcher has planted bean seedlings under different light, 
moisture, and nutrient conditions and monitored their growth over 
several weeks. The data are recorded in the table.  What are the 
mean, median, and mode for seedling height?   

 Bean seedling plant  Seedling height (cm) 

 1  20 

 2   6 

 3  15 

 4  23 

 5   5 

 6  15 

 7  21 

   ANALYZING STATISTICS AND DATA  PREP FOR THE AP® EXAM

   Averages  
 For a detailed explanation of how to calculate mean, median, and 
mode, see page 20 for “Tutorial 1: Statistics.” Here we review how 
to apply the concepts of mean, median, and mode and offer a 
problem for you to try. 

   PRACtiCE tHE SKiLL  
 Below is a table listing several different ant species and the 
number of queens commonly found in a colony of each 
species. Considering the entire dataset, which measurement 
of the number of queens is largest: the mean, median, or 
mode? 

 Ant species  Number of queens 
in a small colony 

 Carpenter ant ( Camponotus 
pennsylvanicus ) 

  1 

 Red imported fi re ant ( Solenopsis invicta )  30 

 Pavement ant ( Tetramorium caespitum )   5 

 Crazy ant ( Paratrechina longicornus )  12 

 Pharaoh ant ( Monomorium pharaonis )   2 

 Ghost ant ( Tapinoma melanocephalum )  20 

 Little black ant ( Monomorium minimum )   5 

 Argentine ant ( Linepithema humile )   7 

 Data from  https://www.environmentalscience.bayer.us/-/media/prfunitedstates
/documents/resource-library/product-guide/ant-id-guide.ashx  

 To determine which number is the largest of all of the measure-
ments, we’ll have to calculate the mean, median, and mode. Let’s 
begin by calculating the mean of the dataset. In order to do this, 
we add together all of the values in the dataset and divide the 
sum by the number of values in the dataset. The sum of the 
 values is: 

   1 + 30 + 5 + 12 + 2 + 20 + 5 + 7 = 82   

 We divide this sum by the number of values in the dataset, which 
in this case is 8: 

   82 ï 8 = 10.25   

 So, the mean is 10.25. 

 We can also do this calculation using the following equation, 
where   x    is the mean,  n  is the number of values in the dataset, 

and   ∑
=

x
i

n
i

1
   is the sum of all of the values in the dataset: 

   ∑==
==

x
n

xi
i

n1

1

   

   x
i
∑== ++ ++ ++ ++ ++ ++ ++
==

1
8

(1 30 5 12 2 20 5 7)
1

8

   

   == ==x
1
8

(82) 10.25   

 We can find the median and mode by placing the values in 
 numerical order: 

 1, 2, 5, 5, 7, 12, 20, 30 

 The median is the midpoint of this dataset of eight values. Because 
we have an even number of values, the median is the mean of the 
two middle values, 5 and 7. 

   5 + 7 = 12   
   12 ï 2 = 6   

 So, the median is 6. 

 We can now find the mode. The mode is the most frequent value in 
a dataset. If we look at the number of queens, we can see that the 
 number 5 appears twice, more than any other value. So, the mode is 5. 

 The mean is 10.3, the median is 6, and the mode is 5. The largest 
of the three values in this case is the mean. Each of these numbers 
describes the dataset in a different way, which is described in 
“Tutorial 1: Statistics.”   
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 MODULE 0   IntroductIon   13

to be accepted as good bases for explaining what we 
see in nature, scientists articulate a broader explana-
tion that accounts for these hypotheses and the results 
of their tests. We call this statement a theory, a gen-
eral explanation of the world supported by a large body 
of experimental evidence and observations. Examples of 
well-established theories include the theory of gravity, 
the chromosome theory, the germ theory, the cell theory, 
and the theory of evolution.

Scientists use the word “theory” in a very particular 
way. In general conversation, “theory” is often synonymous 
with “hypothesis,” “idea,” or “hunch.” For example, you 
might say, “I’ve got a theory about why the car won’t start.” 
But in a scientific context, the word “theory” has a spe-
cific meaning. Scientists speak in terms of theories only if 
hypotheses have withstood testing to the point where they 
provide a general explanation for many observations and 
experimental results.

Just as a good hypothesis makes testable predictions, a 
good theory both generates hypotheses and predicts their 
outcomes. For example, the theory of gravity arises from 
a set of hypotheses you test every day by walking down 
the street or dropping a fork. Similarly, the theory of evolu-
tion is not just one explanation among many for the unity 
and diversity of life. Instead, it is a set of hypotheses that 
has been tested for more than a century and shown to pro-
vide an extraordinarily powerful explanation of biological 
 observations. In fact, as we discuss throughout this book, 
evolution is one of the most significant theories in all of 
biology. It provides the most general and powerful explana-
tion of how life works.

Communicating Findings
We have seen that scientific inquiry encompasses sev-
eral careful and deliberate ways of asking and answering 
questions about the unknown. We ask questions, make 
 observations, collect field or laboratory samples, and design 
and carry out experiments to make sense of things we ini-
tially do not understand.

Another critical step in scientific inquiry, shown in 
Figure 0.5, is communication with other scientists and the 
public. Scientists publish their work in journals and present 
data at meetings and conferences. Sharing this information 
is crucial because it informs both other scientists and the 
public. By making the studies and data known, the results 
from scientific investigation are shared so that others may 
use the information to inform and guide future research and 
perhaps public action.

Scientific inquiry is typically not a linear process that 
proceeds in an orderly way from question to hypothesis to 
experiment to communication. It more accurately resem-
bles a circle, where questions lead to experiments that lead 
to more questions. And there are frequent failures, false 
starts, and rejected hypotheses. These are all part of the pro-
cess of scientific inquiry. In fact, the ability to make cor-
rections, refine explanations, and reject hypotheses makes 
scientific inquiry a powerful method to understand the 
world around us.

Every scientist experiences failure, but good scien-
tists learn from failed experiments, using the results to 
plan new ways of approaching problems. Once we obtain 
results that provide new understanding, we communicate 
what we find with other scientists and the public. Discuss-
ing and sharing ideas and results often leads to new ques-
tions, which in turn can be tested by more observations 
and experiments.

Establishing Theories
A hypothesis may initially be tentative. It often pro-
vides one of several possible ways to explain an obser-
vation. With repeated observation and experimentation, 
a good hypothesis gathers strength and researchers have 
more and more confidence in it. When a number of 
related hypotheses survive repeated testing and come 

✓ Concept Check
5. Describe how a scientist turns an observation into 
a hypothesis and investigates that hypothesis.

6. Describe the differences between an experimen-
tal (test) group and a control group, and why it is 
important for an experiment to include both types 
of groups.

7. Identify the differences among a guess,  hypothesis, 
and theory.
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14   Unit 1   chemIstry of LIfe

    Module 0 summary       

   REVISIT THE BIG IDEAS  
 using the content of this module, pick your favorite organism 
and  describe  it in four different ways, using each of the four 
Big Ideas.   

PREP FOR THE AP® EXAM

    LG   0.1    Four Big Ideas form a fundamental basis for 
understanding biology.   

   •   Evolution is the unifying principle of biology. 
Page 2    

  •   Evolution explains how organisms are similar and how 
they are different from one another.   Page 2    

  •   Natural selection is one of the major mechanisms of 
 evolution.   Page 3    

  •   Energy is required by all life forms in order to survive, 
grow, and reproduce.   Page 4    

  •   Organisms harness energy from the sun or from  chemical 
compounds.   Page 4    

  •   DNA stores and transmits genetic information in all 
organisms.   Page 4    

  •   The ability to store, retrieve, and transmit genetic infor-
mation is necessary for cellular function and the process 
of evolution.   Page 4    

  •   Cells, organisms, and the biosphere are all systems that 
work in an integrated and coordinated fashion to sustain 
life.   Page 4    

  •   Interactions of the components of a system often 
result in emergent or new properties that are more 
than a  simple addition of the individual components. 
  Page 4    

  •   Systems interactions are diverse and occur at every level, 
from cells to organisms to communities to the biosphere. 
  Page 5      

    LG   0.2    Scientific inquiry is a deliberate way of 
 asking and answering questions about nature.  

   •   Scientific inquiry involves making observations, ask-
ing questions, doing experiments or making further 
observations, and drawing and sharing conclusions. 
Page 5    

  •   Observations are used to generate a hypothesis, a 
 tentative explanation that makes predictions that can be 
tested.   Page 6    

  •   On the basis of a hypothesis, scientists design experi-
ments and make additional observations which test the 
hypothesis.   Page 7    

  •   A controlled experiment involves different groups in 
which all the conditions are the same except for a single 
variable. In the test group, a variable is deliberately intro-
duced to determine whether that variable has an effect. 
In the control group, the variable is not introduced. 
Page 8    

  •   The independent variable in a controlled experiment is 
the factor that is changed by the researcher; the depen-
dent variable is the effect or result that is being observed 
or measured.   Page 8    

  •   The null hypothesis predicts that an intervention or 
treatment in an experiment will have no effect; the alter-
native hypothesis predicts that the intervention or treat-
ment will have an effect.   Page 11    

  •   Hypotheses cannot be proven, but they can be modi-
fied or rejected based on observation or experiments. 
Page 13    

  •   If a hypothesis is supported by continued observation 
and experiments over time, it is elevated to a theory, 
a sound and broad explanation of some aspect of the 
world.   Page 13       
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 MODULE 0   IntroductIon   15

 5. An independent variable is

 (A) the factor that differs in the test group compared to 
the control group.

 (B) the order in which one measures the data collected 
in an experiment.

 (C) a factor that is larger or smaller than other factors in 
an experiment.

 (D) the result of the experiment that is being observed 
or measured.

 6. You decide to test whether helium is light enough to 
cause balloons to rise. In the first group, you fill the 
balloons with helium. In the second group, you fill the 
balloons with air. What is the dependent variable in 
your experiment?

 (A) The presence or absence of helium

 (B) The group of balloons that receives the helium

 (C) The group of balloons that receives the air

 (D) Whether the balloons rise or not

 7. A hypotheses is

 (A) supported when data contradict it.

 (B) proven when data can support it.

 (C) modified when data contradict it.

 (D) rejected when data support it.

Review Questions
 1. Biology is the

 (A) study of components that make up organisms.

 (B) study of life.

 (C) categorization of organisms into similar groups.

 (D) study of how organisms give rise to offspring.

 2. One mechanism of evolution, or change over time, is

 (A) biotic.

 (B) systems interactions.

 (C) natural selection.

 (D) DNA.

 3. Many organisms use sugars as a source of energy to 
power the cell. This observation suggests that the 
pathways that break down sugars

 (A) arose relatively recently.

 (B) arose early in life’s history.

 (C) are different in different species.

 (D) sugars are not necessary for life.

 4. A hypothesis is

 (A) the cause of a scientific phenomenon.

 (B) the solution to a scientific problem.

 (C) a hunch or guess.

 (D) a tentative explanation of how nature functions.

Key Terms
Biology
Biologist
Organism
Gene
Genome
Cell
Species
Evolution
Natural selection
Energy

Energetics
Deoxyribonucleic acid (DNA)
System
Biotic
Abiotic
Biological system
Scientific inquiry
Observation
Hypothesis
Controlled experiment

Test group
Experimental group
Control group
Independent variable
Dependent variable
Negative control group
Positive control group
Null hypothesis
Alternative hypothesis
Theory
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16   Unit 1   chemIstry of LIfe

   Module 0 
AP® Practice Questions  
   Section 1: Multiple-Choice Questions  
 Choose the best answer for questions 1–4. 

    1.   Survival in some mushroom species is enhanced 
by the presence of gills with large surface areas. 
Mushrooms with larger gill surface areas produce 
more spores and reproduce more successfully than 
those with smaller gill surface areas in a particular 
 environment. Identify which of the four Big Ideas 
of biology this example best describes. 

    (A)   Evolution  

   (B)   Energetics  

   (C)   Information Storage and Transmission  

   (D)   Systems Interactions     

   2.   A student accidentally spilled a bag of rock salt on 
some plants while moving the bag to the garage. After 
some time, the student noticed that the plants in this 
area were turning brown and withering. The student 
formulated a hypothesis that the plants were dying 
because they do not grow well in salty soil. Among the 
proposed experiments below, identify the most effec-
tive way of testing this hypothesis.   

    (A)   Keeping a weekly record of any plant regrowth  

   (B)   Planting some seeds in a container of healthy 
soil and some in a container of salty soil and 
observing plant growth in each over a period 
of weeks  

   (C)   Removing the rock salt from the area, 
replanting grass seed, and observing any change 
in growth  

   (D)   Spreading rock salt over a larger portion of the lawn 
to see if the rest of the grass dies     

PREP FOR THE AP® EXAM

   3.   A scientist is doing an experiment to see which con-
ditions are best for bacterial growth. The scientist 
has set up an array of several petri dishes and will 
subject the bacterial cultures to various cool and 
warm temperatures, while comparing them to petri 
dishes at room temperature. Identify how the condi-
tion of temperature is used in this experiment. 

    (A)   As a dependent variable  

   (B)   As an independent variable  

   (C)   As a control group  

   (D)   As an experimental group     

   4.  The table below shows differences in mass among 
males in four different species of frogs at two different 
life stages. A metamorph is a young individual that 
has nearly completed the change from tadpole to frog. 
Metamorphs have four legs and still have a tail. A fully 
grown adult frog has no tail.

 Metamorph mass (g)  Adult mass (g) 

 Green frog  1.1  20.2 

 Leopard frog  0.98  18.9 

 Wood frog  0.82   7.9 

 Gray tree frog  0.57   7.1 

 Which species has the largest percent change in mass 
from metamorph to adult? 

    (A)   Green frog  

   (B)   Leopard frog  

   (C)   Wood frog  

   (D)   Gray tree frog      
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 MODULE 0   IntroductIon   17

Section 2: Free-Response Question
Write your answer to each part clearly. Support your answers 
with relevant information and examples. Where calculations 
are required, show your work.

An experiment was performed on a wild population of 
Anna hummingbirds (Calypte anna) to see if they preferred 
feeding from a specific color of sugar water. Scientists 
had previously observed the hummingbirds feeding from 
a glass feeder with a clear sugar water solution. The sci-
entists placed five identical glass feeders side by side and 
filled each with a different colored sugar water solution: 
red, yellow, green, blue, and clear. Every 15 minutes, the 
scientists changed the positions of the feeders relative to 
one another to eliminate any position bias. The scientists 
recorded the color of the first sugar water solution that 
each hummingbird visited. The experiment was carried 
out for 2 days. The results of the experiment are shown in 
the table.

(a) Identify the independent and dependent variables.

(b) Identify the control group and the experimental 
group.

(c) State an alternative hypothesis and the corresponding 
null hypothesis.

(d) Explain what the data tell us about the hummingbirds’ 
preference.

Average Number of Birds Approaching  
and Drinking from Each of Five  
Containers Containing Different  
Colored Solutions

Color Mean counts

red 33.9

yellow 13.1

Green  8.4

Blue  4.3

clear  5.3

Data from https://sora.unm.edu/sites/default/ 
files/journals/wilson/v092n01/p0053-p0062.pdf
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VISUAL SYNTHESIS 1.1 THE FOUR BIG IDEAS OF AP® BIOLOGY
We can describe four Big Ideas that connect and unite the many dimensions of biology: Evolution, Energetics, Information 
 Storage and Transmission, and Systems Interactions. These four ideas are introduced in Unit 1 and will be visited again and again 
 throughout the book. By the time you finish this book, you will have an understanding of how life works, from the molecular

fPo

Evolution investigates changes in the 
genetic makeup of a population over time. Through 
the process of natural selection, species become 
adapted to their environments. For example, 
ancestors of the snowshoe hare and Canada lynx 
evolved to have adaptations that increased their 
survival and reproduction. This includes the hare’s 
ability to change coat color with the seasons.

Energetics

Information Storage 
and TransmissionSystems Interactions

examines the way the components of biological 
Systems Interactions
examines the way the components of biological 
Systems Interactions
systems interact with and affect one another. A system systems interact with and affect one another. A system 
can be as small as a cell or as large as the biosphere. can be as small as a cell or as large as the biosphere. 
New properties of biological systems emerge through New properties of biological systems emerge through 
the interactions of organisms such as Canada lynx and the interactions of organisms such as Canada lynx and 
snowshoe hares, and through interactions between snowshoe hares, and through interactions between 
species and their environment.

Biosphere

Ecosystem

Community

Population

Individual
Cell

Winter Summer

The Four Big Ideas of AP® Biology
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fPo

machines inside cells and the metabolic pathways that cycle carbon through the biosphere, to the process of evolution, which has 
shaped the living world that surrounds and includes us. The four Big Ideas are fundamental to understanding and organizing such 
diverse aspects of biology.

Evolution Energetics considers the processes 
used by cells and organisms to exchange matter and 
Energetics
used by cells and organisms to exchange matter and 
Energetics
energy with their environment. For example, Canada 
lynx and showshoe hares acquire, store, and use the 
energy and matter obtained from the environment 
to maintain homeostasis, grow, and reproduce.

Information Storage 
and Transmission explores  explores 
how information is stored, used, and transmitted by cells how information is stored, used, and transmitted by cells 
and organisms. Using information stored in DNA and and organisms. Using information stored in DNA and 
through experience, the Canada lynx knows how to hunt through experience, the Canada lynx knows how to hunt 
its prey and the snowshoe hare knows how to evade its its prey and the snowshoe hare knows how to evade its 
predator. These behaviors are transmitted to offspring predator. These behaviors are transmitted to offspring 
through DNA and through the process of learning.

Systems Interactions

The Four Big Ideas of AP® Biology
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20   UNIT 1   CHEMISTRY OF LIFE

   Average: Mean, Median, 
and Mode  

 When scientists make observations or do an experiment, they 
gather results and collect data. The direct observations and 

measurements that have not been organized, processed, or interpreted 
are known as raw data. For example, a doctor collects all kinds of raw 
data about your health, such as height, weight, body temperature, 
breathing rate, heart rate, and blood pressure. You may give a blood 
or urine sample so that the concentrations of various substances can 
be measured. Or you may spit into a vial so that a DNA sample can 
be obtained to look for common genetic variants associated with 
 disease. The data collected by physicians are all types of raw data. 

 After scientists collect raw data, they often process the data in 
some way in order to make sense of it. One way to process it 
involves determining the average of all of the measurements. 
Determining the average takes all of the individual pieces of data 
and provides a single, representative number. In this section, we 
look at several different ways to calculate the average.  

   Mean  
 The first type and most common type of average is called the 
mean . Given a set of values, the   mean   is obtained by adding 
all of the values in the dataset and dividing by the number of 
values in the dataset, which is indicated by  n . 

Example:     In the dataset of nine values, 5, 9, 4, 6, 5, 1, 5, 9, 1, 9, 
the mean is determined by adding all of the values   (5 + 9 + 4 + 
6 + 5 + 1 + 5 + 9 + 1 + 9) = 54  , and then dividing by the number 
of values   (n = 9)  , or   = 654

9   . 

 The mean can also be calculated using the following formula:  

   ∑=
=

1

1

x xn i
i

n

   

 In this formula,   x    represents the mean.   ∑  , the Greek letter sigma, is 

a symbol that means “the sum of.”   x
i

n

i∑
=1

   means   x1 + x2 + … + xn  , 

where   xn   is the  n th, or final, value, so it indicates that you sum all 
of the values. And   1n    indicates that you divide the result by the 
number of values.  

   Median  
 Another type of average is the  median . The   median   is middle 
value of a group of values. That is, there are as many values falling 
above the median as below it. 

 The median is sometimes useful because it is less influenced than 
the mean to extreme values, called outliers. An outlier is a data 
point that is very different from all of the other data points and 
therefore one that falls outside the overall pattern of a group of 

        Tutorial 1: Statistics  PREP FOR THE AP® EXAM

 Scientific evidence rarely hinges on the result of a single 
experiment, measurement, or observation. As we discussed in 

Module 0, any scientific claim must be backed up by data from 
multiple subjects across multiple repetitions of the same exper-
imental process or multiple observations. It is the accumulation 
of evidence from many independent sources, all pointing in the 
same direction, that lends weight to a scientific hypothesis until 
eventually it becomes a theory. 

 This means that any statement of a number—ants can carry 
10 times their weight; a human cell can divide in 24 hours—is 
actually a statement of many numbers. How do scientists deter-
mine what number will represent all of their experimental results? 
And how do scientists succinctly describe all of the individual 
data points? Statistics is a field that helps scientists to organize, 
analyze, and see trends in data. In this tutorial, we will discuss sev-
eral statistical tools that help us understand and interpret data. We 
will start with a quick look at the issue of precision in reporting 
calculations. 

   Significant Figures  

 When reporting any recorded data or quantitative conclu-
sions, you should use appropriate precision. For example, if 

you measure something and say it is 2 meters tall, does that mean 
it is exactly 2 meters or perhaps 2.03 meters or even 2.10 meters? 
Significant figures indicate the precision of a measurement. 
 Significant figures are numbers that carry meaning. For example, 
2 meters has just one significant figure because it has only one 
digit. By contrast, 2.03 has three significant figures. The more 
 significant figures, the more precise the measurement. 

 In general, all nonzero numbers (1, 2, 3, and so on) are 
 significant. Zeros between other numbers are also significant. 
For example, as we noted, the number 2.03 has three signifi-
cant figures. Leading zeros (zeros that are located to the left of 
another number) are not significant. The number 0.02 has only 
one significant figure. Trailing zeros (zeros located to the right 
of another number) are also not significant, except in numbers 
with a decimal point. For example, the number 2.10 has three 
significant figures. 

 When doing calculations, significant figures in a final answer are 
determined by the number that is the least precise in your dataset. 
However, do not round intermediate values when you perform 
calculations; only round your final answer. For  example, let’s say 
you are asked to calculate the area of a rectangle   (width (w) × 
height (h))  , with   w = 4.33   feet and   h = 2   feet. The answer is 
9 feet. That is:   4.33 × 2 = 8.66  , but the answer is rounded up 
to 9 because, among the numbers you used in the calculation, a 
height of 2 feet—with one significant figure—is the least precise. 
Note that if you first round 4.33 to 4 and then do the calculation, 
you get an answer of   4 × 2 = 8  , which is incorrect.  
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values. One or two outliers can affect the mean much more than 
the median. As a result, in this case, the median might be more 
representative of a group of values than the mean.

To find the median of a dataset, list the values of the dataset in 
numerical order and identify the value in the middle of the list. If 
there is an even number of values, the median is the mean of the 
two middle values.

Example: Let’s use the dataset from the previous example. We deter-
mine the median by first putting the nine values in numerical order:

1, 1, 4, 5, 5, 5, 6, 9, 9

The number in the fifth position, 5, is the median because there 
are four values on either side of it. Note that, in this case, the 
median (5) and the mean (6) are not the same.

Mode
A third type of average is the mode, which is the value that 
shows up most frequently in all the measurements.

Example: Taking the dataset 5, 9, 4, 6, 5, 1, 5, 9, 1, 9 once again, 
the mode is 5 because it occurs three times, which is more than 
any of the other values.

Your Turn

While interning at a doctor’s office, you record the heights of the 
first 20 patients of the day:

60″, 72″, 75″, 63″, 62″, 67″ 65″, 65″, 63″, 65″,
67″, 68″, 65″, 69″, 68″, 70″, 67″, 69″, 65″, 63″

What are the mean, median, and mode of the heights of the 
morning’s patients?

Solution

Let’s begin with the mean. Start by adding the values:

60″ + 72″ + 75″ + 63″ + 62″ + 67″ + 65″ + 65″ + 63″ + 
65″ + 67″ + 68″ + 65″ + 69″ + 68″ + 70″ + 67″ + 69″ + 
65″ + 63″ = 1328″

Then divide the sum by the number of values, 20:

1328″ ÷ 20 = 66.4″, which is rounded to 66″ because the raw 
data all have just two significant figures.

Therefore, the mean height of the morning’s patients is 66.4″.

To determine the median, start by writing the heights so they are 
in ascending order:

60″, 62″, 63″, 63″, 63″, 65″, 65″, 65″, 65″, 65″, 67″, 67″,
67″, 68″, 68″, 69″, 69″, 70″, 72″, 75″

There is an even number of values (n = 20), so the median is the mean 
of the two middle values. In a set of 20 values, the middle two are the 
10th and 11th values: 65″ and 67″. The mean of these two values is:

″ + ″ = ″(65 67 )
2

66

So, the median height of the morning’s patients is 66″.

To determine the mode, it helps to look at the values in ascend-
ing order, as we did when determining the median. Count how 
many instances there are of each value. Five patients have a height 
of 65″, more than any other height. Therefore, the mode of the 
heights of the morning’s patients is 65″.

 See page 12 for “Analyzing Statistics and Data: Averages” which 
gives you the opportunity to apply these concepts in context.

The mean, median, and mode provide different ways to describe 
or characterize datasets. In a way, they are all averages, but which 
one you use depends on if you want to weigh all of the values 
equally (mean), if you want the value in the middle (median), or 
if you want the value that is most common (mode).

Spread of Data: Normal 
Distribution, Range, and 
Standard Deviation

The numbers that result from the multiple repetitions of each 
experiment involving multiple measurements or observations 

are typically not the same, as we discussed earlier. Instead, they 
may differ from one another, and on a graph will appear scattered. 
Experimental results may differ because conditions typically vary 
in some subtle way from one experiment to the next, individ-
uals differ from one another, and the situations change slightly 
over the course of time. In this section, we will look at ways to 
 visualize, calculate, and communicate the distribution of data.

Normal Distribution
The spread of all the numbers in experimental results is described 
as a distribution and can usually be graphed. Often in biology, 
measurements of natural phenomena form a graph pattern with 
a smooth, bell-shaped curve, called a normal distribution.

Human height is a good example. Our sample problem for mean, 
median, and mode used the heights of 20 patients. If you took a 
much larger and more representative sample of measurements and 
graphed them, you would end up with a normal distribution, as 
shown in the graph below.
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22   UNIT 1   CHEMISTRY OF LIFE

deviation is influenced by outliers as well, but not nearly as 
much as the range.

In a normal distribution, shown below, approximately 68% of 
the values lie within one standard deviation on either side of the 
mean. In the graph below, this is the light blue area, and it is indi-
cated by +1s and -1s. Also in a normal distribution, 95% of the 
observations lie within two standard deviations on either side of 
the mean. In the graph below, this is the light and darker purple 
areas together, or +2s and -2s.

In the graph, height is plotted along the horizontal x-axis, and 
number of individuals is plotted along the vertical y-axis. You can 
see that most heights fall into the midrange along the horizontal 
x-axis. These people are represented by the peak in the center of 
the normal distribution. A few people are very short or very tall. 
These two extremes are found on the two ends of the distribution.

In a normal distribution, the mean, median, and mode are all the 
same value, shown in the graph below.

We can understand why the three values are the same by looking at 
where they fall on the curve. The peak of the normal distribution 
represents the largest number of people: the mode. In a normal dis-
tribution, the peak of the curve falls in the middle of the dataset: the 
median. And because there are equal numbers of values evenly distrib-
uted on either side of the median, the mean is right in the middle, too.

Not all datasets form a normal curve when graphed. In datasets 
that form different curves, the mean, median, and mode may not 
be the same.

Range
In addition to graphing the distribution of data, scientists often 
measure it in order to quantify how spread out the data are. One 
way to calculate the spread of the data is the range. The range is 
simply the highest value minus the lowest value. The range is use-
ful because it describes the full spread of all of the data. However, 
one issue with using the range to describe the spread of data is 
that it is highly influenced by even a single outlier, or a data point 
that falls outside of the overall pattern of a distribution.

Standard Deviation
Another way to measure the spread of the data is the standard 
 deviation, denoted s. The standard deviation indicates how far 
the values in a dataset as a whole are from the mean. A smaller 
standard deviation indicates a tighter clustering of measure-
ments around the mean. A larger standard deviation indicates a 
wider spread of the measurements around the mean. Standard 

The equation for determining the standard deviation of a data-
set is:

= Σ −
−

( )
1

2

s
x x
n
i

In this equation, you start by calculating the difference between 
each individual measurement (xi) and the mean ( )x , noted above 
as −( )x xi . Then you take each of the results and square it, 
described as −( )2x xi . Finally, you add all of these squares, divide 
by n - 1, and take the square root of the result.

Example: The dataset 1, 2, 2, 3, 3, 3, 4, 4, 5 is a normal distribution 
with a mean of 3. That is, (1 + 2 + 2 + 3 + 3 + 3 + 4 + 4 + 5) = 27, 
divided by 9, or = 327

9 . To find the standard deviation, we first find 
the differences between each value and the mean. We square the 
differences and add the differences together:

(1 - 3)2 + (2 - 3)2 + (2 - 3)2 + (3 - 3)2 + (3 - 3)2 +  
(3 - 3)2 + (4 - 3)2 + (4 - 3)2 + (5 - 3)2 = 12

Putting this sum into the equation above, where n is the number 
of values in the dataset, or 9, we get:

=
−

= = =12
9 1

12
8

1.5 1.2s

The standard deviation of the dataset is 1.2, which is a measure 
of the spread of the data on either side of the mean.

Mean
Median
Mode

–1s +1s

–2s

68%

95%

+2s

Mean
Median
Mode
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12th patient is in the group of five patients who are 67″ tall. The 
median is therefore 67″.

The mode is the value that occurs most frequently. There are five 
patients who are 67″ Because the data fit into a normal distribu-
tion, as shown in the graph below the mean, median, and mode 
are all the same value.

Your Turn

It’s now a new day in the doctor’s office in which you  
intern, and you want to see if this morning’s patients are 
 generally taller or shorter than yesterday’s patients. You 
arrange the 23 patients’ heights in a data table, and then  
graph the data.

Height (inches) Number of patients

64 2

65 3

66 4

67 5

68 4

69 3

70 2

1. What is the mean, median, and mode of this dataset, and where 
are these points on the graph?

2. What is the standard deviation for this dataset? Draw it on the 
graph.

Solution

1. The mean is the sum of all of the heights, divided by  
the number of patients. Remember, the height in the first 
 column of the table must be multiplied by the number of 
 people with that height, shown in the second column of the 
table.

(2 × 64″) + (3 × 65″) + (4 × 66″) + (5 × 67″) + (4 × 68″) + 
(3 × 69″) + (2 × 70″) = 1541″

Then divide the sum by the number of patients, 23.

1541″ ÷ 23 = 67″

The mean is 67″.

To find the median, find the middle point of the data. The data 
are written out in ascending order in the data table. In a sample 
of 23 patients, the median height is the height of the 12th patient. 
If you add the number of patients in the right column, the 

2. To use the equation to determine the standard deviation, we 
first need to find the difference between each value and the mean. 
Then we square that difference. Let’s put these numbers in a table 
to make things easier to see.

Height 
(inches)

Number of  
patients

Difference between 
height (inches) 
and mean (67″)

Difference 
squared

64 2 3 9

65 3 2 4

66 4 1 1

67 5 0 0

68 4 -1 1

69 3 -2 4

70 2 -3 9

Multiple patients have the same height. Therefore, to calculate 
the sum of the squares of the differences, we need to look in the 
column that lists the number of patients at each height. We then 
multiply the difference squared for each height by the number of 
patients at each height, as follows:

Sum = (2 × 9) + (3 × 4) + (4 × 1) + (5 × 0) + (4 × 1) +  
(3 × 4) + (2 × 9) = 68

Substituting numbers into the equation, where n = number of 
patients (23), we get:

= ∑ −
−

( )
1

2

s
x x
n
i

=
−

= = = ″68
23 1

68
22

3.09 1.76
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24   UNIT 1   CHEMISTRY OF LIFE

To determine how close the estimated mean is to the true mean, 
we use a value called the standard error of the mean, which is 
calculated as follows:

=SE
s
nx

where SEx is the standard error of the mean, s is the standard 
deviation, and n is the number of samples.

The estimate = 5.00x  of the true mean has standard error of 
= =s

n
1.02.87

9
. This number tells you how close the estimate x  

is likely to be to the true mean. In approximately 68% of samples, 
x  is likely to be within one standard error of the true mean. In 
our example with = 5.00x  and =s

n
1.0, in 68% of the samples, 

the true population mean is likely to be in the range of one 
 standard error less than the mean (5.00 - 1.0) and one standard 
error more than the mean (5.00 + 1.0). This is a range of 4.0 
to 6.0. This range is sometimes described in words as the mean 
plus or minus (±) one standard error.

Your Turn

In the discussion above, we calculated the mean, standard  deviation, 
and standard error of the mean of the first sample of values. You 
determine the mean, standard deviation, and standard error of the 
second sample of values: 1, 2, 2, 2, 6, 6, 6, 8, 8.

Solution

To calculate the mean, add all of the values and divide by the total 
number of values:

Add all of the values: 1 + 2 + 2 + 2 + 6 + 6 + 6 + 8 + 8 = 41

Divide by the total number of values: =41
9

4.6

So, = 4.6x

To calculate the standard deviation, subtract the mean from each 
value, square the result, add up all of the squares, divide by the 
number of values -1, and finally take the square root:

=
−

= = =62.22
9 1

62.22
8

7.78 2.79s

To calculate the standard error of the mean, simply divide the 
standard deviation (s) by the square root of the number of 
values:

= = = =2.79
9

2.79
3

0.9SE
s
nx

Error Bars
In data presented graphically, you may see a short vertical line 
through a point. The point indicates an estimate or average of 
 several measurements, and the vertical line is the error bar. An 
error bar is a vertical line on a graph that indicates a range of 
values within which the true value is very likely to fall. The error 
bar, in spite of its name, is not in fact an error. Instead, it provides 
a measure of the confidence that a scientist has in a  particular 

On the graph of our data shown below, the standard deviation is 
1.76″ in either direction of the mean, indicated by +1s and -1s.

 See page 28 for “Analyzing Statistics and Data: Standard 
 Deviation and Error Bars” for an opportunity to practice this 
concept in context.

Uncertainty in Data: Standard 
Error of the Mean and  
Error Bars

As we have seen, scientists are often interested in finding a 
single value that is representative of many values such as the 

mean, median, or mode. They also describe how spread out the 
values are from the average and how their data are distributed. 
In addition, scientists often convey how confident they are in 
their measurements and calculations. There are statistical tools 
that help scientists measure and communicate uncertainty in 
their data. In this section, we describe two ways to convey this 
information.

Standard Error of the Mean
Let’s return to the sample of numbers 1, 1, 4, 5, 5, 5, 6, 9, 9. There 
are nine numbers in total, and these form a normal distribution. 
Based on this sample, the mean = 5.0x  and the standard deviation 

= 2.9s .

The values of x  and s are actually estimates of the true mean 
and standard deviation. In other words, they are calculated 
from a sample, not from an entire population. So, although 
they represent the mean and standard deviation of the sample, 
they may not be the true or actual mean and standard devia-
tion of an entire  population. As estimates, they will differ from 
one random sample to the next. Another random sample from 
the same distribution might yield 1, 2, 2, 2, 6, 6, 6, 8, 8. In this 
sample, = 4.6x . A third random sample might yield 1, 2, 3, 5, 
6, 6, 7, 8, 10. In this  sample, = 5.3x . Each of these is an esti-
mate of the true mean. If we examined a very large number 
of samples, the values of x  would themselves form a normal 
distribution.
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In AP® Biology, error bars usually represent the mean plus or 
minus two standard errors of the mean. This range of values is 
sometimes called the 95% confidence interval because, in 95% 
of the samples, the confidence interval includes the true mean.

As we discussed in Module 0, scientists often use a threshold 
of 5% to draw conclusions about whether a result is real, or 
 significant, or whether it is due to chance. As a result, you can 
look at error bars that represent 95% confidence intervals to get 
an indication of whether a difference between two groups may be 
significant or not. If the error bars of two groups do not overlap, 
scientists state that there is a significant difference between the 
two groups. If they do overlap, any observed differences may be 
random and due to chance.

For example, in the figure showing the heights of students in 
different classrooms, the error bar for classroom A does not over-
lap with any of the others, so it is significantly different from the 
others. However, the error bars for classrooms B and C do over-
lap, so there is probably not a significant difference between these 
two groups.

 See page 28 for “Analyzing Statistics and Data: Standard 
 Deviation and Error Bars” for an opportunity to practice this 
concept in context.

Key Terms
Mean
Median
Mode
Distribution
Normal distribution
Range
Standard deviation
Standard error of the mean

data point. For example, in Module 0, we examined the rela-
tionship between caffeine consumption and resting heart rate. 
The results for each group of people were averaged and graphed 
in  Figure 0.8. The vertical line across each point in the graph 
 represents the error bar.

As another example, let’s say we are interested in the average heights 
of students in four different classrooms, A–D. We can measure the 
heights of all of the students, take the mean for each classroom, and 
graph it as shown here.

The top of each bar indicates the average height of students in 
each classroom, and the error bar is the short vertical line at the 
top of each bar.

An error bar can be calculated in different ways. It can indicate 
the mean plus or minus one standard deviation, plus or minus one 
standard error of the mean, or plus or minus two standard errors 
of the mean. Depending on how it is calculated, error bars will 
vary in length (be longer or shorter) and will convey different 
information (or different degrees of confidence in the data). The 
legend that accompanies a figure or graph typically describes how 
error bars are calculated, so you should always read the legend to 
understand what is going on in a particular graph.

Error bar
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26   UNIT 1  CHEMISTRY OF LIFE

 Take a look around you. Everything you see and feel 
is made of matter, the material that makes up physical 

objects.   Matter   is anything that has mass and takes up space. 
 Matter may be a gas, a liquid, or a solid. Even you are made of 
 matter. To grow, reproduce, and maintain their organization, all 
organisms exchange matter with their environment. They also 
require energy. The study of biology is based on an understand-
ing of the pathways and transformations of matter and energy. 
Therefore, to understand why organisms look and act as they 
do, we need to gain a basic understanding of matter and energy. 
In this module, we will examine the fundamentals of both. We 
will look at properties of the basic unit of matter, the   atom   .  

We will also look at the use and flow of energy. We will explore 
how chemical bonds enable atoms to form a wide variety of 
   molecules,   which are chemicals made up of two or more 
atoms, and will examine the chemical properties of molecules 
that are used by all living things. 

Unit 1 0 1 2 3 4 5

      Module   1 
 Elements of Life              
   LEARNING GOALS          LG   1.1     Matter and energy govern the properties of life.   
       LG   1.2     The atom is the fundamental unit of matter.   
       LG   1.3     Atoms combine to form molecules linked by chemical bonds.   
       LG   1.4     Carbon is the backbone of organic molecules.        

  FOCUS ON THE BIG IDEAS  
    ENERGETICS:    Look for the elements that make up all 
organisms, and the way in which organisms exchange these 
elements with the environment. 

PREP FOR THE AP® EXAM

    1.1  Matter and energy govern 
the properties of life  
 Because organisms are composed of matter and require energy, 
it follows that organisms are subject to the physical laws and 
principles that govern matter and energy. In this section, we 
will first review some of the properties of matter and energy, 
and how they flow through communities of living organisms. 

   Flow of Matter  
 Let’s begin by following the path of matter as it flows through 
living systems. Imagine that we could tag a carbon atom at 
its moment of origin and then follow its trip through time 
and space. Formed in a nuclear blast furnace deep within an 
ancient star and then ejected into space as the star exploded 
in death, our atom was eventually swept up with other mate-
rials to form Earth, a small planet orbiting a newer star we 
now call the sun. Volcanoes introduced our carbon atom into 
Earth’s early atmosphere as carbon dioxide   (CO )2   . Slowly, 
over millions of years, this carbon dioxide reacted with 
water and rocks, transferring the carbon from the air to the 
seafloor. Here, our atom sat for many millions of years, until 

earthquakes, erosion, or other geologic activities returned 
it to the atmosphere as carbon dioxide once again. Slowly 
but surely, geologic processes on early Earth cycled carbon 
from atmosphere to rocks and back again. This slow move-
ment of  carbon between Earth and atmosphere continues 
today. 

 Sometime between 4 and 3.5 billion years ago, as life 
took hold on Earth, our carbon atom began to cycle more 
rapidly— much more rapidly. Microorganisms were able 
to convert the carbon dioxide in the environment into 
organic molecules,   which are biological molecules that 
contain carbon. Other microorganisms broke down organic 
molecules and returned carbon dioxide to the environment. 
To this day, carbon cycles continuously from the atmosphere 
and oceans to organisms and back again. 

 This intricately linked network of geological and bio-
logical processes that shuttles carbon among rocks, soil, 
ocean, air, and organisms is called the carbon cycle. Why 
focus on carbon? The carbon cycle provides an organizing 
principle for understanding life on Earth. The chemistry 
of life is, in no small part, the chemistry of carbon because 
organic molecules are made up of carbon. 
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MODULE 1   ELEMENTS OF LIFE   27

 The carbon cycle also teaches that matter moves through 
organisms and the physical environment in a cycle, as shown 
in   FIGURE 1.1   . In other words, the same atoms are reused 
over and over. Organisms must exchange matter with other 
organisms and the environment to grow,  reproduce, and 
maintain organization. For instance, when a leaf or a plant 
in the forest dies, it is usually consumed by the animals or 
microbes in the forest. These organisms use the dead leaf to 
build their biomass. In turn, these organisms recycle mat-
ter through the wastes they release or when they die. The 
released matter is used by other organisms, including plants, 
animals, and microbes, to build their biomass.     

   Flow of Energy  
 As organisms move carbon, they also transfer energy.  Carbon 
and energy are closely intertwined for the simple reason that 
the energy sources for many organisms are the carbon- rich 
organic molecules in the organisms they eat or the mole-
cules they build themselves. Unlike carbon, energy does not 
move in a cycle. Instead, energy must continually be har-
vested from the environment to sustain the community. In 
essentially all habitats where sunlight is available, the sun 
provides the entry point for energy into living systems, as 

shown in  Figure 1.1 . Plants, algae, and certain bacteria cap-
ture energy from the sun and use it to synthesize energy- 
rich organic molecules. Where sunlight is absent, especially 
in the vast depths of the ocean, energy instead comes from 
chemical compounds. 

 Organisms transform energy. That is, they acquire 
energy from the environment and convert it into a chemical 
form that their cells can use. For instance, some of the solar 
energy striking a forest is captured by plants, which trans-
form it into chemical energy in the form of sugars. Some 
of this energy is used by the organism to do work— such 
as building cellular components, moving, and reproducing. 
The rest of this energy is dissipated as heat and is no longer 
available for the organism to use. We will look more closely 
at the flow of energy and the cycling of matter in Units 3 
and 8.  “Analyzing Statistics and Data: Standard Deviation 
and Error Bars” gives you an opportunity to practice using 
data analysis skills on a question involving plants and energy 
capture.      

CO2

Energy

Matter

FIGURE   1.1        Flow of matter and energy 

Matter, such as a carbon atom, cycles among organisms and the 
 physical environment. Energy, like solar and chemical energy, is 
 harnessed by organisms to do work and needs to be constantly 
added to the system to sustain life.  

 AP® EXAM TIP
 You should know that matter and energy both flow through 
communities, but they take different paths. Matter  travels 
in a cycle, with the same atoms  moving back and forth 
among organisms and the physical  environment. By 
 contrast, energy is not recycled. Instead, an input of energy 
from the environment is constantly required to sustain cells 
and organisms. Be prepared to give examples of the ways 
that matter and energy flow through communities and 
therefore sustain life. 

PREP FOR THE AP® EXAM

 AP® EXAM TIP
Make sure you understand that no overlap between error 
bars indicates a statistically significant difference.    

  PREP FOR THE AP® EXAM

✓ Concept Check  
   1.    Describe  how matter and energy flow through 
 living systems.  

  2.    Describe  how the flow of matter depends on the 
flow of energy in communities.       
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28   UNIT 1  CHEMISTRY OF LIFE

   ANALYZING STATISTICS AND DATA  PREP FOR THE AP® EXAM

   Standard Deviation and Error Bars  
 For a detailed explanation of how to calculate standard deviation and standard error of the mean, and a 
discussion of error bars, see “Tutorial 1: Statistics” on  page 20 . For reference, here are the equations for 
standard deviation ( s ) and standard error of the mean   ( )SEx   . 

   S
x x

n
SE

s

n
i

x
∑∑==

−−

−−
==

( )

1

2

   

   PRACTICE THE SKILL  
 Plants capture energy from the environment and trans-
form it into chemical energy in the form of organic 
molecules called sugars. They use these sugars for 
growth and reproduction. Sunlight is the major source 
of energy for plants. A lack of sunlight prevents plants 
from growing well. Researchers performed an exper-
iment to demonstrate the effect of light on plant 
growth. The researchers grew crofton weed seedlings, 
which are germinated seeds, in 20 petri dishes. Ten 
petri dishes remained in the dark and 10 petri dishes 
were exposed to light. The researchers measured 
seedling growth in millimeters over 1 week. The data 
are shown in the table.     

   1.   What is the mean height   ( )x    of the seedlings 
grown in the dark, and the mean height   ( )x    of the 
seedlings grown in the light?

 To calculate the mean of the heights of the seed-
lings grown in the dark, we add all of the values 
in the Dark  column and divide by the number of 
values in that dataset, which is 10: 

   ++ ++ ++ ++ ++ ++ ++ ++ ++ ==12 mm 8 mm 15 mm 13 mm 6 mm 4 mm 13 mm 14 mm 5 mm 6 mm 96 mm   

   ==
96 mm

10
9.6 mm   

 We do the same calculation for the values in the Light column: 

   ++ ++ ++ ++ ++ ++ ++ ++ ++ ==18 mm 22 mm 17 mm 23 mm 16 mm 18 mm 22 mm 12 mm 19 mm 17 mm 184 mm   

   ==
184 mm

10
18.4 mm   

 The mean height of the seedlings grown in the dark is 9.6 mm, and the mean height of the seedlings 
grown in the light is 18.4 mm.  

  2.   Calculate the standard deviation of the heights of the seedlings grown in the dark and the light.

 We know each individual measurement in the dataset   ( )xi   , the mean   ( )x   , and the sample size ( n ) for the 
dark and light treatments and can plug this information into the standard deviation formula: 

 Dark: 

   s
x x

n
i∑∑==

−−

−−

( )

1

2

   

▼

 Petri Dishes 

 Seedling 
height (mm) 

in dark 

 Seedling 
height (mm) 

in light 

 1 and 2  12  18 

 3 and 4   8  22 

 5 and 6  15  17 

 7 and 8  13  23 

 9 and 10   6  16 

 11 and 12   4  18 

 13 and 14  13  22 

 15 and 16  14  12 

 17 and 18   5  19 

 19 and 20   6  17 

Data from  https://www.biointeractive.org/sites/default/
fi les/media/fi le/2019-05/Statistics- Teacher- Guide.pdf 
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==

−− ++ −− ++ −− ++ −− ++ −−
++ −− ++ −− ++ −− ++ −− ++ −−

−−
s

(12 9.6 mm) (8 9.6 mm) (15 9.6 mm) (13 9.6 mm) (6 9.6 mm)
(4 9.6 mm) (13 9.6 mm) (14 9.6 mm) (5 9.6 mm) (6 9.6 mm)

10 1

2 2 2 2 2

2 2 2 2 2

== ==s
158.4 mm

9
4.20 mm

Light:

s
x x

n
i∑∑==

−−

−−

( )

1

2

==

−− ++ −− ++ −− ++ −− ++ −−
++ −− ++ −− ++ −− ++ −− ++ −−

−−
s

(18 18.4 mm) (22 18.4 mm) (17 18.4 mm) (23 18.4 mm) (16 18.4 mm)
(18 18.4 mm) (22 18.4 mm) (12 18.4 mm) (19 18.4 mm) (17 18.4 mm)

10 1

2 2 2 2 2

2 2 2 2 2

 

== ==s
98.4 mm

9
3.31 mm

The standard deviation of the heights for seedlings grown in the dark is 4.20 mm, and the standard 
deviation of the heights for seedlings grown in the light is 3.31 mm.

3.  Calculate the standard error of the mean of the heights of the seedlings grown in the dark and the 
light.

Because we have just found the standard deviation for each treatment (s) and we know the sample 
size (n) for each treatment as well, we can plug these into the formula for the standard error of the 
mean:

Dark: SE
s

n
x ==    ==SEx

4.20 mm

10
  ==SEx 1.33 mm

Light: SE
s

n
x ==   ==SEx

3.31 mm

10
   ==SEx 1.05 mm

The standard error of the mean of the heights for seedlings in the dark is 1.33 mm. The standard 
error of the mean of the heights for seedlings in the light is 1.05 mm.

4.  Calculate the 95% confidence interval of the mean of the heights of the seedlings grown in the dark 
and the light.

The 95% confidence interval represents a range of values where the true mean is likely to be found. 
On a graph, this range is often portrayed with error bars. To calculate the 95% confidence interval, 
we will use the mean and standard error of the mean.

x SEx== ±±95% confidence interval 2
±± ×× →→ ±±Dark: 9.6 mm (2 1.33 mm) 9.6 mm 2.66 mm

The 95% confidence interval of the mean for seedlings grown in the dark is ±9.6 2.66 mm. This can 
also be written as the range of values itself: 7.0–12.2 mm. On a graph, an error bar is drawn from 
6.94 mm to 12.26 mm to represent the 95% confidence interval. We can be 95% sure that the confi-
dence interval includes the true mean length of growth for seedlings grown in the dark.

±± ×× →→ ±±Light: 18.4 mm (2 1.05 mm) 18.4 mm 2.10 mm

The 95% confidence interval of the mean for seedlings grown in the light is ±18.4 2.10 mm. This can 
also be written as the range of values itself: 16.3–20.5 mm. On a graph, an error bar is drawn from 
16.3 mm to 20.5 mm to represent the 95% confidence interval. We can be 95% sure that the confi-
dence interval includes the true mean length of growth for seedlings grown in the light.

▼
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30   UNIT 1  CHEMISTRY OF LIFE

Your Turn
Researchers in an aquatic biology lab have collected data on the mass of algae in a recent experiment. 
The data are shown in the following table:

Experimental tank Algae mass (g) Experimental tank Algae mass (g)

 1 0.36  9 0.66

 2 0.51 10 0.31

 3 0.25 11 0.22

 4 0.42 12 0.29

 5 0.22 13 0.33

 6 0.25 14 0.32

 7 0.28 15 0.48

 8 0.27

 1. What is the standard deviation of this dataset?

 2. If you were to graph error bars for these data, what range of  values would represent a 95%  
confidence interval of the mean?

1.2 The atom is the fundamental 
unit of matter
When biologists speak of diversity, they commonly point 
to the 2 million or so species named and described to 
date, or to the 10–100 million living species thought to 
exist in total. Life’s diversity can also be found at a very 
different level of observation: in the molecules within 
cells. Life depends critically on many essential functions, 
which ultimately depend on the chemical character-
istics of the organic molecules that make up cells and 
organisms.

In spite of the diversity of molecules and functions, 
the chemistry of life is based on just a few types of organic 
molecules, which in turn are made up of just a few types 
of atoms. In this section, we will look at the structure of 
atoms and identify the major atoms that make up organic 
molecules.

Atomic Structure
The study of life begins with the basic unit of mat-
ter, the atom. An atom contains a dense central nucleus. 
The nucleus is made of positively charged particles called 
 protons and electrically neutral particles called neutrons. 

A third type of particle, the negatively charged electron, 
moves around the nucleus at some distance from it. For 
example, a carbon atom, illustrated in FIGURE 1.2, typically 
has six protons, six neutrons, and six electrons. The number 
of protons is known as the atomic number. The atomic 
number specifies an atom as a particular element, a chem-
ical that cannot be further broken down by the methods of 
chemistry. For example, the atom with one proton is hydro-
gen (H) and the atom with six protons is carbon (C).

Each proton and neutron, by definition, has a mass of 
1 atomic mass unit, whereas electrons have negligible mass. 
Together, protons and neutrons determine an atom’s atomic 
mass, which is the total mass of the atom.

The number of neutrons in atoms of a single element 
can differ, which changes its mass. Isotopes are atoms of 
the same element that have different numbers of neutrons. 
The atomic mass is sometimes indicated as a superscript to 
the left of the chemical symbol. C12  is the isotope of carbon 
with six neutrons and six protons. If we want to symbolize 
both the atomic number and atomic mass for an element or 
isotope, we indicate the atomic mass by a superscript and 
the atomic number by a subscript. For example, the carbon 
isotopes with the mass of 12 and 14 would be written as C6

12  
and C6

14 , respectively.
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MODULE 1   ELEMENTS OF LIFE   31

region in space where an electron is present most of the time. 
The area in space where electrons circle around the nucleus is 
known as an   energy level   or    electron    shell.  The innermost 
energy level may contain one or two electrons. As you can see 
in   FIGURE 1.3   , hydrogen has one electron in the first energy 
level, which is also its only energy level. Many elements that 
are important in biology, such as carbon,  nitrogen, and oxygen, 
contain two energy levels. In these atoms, the second energy 
level may hold up to eight  electrons.  Figure 1.3  shows how 
carbon’s six electrons are placed in the energy levels: two are in 
the first energy level and four are in the second energy level.    

 The amount of energy in a level depends on its location. 
Electrons closer to the nucleus have less energy and are less 
reactive than those further from the nucleus. Atoms are most 
stable when their energy levels are full. When electrons fill the 
energy levels closest to the nucleus, rather than ones further 
away, the element becomes more stable. If an electron gains 
energy and moves or “jumps” to a level further away from the 
nucleus, the atom is less stable. As we will see later, molecules 
are often formed when atoms share electrons to fill their out-
ermost energy levels. 

 Since chemicals often react to complete their outermost 
energy levels, simple diagrams like those in  Figure 1.3  give 
a sense of how many electrons an element must gain or lose 
to have a full outermost energy level. In the case of carbon, it 
must gain four electrons in the outer shell for a total of eight 
electrons. Hydrogen may either gain one electron or lose an 
electron to have its outermost shell complete. If an electron is 
lost, a hydrogen ion   +(H )   forms because it now has one more 
proton than electrons. We will study hydrogen in greater 
detail when we discuss cellular energetics in Unit 3.  

   Chemical Properties of Elements  
 The electrons in an element’s outermost energy level are 
known as the   valence electrons   .  The   periodic table of 

 Typically, an atom has equal numbers of protons and 
electrons. As you can see in  Figure 1.2 , carbon possesses 
six positively charged protons and six negatively charged 
 electrons. The charges add up to zero, so this carbon atom is 
electrically neutral. 

 Certain chemical processes cause an atom to either 
gain or lose electrons. An atom that has lost an electron is 
 positively charged, and one that has gained an electron is neg-
atively charged. Electrically charged atoms are called   ions.
The charge of an ion is specified as a superscript to the right 
of the chemical symbol. For example,   +H    indicates a hydrogen 
ion that has lost an electron and is positively charged. Posi-
tively charged ions are called cations and  negatively charged 
atoms are anions.  

   Electrons  
 The movement of electrons from one molecule to another 
is the foundation of energy transfer in many biologi-
cal  reactions. Therefore, understanding electron transfer is 
essential to the study of cellular biochemistry. 

 Electrons move around the nucleus as a cloud of points 
that is denser where the electron is most likely to be. The 
exact path of an electron varies, but it is possible to identify a 

Nucleus 
(6 protons + 6 neutrons)

Electron

Proton

Neutron

Carbon atom

e-

e-

e-

e-

e-e-

e-

++
+

+
++
+

FIGURE   1.2        A carbon atom 

Most carbon atoms have six protons, which are positively charged; 
six neutrons, which are neutral; and six electrons, which are 
 negatively charged.  

     FIGURE   1.3        Energy levels for hydrogen and carbon 

The hydrogen atom contains one energy level with a single electron, 
while the carbon atom has two energy levels with two electrons in the 
first energy level and four electrons in the second. The energy levels 
are depicted as circles and the electrons as orange dots.  

Hydrogen
Carbon

In this simpli�ed diagram, the 
electron energy levels are depicted 
as circles and the electrons that 
occupy them as dots. The cloud in 
the center is the nucleus.
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32   UNIT 1  CHEMISTRY OF LIFE

FIGURE   1.5        Number of electrons across row 2 of the periodic table 

Moving from left to right, each atom contains one more electron than the last, from lithium to 
neon. Neon has a full complement of eight electrons in its outer energy level.  

Lithium Beryllium Boron Carbon Nitrogen Oxygen Fluorine Neon

✓ Concept Check  
   3.    Describe  the components of an atom.  

  4.    Describe  how the rows and columns of the periodic 
table of the elements are organized.  

  5.    Identify  what the superscripts of   N14    and   N15    signify.  

  6.    Calculate  how many additional electrons would be 
needed to fill the outer energy level of C.  

  7.    Identify  the location of the electrons around an 
atom that have the most energy associated with them.       

the elements  , shown in   FIGURE 1.4 ,   describes valence elec-
trons and other properties of elements. In the periodic table, the 
elements are indicated by their chemical symbols and arranged 
in order of increasing atomic number. For example, the second 
row of the periodic table begins with lithium (Li), which has 
3 protons and ends with neon (Ne), which has 10 protons.  

 For the second and third horizontal rows in the  periodic 
table, elements in the same row have the same number of 
energy levels. Moving across a row, each element has one more 
proton and one more electron than the preceding element. 

 Let’s take a look at the second row of elements, those that 
span from lithium (Li) to neon (Ne), shown in   FIGURE 1.5   . 
All of these elements have two energy levels. The innermost 
level of all of these elements is full. Only the outermost energy 
level has a varied number of electrons, starting with one for 
lithium and progressively adding one electron to the outer 
shell of the elements as we move from left to right across the 
row, ending with eight electrons in neon’s outer energy level. 

At the right end of the row, the 
energy level has a full comple-
ment of electrons.    

 The elements in a vertical 
column of the periodic table are 
called a group or family. Mem-
bers of a group all have the same 
number of electrons in their 
outermost level. For example, 
carbon (C) and lead (Pb) both 
have four electrons in their out-
ermost level. The number of 
electrons in the outermost level 
determines in large part how 
elements interact with other 
elements to form a diversity of 
molecules, as we will explore in 
the next section. 

 All living organisms are 
made up of atoms that can be 
combined to make molecules. 

The four elements common to every organism on the planet 
are carbon (C), hydrogen (H), oxygen (O), and nitrogen (N). 
Although organisms use elements in the first five rows of the 
periodic table, these most highly used elements belong to rows 
1 and 2. Phosphorus, a member of the third row, is also present 
in large amounts in organic molecules.  

114111 112

1

3 4

11 12

19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

2

5 6 7 8 9 10

13 14 15 16 17 18

37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54

86858483828180797877767574737257-715655
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Abundance in cells

High TraceLow Rare or none

     FIGURE   1.4        The periodic table of the elements 

Elements are arranged by increasing number of protons, the atomic number. The atomic number is 
shown above the element. The elements in a column share similar chemical properties.  
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MODULE 1   ELEMENTS OF LIFE   33

    1.3  Atoms combine to form 
molecules linked by chemical 
bonds  
 Atoms combine to make a great diversity of molecules in cells, 
which in turn leads to the diversity of life. Atoms bond with 
other atoms to form molecules, which are groups of two or 
more atoms bonded together that act as a single unit. An exam-
ple of a molecule is hydrogen gas   (H )2   , made when two atoms 
of hydrogen bond, as you’ll see below. Note that a chemical 
formula is written as the letter abbreviation for each  element, 
followed by a subscript giving the number of that type of 
atom in the molecule. When molecules form, the individual 
atoms interact through what is called a   chemical bond   ,  a 
type of attraction between atoms that holds them together. 
For  example, joining one atom of carbon with four atoms of 
hydrogen creates the compound methane   (CH )4   , which is 
also known as natural gas and is used in cooking, heating, and 
industry. There are several ways in which atoms can interact 
with one another, forming different types of chemical bonds. 
In this section, we will look at these chemical bonds. 

   Covalent Bonds  
 The ability of atoms to combine with other atoms is deter-
mined in large part by the electrons furthest from the 
nucleus, the valence electrons. When atoms combine with 
other atoms to form a molecule, the atoms share valence 
electrons with each other. Specifically, when the outermost 
energy levels of two atoms come in close proximity, the shells 
may overlap with one another so that electrons are shared 
between the two atoms. When a pair of electrons are shared 
between the two atoms, a   covalent bond   is formed. 

 Molecules tend to be the most stable when the two 
atoms forming a bond share enough electrons to com-
pletely fill the outermost energy level. Chemical stability 
occurs when an atom or molecule has the lowest possible 
energy state. Stable molecules are less likely to react because 
they require significant inputs of energy to change bonding 
 partners, which is what happens during chemical reactions. 
Very little energy is required, for example, to get dynamite 
to react. A stable molecule, such as nitrogen gas, requires a 
large amount of energy to react. 

   FIGURE 1.6    shows an example of the formation of cova-
lent bond between one carbon (C) atom and four fluorine 
(F) atoms. Each fluorine atom (F) has seven valence electrons. 
When each of these F atoms forms a covalent bond with 
the carbon (C) atom, the outermost shells overlap due to the 

sharing of electrons, allowing each atom to fill its outer shell 
with electrons. The resulting compound, carbon tetrafluo-
ride   (CF )4   , consists of one C atom covalently bound to four 
F atoms. 

    When two atoms share two electrons in a covalent 
bond, a   single bond   is formed. When two atoms share two 
pairs of electrons covalently, a   double bond   is formed. In 
practice, the word “covalent” is often omitted, as it is under-
stood that these bonds arise through a sharing of electrons 
and are thus covalent. A double bond is denoted by a dou-
ble line connecting the two chemical symbols for the atoms. 
FIGURE 1.7    shows how double bonds are represented in 
ethylene, a molecule that is made of two carbon atoms and 
four hydrogen atoms. The two carbon atoms share four 
electrons with each other, creating a   PC C   double bond. By 
contrast, each carbon atom shares only two electrons with a 
single H atom, creating a   OC H   single bond.     

4 Fluorine
atoms (F)

1 Carbon
atom (C)

1 Carbon
tetra�uoride

molecule (CF4)

CN + CF F

F

F

     FIGURE   1.6        Covalent bonds 

Covalent bonds form when atoms share a pair, or pairs, of electrons in 
their outermost energy levels. Four individual F atoms, each containing 
seven electrons in its outermost energy level, form covalent bonds with a 
single C atom. The C atom shares four electrons, one with every F atom, 
while each individual F atom shares a single electron with the C atom. By 
sharing electrons, each F atom and the C atom fill their outer levels.  

FIGURE   1.7        The double covalent bond of carbon atoms 
in ethylene 

The double line represents four electrons shared between the two 
carbon atoms; each line denotes two shared electrons. The single lines 
connecting carbon and hydrogen represent single covalent bonds.  

C C
H

H

H

H
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34   UNIT 1  CHEMISTRY OF LIFE

across a row increases, negatively charged electrons are held 
more tightly to the nucleus. This principle helps to explain 
why O is more electronegative than N and why N is more 
electronegative than either C or H.  

 You can think of electronegativity as the “greed” of an 
atom for electrons. Oxygen (O) is greedier for electrons 
than is nitrogen (N), carbon (C), or hydrogen (H). Note, too, 
that carbon, hydrogen, nitrogen, and oxygen vary in their 
electronegativity. Carbon and nitrogen   O(C N)   and carbon 
and oxygen   O(C O)   each form polar covalent bonds because 
electrons are not shared equally between two atoms. Atoms 
that are closer together in electronegativity, such as carbon 
and hydrogen, form covalent bonds that are not polar. When 
a covalent bond is established between two atoms of the 
same type, for instance, between two H atoms or two O 
atoms, both of the atoms have the same degree of electro-
negativity and hence the electrons are shared equally.      

   Polar Covalent Bonds  
 In molecules such as hydrogen   (H )2    and oxygen   (O )2    gases, 
electrons are shared equally by the atoms. In many covalent 
bonds, however, the electrons are not shared equally. A nota-
ble example, shown in   FIGURE 1.8   , is the water molecule 
  (H O)2   . A water molecule consists of two hydrogen atoms, 
each of which is covalently bound to a single oxygen atom. 
In a molecule of water, the region around the oxygen atom 
has a partial negative charge, while the area around each of 
the two hydrogen atoms has a partial positive charge. In the 
figure, charges are shown using the symbol   δ+   for a partial 
positive charge near the H atoms, and the   δ−   symbol for 
a partial negative charge near the O atom.    

 Electrons are shared unequally because of a difference 
in the ability of the atoms to attract electrons, a property 
known as   electronegativity.   Oxygen is more electroneg-
ative than hydrogen. As a result, in a molecule of water, 
oxygen has a partial negative charge, while the two hydro-
gen atoms have a partial positive charge. When electrons 
are shared unequally between two atoms, the interaction is 
described as a   polar covalent bond   .  

 By contrast, a covalent bond where atoms are shared 
equally is sometimes referred to as a   nonpolar covalent 
bond   .  The molecules of hydrogen gas   (H )2   , oxygen gas   (O )2   , 
and nitrogen gas   (N )2    all have nonpolar covalent bonds. If 
two different kinds of atoms have similar  electronegativities, 
then the covalent bonds between them also tend to be non-
polar because the electrons are shared equally, or nearly 
equally, by the atoms. Of the atoms commonly found in 
organic molecules, C and H frequently form nonpolar cova-
lent bonds. For example, methane gas   (CH )4    is a nonpolar 
compound. 

 Electronegativity tends to increase across a row in the 
periodic table. As the number of positively charged protons 

 AP® EXAM TIP
Nonpolar and polar covalent bonds govern many of the 
properties of organic molecules. Knowing these concepts 
will help you understand how these molecules function, 
which will help you succeed on the AP ®   Biology Exam. 

 PREP FOR THE AP® EXAM

FIGURE   1.8        A polar covalent bond 

In a polar covalent bond, the two atoms do not share the electrons 
equally. In water, the shared electrons spend more time near the 
O atom than either of the H atoms. The result is that the O atom has 
a partial negative charge, written as   δ−  , while the H atoms have partial 
positive charges, noted as   δ+  .  

OO

H H
Space-�lling model

�+ �+

�–

Chemical formula H2O

   Ionic Bonds  
 In a molecule of water, the difference in electronegativity 
between the oxygen and hydrogen atoms leads to unequal 
sharing of electrons. In more extreme cases, when an atom 
of high electronegativity is paired with an atom of low elec-
tronegativity, the difference in electronegativity may be so 
great that the electronegative atom “steals” the electron from 
its less electronegative partner. This creates an electrically 
charged atom, which you may recall is known as an ion. The 
atom with the extra electron contains more electrons than 
protons, which gives it a negative charge. The atom that lost 
the electron has a positive charge because it now has more 
protons than electrons. The two ions form an   ionic bond,
a chemical bond in which two ions with opposite electrical 
charges associate with each other because of the differences 
in charge. Some atoms may gain or lose more than one elec-
tron when they form an ionic bond. For instance, the cal-
cium ion, which is often used by cells, may be either a single 

+(Ca )   or a double   ++(Ca )   positively charged ion. 
 Sodium chloride (NaCl), which is common table salt, 

is an example of a compound formed by the attraction of 
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positive and negative ions.   FIGURE 1.9    illustrates the for-
mation of sodium chloride. Sodium loses an electron and 
becomes a positively charged cation, while chloride gains an 
electron and becomes a negatively charged anion, as shown in 
 Figure 1.9a . The two ions are then attracted to each other by 
their opposite charges. While covalent bonds are represented 
by lines like those shown in  Figure 1.7 , ionic bonds are indi-
cated by superscripts showing charge, such as   + −Na Cl   .  

  Figure 1.9b  illustrates what happens when sodium chlo-
ride is placed in water. The negatively charged ends of water 
molecules are attracted to the positively charged sodium 
ions, and the positively charged ends of water molecules are 
attracted to the negatively charged chloride ions. The ions 
are pulled apart in the water and become surrounded by 
polar water molecules as sodium chloride dissolves in the 
water. Chemicals that dissolve well in water tend to have 
polar or charged regions in the molecule. 

     FIGURE.   1.9        An ionic bond 

This figure shows how sodium chloride is formed and dissolved. (a) Sodium chloride is 
formed when a sodium atom gives up an electron to a  chloride atom, forming   +Na    and 
  −Cl    ions. The two ions are then attracted to each other by their opposite charges. (b) In 
solution, the polarity of water causes the ions to dissociate from each other and to become 
surrounded by water molecules, with water’s negative  (oxygen) ends  surrounding the 
  Na+   ions and its positive (hydrogen) ends surrounding the   −Cl    ions.  

Sodium atom
(Na)

Chlorine atom
(Cl)

Sodium ion
(Na+)

Chloride ion
(Cl–)

a. 

b. 

In sodium chloride (salt), sodium loses 
an electron and becomes positively 
charged, and chlorine gains an electron 
and becomes negatively charged.

The two ions are 
attracted to each other.

Sodium chloride (NaCl) dissolves in 
solution because the sodium ions 
(Na+) and chloride ions (Cl–) each 
become surrounded by water 
molecules. 

� �

Sodium chloride (NaCl)

NaCl H2O

�+
�+

�+�+

�–

�–

�–
�–

Cl–

Na+Na+

 In solution, sodium and chloride ions are completely sur-
rounded by water molecules. If the water is then removed from 
this solution, ionic bonds will again form between the sodium 
and chloride ions. As the water evaporates, the concentrations 
of   +Na    and   −Cl    increase and the two ions come together to 
the point where they join and precipitate as salt crystals.  

   Chemical Reactions  
 The chemical bonds that link atoms in molecules can 
change in a   chemical reaction,   a process by which atoms 
or molecules are transformed into different molecules. The 
atoms or molecules that are changed in a chemical reaction 
are called   reactants.   The molecules formed from the reac-
tion are known as   products.   In biological systems, chemical 
reactions provide a way to build and break down molecules 
for use by the cell, as well as to harness energy. 
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36   UNIT 1  CHEMISTRY OF LIFE

1.4 Carbon is the backbone of 
organic molecules
When you first learned to read, you probably began by 
learning the shapes and sounds of the letters of the alphabet. 
After that you learned letter combinations and then sim-
ple words. Our introduction to the basic chemistry of life is 
similar. Now that we’ve reviewed the basic nature of atoms 
and molecules, we can turn to the chemistry of life. As we 
mentioned earlier, the chemistry of life is based on carbon. 
In this section, we will examine what makes carbon well 
suited to its role as the chemical backbone of living things, 
and introduce the four major types of organic molecules.

The Chemistry of Carbon
Hydrogen and helium are by far the most abundant elements 
in the universe. In contrast, the solid Earth is dominated by 
silicon, oxygen, aluminum, iron, and calcium. In other words, 
Earth is not a typical sample of the universe. Similarly, the 
cell is not a typical sample of the solid Earth. FIGURE 1.11 

FIGURE 1.10 shows an example of a chemical  reaction. 
In this case, two molecules of hydrogen gas (2H )2  and one 
molecule of oxygen gas (O )2  react to form two molecules of 
water (2H O)2 . In this reaction, the numbers of each type of 
atom are conserved, meaning that the number of atoms does 
not change, but their arrangement in the reactants is different 
from the arrangement in the products. Specifically, the OH H 

FIGURE 1.10 A chemical reaction

During a chemical reaction, atoms retain their identity, but their 
 connections change as bonds are broken and new bonds are formed. 
In this reaction, a hydrogen molecule O(H H) reacts with one of the 
O atoms of an oxygen molecule P(O O), exchanging bonding partners 
and establishing O OH O H, also written as H O2 . Because this happens 
twice, two H O2  molecules are formed.

H H

H H

H H

Hydrogen gas

H H

O O

2H2   + O2 2H2O
Oxygen gas Water

Reactants Products

O

O

H
O OO

H H
O

H
single bond in hydrogen gas and the PO O double bond in 
oxygen gas are broken. At the same time, each oxygen atom 
forms new covalent bonds with two hydrogen atoms, making 
the products of the reaction two molecules of water.

In fact, this reaction is the origin of the word  “hydrogen,” 
which literally means “water former.” The reaction releases a 
good deal of energy and is used in some rockets as a booster 
in satellite launches. Certain microorganisms also perform 
this reaction in a much smaller and more controlled manner. 
These microorganisms benefit from the released energy, which 
they use to perform some of their cellular biochemistry.

In biological systems, chemical reactions provide a way to 
build and break down molecules for use by the cell, as well as 
to harness energy, which can be held in chemical bonds. We 
explore these topics in more detail in Unit 3.

✓ Concept Check
8. Describe the differences among covalent bonds, 
polar covalent bonds, nonpolar covalent bonds, and 
ionic bonds.

9. Use the polar property of water to describe the 
process by which water (H O)2  dissolves sodium 
 chloride (NaCl).

10. In the reaction 3 22 2 3+ →H N NH , identify the 
reactants and the products.

shows the relative abundance by mass of chemical elements 
present in human cells after all the water has been removed. 
Just four elements— carbon (C), oxygen (O), hydrogen (H), 
and nitrogen (N)—account for approximately 90% of the 
total dry mass, and the most abundant element is carbon.

While other types of cells may vary somewhat, virtually 
all contain about the same ratios of these elements. Human 
life, and all life as we know it, is based on carbon. Carbon- 
containing molecules play such an important role in living 
organisms that they have a special name, as we saw earlier— 
they are called organic molecules. Carbon has the ability to 
combine with many other elements to form a wide variety 
of molecules, each specialized for the functions it carries out 
in the cell. For example, carbon- based molecules make up 
the structure of cells, participate in and speed up chemical 
reactions, and store energy for use by the cell.

Why has life evolved with carbon as its key element? Of 
the elements commonly observed in cells, carbon is unique 
in its bonding capacities. Of a carbon atom’s six electrons, 
four are in its outermost shell and are available to form 

04_morrisapbiology1e_11331_Unit1_Mod1_26-42_3pp.indd   36 10/04/21   9:09 AM

©2022 BFW Publishers. PAGES NOT FINAL. For review purposes only - do not post. 
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a tetrahedron, and the four covalent bonds with H extend 
the H atoms toward the four corners of this structure.

Because of its shape and because its single bonds rotate 
freely, carbon is able to make compounds in a variety of 
three- dimensional shapes. This ability to form many varied 
structures enables carbon to perform a wide variety of func-
tions necessary to sustain and promote life.

Carbon has other special properties that contribute to its 
ability to form a diversity of molecules. For example, carbon 
atoms can link with other carbon atoms through covalent 
bonds, forming long chains. These chains can be branched, 
or two carbons at the ends of the chain or within the chain 
can link to form a ring. We also discussed earlier how carbon 
can form single and double bonds with other carbon atoms.

As a result of all of these properties, carbon- based mole-
cules are structurally and functionally diverse. In other words, 
they can form an astonishing variety of molecules that can 
perform many different of roles in the cell. We might ask 
whether carbon is uniquely suited for life. Put another way, 
if we ever discover life on a distant planet, will it be based 
on carbon? Silicon, which is found just below carbon in the 
periodic table (see Figure 1.4), is the one other element that 
is both abundant on Earth and characterized by an outer 
shell with four valence electrons. Some scientists have spec-
ulated that silicon might therefore provide an alternative to 
carbon as a chemical basis for life. However, silicon readily 
binds with oxygen. On Earth, nearly all of the silicon atoms 
found in molecules are covalently bound to oxygen. Studies 
of Mars and meteorites show that silicon is tightly bound to 
oxygen throughout our solar system. As a result, the diver-
sity of silicon- based molecules is far less than the millions 
of carbon- based molecules. If we ever discover life beyond 
Earth, very likely its chemistry will be based on carbon.

Organic Molecules
Four classes of organic molecules are of particular sig-
nificance in biological systems: proteins, nucleic acids, 
 carbohydrates, and lipids. Although they have different struc-
tures and roles, they share at least two properties. First, as 
we just discussed, they all contain carbon. Second, most of 
them are long chains, called polymers, built from smaller 
repeating subunits, called monomers. A polymer is like a 
necklace made of beads, and a monomer is a single bead, 
as shown in FIGURE 1.13 on page 38. Here we take a first 
look at these four types of organic molecules. Later in this 
unit, we will examine each in greater detail.

Proteins are organic molecules that do much of the 
cell’s work. They speed up chemical reactions and provide 
structural support for the cell. The white of an egg, for 

covalent bonds. Carbon commonly forms covalent bonds 
with itself, oxygen, nitrogen, and hydrogen.

FIGURE 1.12 shows methane gas (CH )4 , which is 
formed when one atom of carbon combines with four 
atoms of hydrogen. Each of the four valence electrons of 
carbon becomes part of a covalent bond with an electron 
from an H atom. The bonds formed can move, or rotate, 
freely about their axis. In addition, the carbon atom lies at 
the center of a specific three- dimensional structure, called 

FIGURE 1.11 Approximate percentages by dry mass of 
chemical elements found in human cells 

Carbon is the most abundant element in human cells when all of the 
water has been removed. Oxygen, nitrogen, and hydrogen are also 
 relatively common. While other organisms may vary somewhat, virtually 
all use about the same ratios of these elements.

Oxygen (O)
21.5%

Carbon (C)
52% Nitrogen (N)

8.5%

Calcium (Ca)
4.5%

Phosphorus (P)
3%

Hydrogen (H)
7.5%

Sulfur (S)
Potassium (K)
Sodium (Na)
Chlorine (Cl)
Magnesium (Mg)
2%

Other
1%

C

H

H

H

H

FIGURE 1.12 The shape and structure of  methane

In methane gas (CH )4 , a carbon atom is  covalently bonded to four 
hydrogen atoms. The carbon atom lies at the center of a three- 
dimensional structure, called a tetrahedron, and the four covalent 
bonds with hydrogen extend the hydrogen atoms toward the four 
 corners of this structure.
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38   UNIT 1  CHEMISTRY OF LIFE

Many of us, when we feel tired, reach for a candy bar for 
a quick energy boost. The energy in a candy bar comes from 
sugars, which are quickly broken down to release energy. 
Sugars are carbohydrates, which are organic molecules 
that store energy in their chemical bonds. In addition, they 
are sometimes attached to proteins on the surface of cells, 
such as your red blood cells, and make up the external layer 
of the cells in plants, algae, and bacteria.

Carbohydrates are sometimes called sugars. Table sugar 
(sucrose) is a familiar example. Other carbohydrates include 
the sugars glucose, galactose, and lactose (milk sugar). Fruit, 
like that shown in FIGURE 1.14, contains a variety of  sugars, 
including fructose. Like proteins and nucleic acids, carbohy-
drates are composed of repeating units of individual sugars, 
called monosaccharides.

As we have seen, proteins, nucleic acids, and carbohy-
drates all are polymers made up of smaller, repeating units. 
Lipids are different. Instead of being defined by a chemical 
structure, they share a particular property: lipids are organic 
molecules that are hydrophobic. Hydrophobic means “water 
fearing” and it describes nonpolar molecules that don’t dis-
solve in water. Instead, they tend to associate with other  lipids 
and minimize their contact with water. Think of what hap-
pens when oil, which is hydrophobic, is mixed with water. 
The oil forms droplets that minimize their contact with 
water, as pictured in FIGURE 1.15. By contrast, hydrophilic 
means “water loving” and it describes polar molecules that 
readily associate with and dissolve in water. For example, 
when sugar is placed in water, it dissolves as the individual 
sugar molecules associate with water molecules.

Because they share a property rather than a structure, lip-
ids are chemically and functionally diverse. Their hydrophobic 
property allows them to be effective membranes, or barriers, 

example, is mostly made up of proteins. Proteins are com-
posed of subunits called amino acids. Returning to our 
necklace example, we would say that a protein is a necklace, 
and an amino acid is a bead.

A single cell has thousands of proteins with different 
functions. For example, some proteins form scaffolds that 
help to determine the shape of cells. Other proteins serve 
as chemical messengers, traveling from one cell to another 
to convey a message. Still other proteins accelerate the rate 
of chemical reactions. These various functions depend on 
the structure, or shape, of the protein. In fact, structure and 
function are closely connected. As a result, scientists can 
sometimes infer what a protein does by examining its shape. 
Furthermore, anything that disrupts the shape of a protein 
will often disrupt its function. The shape of a protein is 
determined by its sequence of amino acids. We will discuss 
proteins in more detail in Module 4.

Nucleic acids are responsible for encoding and trans-
mitting genetic information. There are two types of nucleic 
acids. Module 0 mentioned deoxyribonucleic acid (DNA). 
The second nucleic acid is ribonucleic acid (RNA). Like 
proteins, nucleic acids are long polymers made up of repeat-
ing subunits, called nucleotides.

Nucleic acids are examples of informational molecules— 
that is, large molecules that carry information in the sequence, 
or order, of nucleotides that make them up. This molecular 
information is much like the information carried by the let-
ters in an alphabet, but, in the case of nucleic acids, the infor-
mation is in chemical form. DNA is the genetic material in 
all organisms. It is transmitted from parents to offspring, and 
it contains the information needed to specify the amino acid 
sequence of proteins. RNA has multiple functions, but one 
of its most important is in the synthesis of proteins. We will 
discuss nucleic acids in more detail in Module 5.

FIGURE 1.14 Carbohydrates

Fruit, such as these items at a market, contains fructose along with 
 several other types of sugars. Sugars are types of carbohydrates.  
Photo: OGphoto/Getty Images

FIGURE 1.13 Polymer

A polymer is a long chain of repeating subunits called monomers, similar 
to this necklace made up of individual beads. Photo: LionGate/Alamy Stock Photo
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FIGURE   1.15        Lipids 

When oil, which is a lipid, is mixed in water, it forms droplets to 
 minimize its contact with water. Oil, like all lipids, is hydrophobic. 
Photo: ThomasVogel/Getty Images   

✓ Concept Check  
   11.    Identify  the four most common atoms in organic 
molecules.  

  12.    Describe  how the number of valence electrons in 
a carbon atom is responsible for carbon’s ability to 
form a large diversity of molecules.  

  13.    Identify  the four major types of organic molecules.  

  14.    Describe  a polymer.  

  15.    Describe  the property of lipids that allows them 
to function as a barrier between a cell’s interior and 
external environments.    

Module 1 Summary   

   REVISIT THE BIG IDEAS  
ENERGETICS:    Using the content in this module,  identify  the 
key elements that all organisms obtain from the environment 
and exchange with the environment.   

PREP FOR THE AP® EXAM

    LG   1.1     Matter and energy govern the properties of life.   

   •   All organisms are made up matter and require energy to 
sustain life.  Page 26   

  •   Organisms obtain matter from other organisms and the 
environment, and matter therefore moves in a cycle, with 
the same atoms used and reused.  Page 26   

  •   Energy from the sun or chemical compounds is used by 
organisms to do work but cannot be reused.  Page 27     

    LG   1.2     The atom is the fundamental unit of matter.  

   •   Atoms consist of protons, neutrons, and electrons. Page 30  

  •   The atomic number is the number of protons an element 
contains, and it determines the identity of the element. 
Page 30  

  •   The atomic mass is the number of protons and neutrons 
an element contains. Page 30  

  •   Isotopes are elements with the same number of protons 
but different numbers of neutrons. Page 30  

  •   Electrons occupy energy shells or levels that move 
around the nucleus. Page 31  

  •   The periodic table organizes all of the elements in a way 
that describes their properties. Page 31    

    LG   1.3     Atoms combine to form molecules linked by 
chemical bonds.  

   •   Valence electrons are the electrons in an atom’s outer-
most energy shell and determine the ability of an 
atom to combine with other atoms to form molecules. 
 Page 31   

  •   Covalent bonds arise when two elements share one or 
more pairs of electrons.  Page 33   

  •   Covalent bonds may be either nonpolar or polar.  Page 34   

  •   Ionic bonds result from the attraction of oppositely 
charged ions.  Page 34   

  •   Chemical reactions involve the breaking and forming of 
chemical bonds, forming new molecules.  Page 35     

    LG   1.4     Carbon is the backbone of organic 
molecules.  

   •   Carbon’s electron configuration allows it to form four 
covalent bonds.  Page 36   

  •   Carbon’s bonding allows a diversity of molecules to be 
formed.  Page 37   

  •   The four major classes of organic molecules are proteins, 
nucleic acids, carbohydrates, and lipids.  Page 37   

  •   Proteins play a role in the structure of cells and can speed 
up the rate of chemical reactions.  Page 37   

between a cell’s watery internal and external environments. 
They also include signaling molecules and familiar fats that 
store energy and make up part of our diet. Lipids will be dis-
cussed along with carbohydrates in more detail in Module 3.     
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40   UNIT 1  CHEMISTRY OF LIFE

 5. When two molecules undergo a chemical 
 reaction, they

 (A) lose atoms.

 (B)  keep the same bonding partners that they had as 
reactants.

 (C) establish new bonding partners.

 (D) incorporate atoms from the air and water as well as 
from the reactants.

 6. Proteins, nucleic acids, and carbohydrates are all

 (A) information molecules.

 (B)  signaling molecules.

 (C) polymers made up of repeating subunits.

 (D) monomers that combine to form polymers.

 7. Two organic molecules that store energy for use by the 
cell are

 (A) carbohydrates and nucleic acids.

 (B)  carbohydrates and lipids.

 (C) proteins and nucleic acids.

 (D) nucleic acids and lipids.

Review Questions
 1. Using the periodic table shown in Figure 1.4, identify 

which atom is most likely to have properties similar to 
nitrogen.

 (A) Oxygen (O) (C) Lead (Pb)

 (B)  Bismuth (Bi) (D) Carbon (C)

 2. The element sodium (Na) has an atomic number of 
11 and an atomic mass of 23. Calculate the number of 
protons and neutrons in Na.

 (A) 11 protons and 11 neutrons

 (B)  11 protons and 10 neutrons

 (C) 11 protons and 12 neutrons

 (D) 10 protons and 13 neutrons

 3. Which type of bond is formed between a sodium ion 
and a chloride ion?

 (A) Ionic (C) Polar covalent bond

 (B)  Neutral (D) Nonpolar covalent bond

 4. Which type of bond is formed between two oxygen 
atoms?

 (A) Ionic (C) Polar covalent bond

 (B)  Neutral (D) Nonpolar covalent bond

Key Terms
Matter
Atom
Molecule
Organic molecule
Nucleus
Proton
Neutron
Electron
Atomic number
Element
Atomic mass
Isotope
Ion

Energy level
Electron shell
Valence electron
Periodic table of the elements
Chemical bond
Covalent bond
Single bond
Double bond
Electronegativity
Polar covalent bond
Nonpolar covalent bond
Ionic bond
Chemical reaction

Reactant
Product
Polymer
Monomer
Protein
Amino acid
Nucleic acid
Ribonucleic acid (RNA)
Nucleotide
Carbohydrate
Lipid
Hydrophobic
Hydrophilic

• Proteins are made up of subunits called amino acids.  
Page 38

• Nucleic acids are information molecules and the mole-
cules of heredity. Page 38

• Nucleic acids are made up of subunits called nucleotides. 
Page 38

• Carbohydrates, or sugars, store energy and make up the 
external layer of some types of cells. Page 38

• Carbohydrates are made up of simple sugars, called 
monosaccharides. Page 38

• Lipids are hydrophobic molecules that make up the cell 
membrane, store energy, and act as chemical messengers. 
Page 38
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MODULE 1   ELEMENTS OF LIFE   41

   Module 1 
AP ®  Practice Questions  
   Section 1: Multiple- Choice Questions  
 Choose the best answer for questions 1–5. 

    1.   Identify the main source of energy that would sustain 
a shallow water aquatic community.

    (A)   Carbon  

   (B)    Sunlight  

  (C)   Chemical compounds  

  (D)   Heat     

   2.   Which is the best example of the f low of matter 
through a community?

    (A)   Sunlight is necessary for trees to grow   →   leaves 
wash into a cave where they are colonized by fungi 
and bacteria   →   small mites graze on the bacteria 
for food   →   insects and spiders feed on the mites.  

   (B)    Deep- sea volcanic activity forms vents on the 
ocean floor   →   superheated water dissolves min-
erals and metals   →   bacteria use these minerals to 
survive   →   many organisms depend on the bacteria 
as a food source.  

   (C)    The decomposition of animals from millions of years 
ago formed oil   →   oil is used by humans as a fos-
sil fuel   →   burning fossil fuels releases   CO2   into the 
  →atmosphere CO2   is used by plants to produce 
  →O O2 2   is consumed by many living animals.  

   (D)   A meadow of wildflowers absorbs solar energy   →   
each flower converts this into sugars   →   the flowers 
use the sugars to grow and reproduce.     

PREP FOR THE AP® EXAM

   3.   Fluorine (F) is a strongly electronegative element with 
seven valence electrons in its outermost energy level. 
Compared to the less electronegative sodium (Na), which 
has one valence electron in its outermost level, f luorine

    (A)   holds electrons loosely around its nucleus.  

   (B)    is not as greedy to gain electrons.  

   (C)   will have a partial positive charge when it bonds to 
other elements.  

   (D)   is likely to become an anion.      

 Questions 4 and 5 refer to the chemical structure of the sugar 
fructose shown below.    

  
H

O

CH2OH

C

OH

OH

H C

HO C H

C

CH2OH

   4.   Identify the type of bond linking the oxygen and 
hydrogen atoms.

    (A)   Covalent  

   (B)    Ionic  

  (C)   Electronegative  

  (D)   Double     

  5.   Name the organic molecule that has this structure.

    (A)   Protein  

   (B)    Nucleic acid  

  (C)   Carbohydrate  

  (D)   Lipid       
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42   UNIT 1  CHEMISTRY OF LIFE

A selection of North American tree species was studied 
in order to measure how much carbon dioxide they were 
capable of absorbing throughout one year. The results are 
given in the table below.

North American Tree Capacity for CO2 Absorption

Type of tree Average age of  
tree (years)

Average CO2 absorption  
capacity SEx±±(kg/tree/year) 2

Oak  5 10.02 3.08±

Pine  4 8.99 2.34±

Black walnut  4 7.26 1.86±

Maple  3 5.82 1.79±

Beech  9 18.66 1.55±

Ash 13 24.01 4.11±

Birch 10 20.42 3.67±

(e) State a hypothesis that could be explained by the data 
in this table.

(f) Determine if there is a statistically significant differ-
ence between the absorption data of black walnut trees 
and maple trees.

(g) Determine between which two tree species there is 
most likely to be a statistically significant difference.

Section 2: Free- Response Question
Write your answer to each part clearly. Support your answers 
with relevant information and examples. Where calculations 
are required, show your work.

Plants use the energy from the sun to convert carbon 
dioxide and water into glucose and oxygen in a chemical 
reaction known as photosynthesis. The balanced chemical 
formula for this reaction is:

+ → +6CO 6H O C H O 6O2 2 6 12 6 2

(a) Identify the reactants and products in this reaction.

(b) Describe the key difference between the monosaccha-
ride glucose and a lipid such as vegetable oil.

(c) Identify the type of bond present between the carbon 
and oxygen atoms in carbon dioxide. Describe how 
this bond is formed.

(d) Is the role of carbon in this reaction an example of the 
flow of energy or the flow of matter through a system? 
Justify your answer.
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78   UNIT 1  cHeMisTRY OF liFe

and oxygen. In DNA, there are four different bases, which 
are shown in   FIGURE 5.2   . Two of the bases are double- 
ring structures known as   purines  ; these are the bases 

 In the last few modules, we introduced three of the four 
organic molecules—carbohydrates, lipids, and proteins. 

We have seen that the structures of these biological macro-
molecules are closely related to their functions. Proteins, 
 discussed in Module 4, are a good example. Composed of 
long, linear strings of 20 different kinds of amino acids in 
various combinations, each protein folds into a specific three- 
dimensional shape due to chemical interactions between the 
amino acids along the chain. The three-dimensional struc-
ture of the protein determines its functional properties and 
enables the protein to carry out its job in the cell. 

 Another notable example of the close relationship 
between structure and function can be seen in the molecule 
deoxyribonucleic acid (DNA), which we briefly introduced 
in Module 0. DNA molecules from all cells and organisms 
have a very similar three-dimensional structure, reflect-
ing their shared ancestry. This structure allows it to carry 
out its two major functions, which we briefly introduced 
in  Module 0. First, DNA stores genetic information. This 
information is encoded in the sequence of subunits along its 

length. Some of the information in DNA encodes proteins 
that provide structure and do much of the work of the cell. 
Second, DNA transmits genetic information to other mole-
cules and from one generation to the next. 

 In this module, we will focus on DNA. As we did with 
carbohydrates and proteins, we will begin by discussing its 
subunits. Then we will examine how these subunits are 
joined to form nucleic acids, and how information is stored 
in DNA. We will then discuss the structure of DNA and 
how the structure gives clues to its functions. Finally, we 
will end with a comparison of DNA and its close molecular 
 relative—ribonucleic acid, or RNA. 

  FOCUS ON THE BIG IDEAS  
    INFORMATION STORAGE AND TRANSMISSION:    look 
for the properties of nucleotides and nucleic acids that allow 
them to store genetic information and to pass it accurately 
from cell to cell and parent to offspring. 

PREP FOR THE AP® EXAM

Unit 1 0 1 2 3 4 5

Module   5  
 Nucleic Acids       
   LEARNING GOALS          LG   5.1    Nucleotides are the building blocks of nucleic acids.   
       LG   5.2    Phosphodiester bonds join nucleotides to form nucleic acids.   
       LG   5.3    Cellular DNA takes the form of a double helix.   
       LG   5.4    DNA and RNA have similarities and differences.        

    5.1  Nucleotides are the building 
blocks of nucleic acids  
 Just as proteins are polymers made up of amino acids and 
carbohydrates are built from simple sugars, nucleic acids 
such as DNA and RNA are polymers of nucleotides. In this 
section, we will examine the structure of nucleotides, the 
building blocks of nucleic acids. 

 Nucleotides consist of three basic components: a  base,  a 
5-carbon sugar, and a phosphate group. These three compo-
nents are shown in   FIGURE 5.1   . Each component plays an 
important role in the overall structure of DNA. Let’s consider 
each one in turn.    

 The first component is a   nitrogenous base   ,  which is 
a cyclic molecule that contains nitrogen, carbon, hydrogen, 

     FIGURE   5.1     DNA nucleotide structure 

  Nucleotides consist of a nitrogenous base, a 5-carbon sugar, and a 
phosphate group. This figure uses the convention of not labeling the 
carbon atoms in the ring structure. They are understood to be at the 
intersection where two lines meet.  
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MODULE 5   Nucleic Acids   79

on. In deoxyribose, the 2′ carbon has a H atom, and the 
3′  carbon has a hydroxyl group. 

 The third component of a nucleotide is a phosphate 
group, shown in Figure 5.1. A phosphate group consists of 
a central phosphorus (P) atom covalently bound to four 
 oxygen atoms. Recall from Module 3 that a phosphate 
group is a functional group with the properties of being 
polar and negatively charged. Note in Figure 5.1 that the 
phosphate group is attached to the 5′ carbon and it has neg-
ative charges on two of its oxygen atoms. These charges are 
present because at cellular pH (around 7), the free hydroxyl 
groups attached to the phosphorus atom are ionized by the 
loss of a proton and, therefore, are negatively charged. These 
negative charges make DNA a mild acid, which you will 
recall from Module 2 is a molecule that tends to lose protons 
to the aqueous environment.         

adenine (A)   and   guanine (G)   ,  and they are shown across 
the top of the figure. The other two bases are single-ring 
structures known as   pyrimidines;   these are the bases 
thymine (T)   and   cytosine (C)  , shown across the bottom 
of the figure. Just as the order of amino acids provides the 
information carried in proteins, so, too, does the sequence of 
these bases determine the information in a DNA molecule.    

 Attached to each base is a 5-carbon sugar. In the nucle-
otide illustrated in Figure 5.1, the 5-carbon sugar is indi-
cated by the pentagon, in which four of the five points 
represent the position of a carbon atom. The sugar in DNA 
is  deoxyribose. By convention, the carbons in the sugar 
are numbered with primes—1′, 2′, 3′, and so on—to dis-
tinguish them from carbons in the base—1, 2, 3, and so 
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FIGURE   5.2     Bases found in DNA 

 The bases commonly found in DNA include the purines adenine (A) 
and guanine (G), and the pyrimidines thymine (T) and cytosine (C). 
Purines have two rings, and pyrimidines have one ring. In nucleic acids, 
each base is attached to the sugar by the bond indicated in red.  

  AP ®  EXAM TIP  
 Make sure not to confuse amino acids and nucleic 
acids. Remember that the subunits of nucleic acids are 
 nucleotides, the subunits of proteins are amino acids, 
and the subunits of carbohydrates are simple sugars. 

  PREP FOR THE AP® EXAM 

✓ Concept Check  
   1.    Identify  the purines and pyrimidines in DNA.  

  2.   With respect to chemical structure,  describe  the 
difference between a purine and a pyrimidine.  

  3.    Identify  the sugar in DNA.   

    5.2  Phosphodiester bonds join 
nucleotides to form nucleic acids  
 DNA is usually a very large molecule and each strand 
of DNA consists of many nucleotides linked one to the 
next. We have seen that monosaccharides are joined by 
 glycosidic bonds to make disaccharides and polysaccharides. 
Amino acids are joined by peptide bonds to make proteins. 
 Nucleotides are joined by phosphodiester bonds, which we 
discuss in this section.  

 The chemical linkages between nucleotides in DNA are 
shown in   FIGURE 5.3    on page 80. As in earlier figures, the 

carbon atoms in the sugar deoxyribose are not written but are 
present at each of the points of the pentagon. The character-
istic covalent bond that connects one nucleotide to the next 
is indicated by the vertical lines that connect the 3′ carbon of 
one nucleotide to the 5′ carbon of the next nucleotide in line 
through the 5′-phosphate group. This   O O O OC O P O C
linkage, consisting of a series of covalent bonds, is known col-
lectively as a phosphodiester bond. In DNA, it is a relatively 
stable bond that can withstand stresses such as heat and sub-
stantial changes in pH that would break weaker bonds.    

 The succession of phosphodiester bonds traces the 
backbone of the DNA strand. In other words, the 5-carbon 
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80   UNIT 1  cHeMisTRY OF liFe

polymerize, by the formation of new phosphodiester bonds. 
These bonds are formed when a nucleotide with three 
phosphate groups, called a nucleotide triphosphate, joins a 
growing chain. This process is called DNA synthesis, and it 
is shown in   FIGURE 5.5   . A nucleotide triphosphate reacts 
with an existing DNA molecule to extend the molecule by 
adding the new nucleotide. As you can see in the figure, the 
incoming nucleotide triphosphate is added to the 3′ OH 
group of the DNA and therefore DNA synthesis takes place 
only in the 5′ to 3′ (often written as   ′ → ′5 3   ) direction. 
Only one of the three phosphate groups of the incoming 
nucleotide triphosphate is used to make the sugar–phosphate 

sugars and phosphate groups form the backbone of the 
 molecule, with each sugar being linked to the phosphate 
group of the neighboring nucleotide by phosphodiester 
bonds. Each strand of DNA consists of an enormous num-
ber of nucleotides linked one to the next. 

 The phosphodiester linkages in a DNA strand give it 
directionality, sometimes referred to as   polarity, which 
means that one end differs from the other. In  FIGURE 5.4  , 
the nucleotide at the top has a free 5′ phosphate, and is 
known as the   5� end   of the molecule. The nucleotide at the 
bottom has a free 3′ hydroxyl and is known as the   3� end.
The DNA strand in Figure 5.4 has the sequence of bases 
AGCT from top to bottom, but because of strand direction-
ality we need to specify which end is which. For this strand 
of DNA, we could say that the base sequence is 5′-AGCT-3′. 
When a base sequence is stated without specifying the 
5′ end, by convention the end at the left is the 5′ end. 
 Therefore, we can also say the sequence in Figure 5.4 is 
AGCT, which means 5′-AGCT-3′.  

 Phosphodiester bonds, as we have seen, link successive 
nucleotides. Therefore, both DNA and RNA can grow, or 

FIGURE   5.3     Phosphodiester bonds 

 Phosphodiester bonds link successive nucleotides, forming the 
backbone of the DNA strand.  

FIGURE   5.4     DNA directionality 

 The two ends of DNA are different from each other, which reflects its 
directionality or polarity. The directionality of this DNA molecule is 
indicated by the light blue arrow shading. One end, called the 5′ end, 
has a free 5′-phosphate group. The other end, called the 3′ end, has a 
free 3′-hydroxyl group. The sequence of this DNA strand is 5′-AGCT-3′.  
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MODULE 5   Nucleic Acids   81

    5.3  Cellular DNA takes the form 
of a double helix  
 Up to now, we have discussed the building blocks of DNA 
and how these building blocks connect to one another 
to form a long chain. In 1953, using key data and insights 
obtained by Rosalind Franklin, James Watson and Francis 
Crick of Cambridge University announced a description of 
the three-dimensional structure of DNA. In the cell and even 
in a laboratory solution, DNA consists of two chains wound 
around each other to form what is known as a   double helix
because each strand takes the shape of a helix. This discovery 
marked a turning point in modern molecular biology, as the 
structure of DNA revealed a great deal about its function. Let’s 
examine this shape in more detail and how it was determined. 

   Double Helix  
 With the knowledge of the chemical makeup of the nucle-
otides and their linkages in a DNA strand, Watson and 

backbone. The other two are released as pyrophosphate, or 
two phosphate groups attached to each other and abbrevi-
ated   PPi  , as shown in the figure.    
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OHOHOHOH

OH
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1
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FIGURE   5.5     DNA synthesis 

 The synthesis of DNA occurs as an incoming nucleotide triphosphate 
is added to an existing DNA chain. As the incoming nucleotide is 
added, it is joined by the first phosphate group of its triphosphate. Two 
phosphates, called pyrophosphate, are released in the reaction. New 
nucleotides are added to the 3′-hydroxyl group, so chain growth is 
always in the 5′-to-3′ direction.  

  AP® EXAM TIP  
 You should know what is meant by a   ′′ →→ ′′5 3    direction, 
and understand that it applies to nucleic acids, such as 
dNA and RNA, not other organic molecules, such as 
 proteins and carbohydrates. 

  PREP FOR THE AP® EXAM 

✓ Concept Check  
   4.    Identify  the bond that links successive nucleotides 
in DNA.  

  5.    Describe  how genetic information is stored in a 
molecule of DNA.   

 Nucleic acids are examples of informational  molecules—
that is, large molecules that carry information in the 
sequence of nucleotides that make them up. The genetic 
information in DNA is contained in the sequence, or order, 
in which successive nucleotides occur along the  molecule. 
The bases attached to the sugar give each nucleotide its 
chemical  identity. Successive nucleotides along a DNA 
strand can occur in any order, so a long molecule could 
contain any of an immense number of possible nucleo-
tide sequences. This is one reason why DNA is an efficient 
 carrier of genetic information.           

Crick set out to build a molecular model of the structure 
of DNA. To do this, they combined three critical pieces 
of  information. The first consisted of results from X-ray 
crystallography of DNA carried out by Rosalind Franklin 
and Maurice Wilkins, also at Cambridge University. X-ray 
crystallography is a technique in which X-rays are passed 
through crystals of a substance and the pattern that results 
on the X-ray film provides information about the structure 
of the substance. Franklin’s results, in particular, suggested 
that DNA had some sort of helical structure with a simple 
repeating structure all along its length. 

 The second piece of information consisted of results of 
experiments carried out by Erwin Chargaff, a biochemist at 
Columbia University. Chargaff had shown that DNA from 
many organisms has a characteristic feature: the number of 
molecules of the nucleotide adenine (A) always equals the 
number of molecules of thymine (T), and the number of 
molecules of guanine (G) always equals the number of mol-
ecules of cytosine (C). 
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82   UNIT 1  cHeMisTRY OF liFe

the backbones forming the banisters and the base pairs the 
steps. If the amount of DNA in a human egg or sperm—or 
3 billion base pairs in total—were scaled to the size of a real 
spiral staircase, it would reach from Earth to the moon.  

   Base Pairing  
 As shown in Figure 5.6b, an A in one strand pairs only 
with a T in the other strand, and G pairs only with C. Each 
base pair contains a purine and a pyrimidine. The pairing 
of A with T and of G with C nicely explains Chargaff ’s 
 observations, now called Chargaff ’s rule. This precise pair-
ing maintains the structure of the double helix. If the base 
pairing instead occurred between two purines, the back-
bones would bulge, and if the pairing occurred between two 

 The third piece of information came from Jerry 
 Donohue and John Griffith, colleagues of Watson and Crick 
at Cambridge University. They determined that if the bases 
were to pair in some way, the most likely way would be that 
A paired with T and that G paired with C. 

 An accurate model of DNA had to account for the 
results of all of these pieces of information. Watson and 
Crick went to work, using sheet metal cutouts of the bases 
and wire ties for the sugar–phosphate backbone. After many 
false starts, they finally found a structure that worked: a 
double- helical structure with the backbones on the outside, 
the bases pointing inward, and A paired with T and G paired 
with C. 

 The two scientists realized immediately that they had 
made one of the most important discoveries in all of  biology. 
That day, February 28, 1953, they lunched at the Eagle, a 
pub across the street from their laboratory, where Crick 
loudly pronounced, “We have discovered the secret of life.” 
The Eagle is still there in Cambridge, England, and on its 
wall is a commemorative plaque marking the table where 
the two ate. Watson and Crick published the structure of 
DNA in 1953. Knowing the structure of DNA opened the 
door to understanding how genetic information is stored, 
faithfully replicated, and able to direct the synthesis of other 
macromolecules. 

 The structure of DNA is shown in   FIGURE 5.6   . 
 Figure 5.6a is a space-filling model, in which each atom 
is represented as a color-coded sphere. The big surprise of 
the structure is that it consists of two DNA strands, each 
wrapped around the other in the form of a double helix 
coiling to the right, with the sugar–phosphate backbones 
winding around the outside of the molecule and the bases 
pointing inward. Many of us are familiar with the iconic 
shape of DNA—it shows up on everything from T-shirts to 
coffee mugs. The elegant shape of the twisting strands relies 
on the structure of the nucleotides that make it up.    

 The individual DNA strands in the double helix are 
  antiparallel  , which means that they run in opposite 
 directions. That is, the 3′ end of one strand is opposite the 
5′ end of the other. In Figure 5.6a, the strand that starts at 
the bottom left and coils upward begins with the 3′ end 
and terminates at the top with the 5′ end. Its partner strand 
begins with its 5′ end at the bottom and terminates with the 
3′ end at the top. 

 Figure 5.6b shows a different depiction of double- 
stranded DNA, called a ribbon model. In this model, the 
sugar–phosphate backbones wind around the outside with 
the bases paired between the strands. The ribbon model 
of the structure closely resembles a spiral staircase, with 
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Sugar–
phosphate
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Bases
Bases

a. b.

A
C

T
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3’ 5’

3’ 5’

3’ 5’

3’ 5’

FIGURE   5.6     DNA structure 

 The DNA double helix is shown here in two ways. (a) In the space-filling 
model, the atoms are shown as solid spheres. (b) In the ribbon model, 
the backbones appear as ribbons. In both cases, we see how the 
sugar–phosphate backbones twist around each other, with the bases 
pointed inward. The two strands run in opposite directions and are 
described as antiparallel.  

08_morrisapbiology1e_11331_Unit1_Mod5_78-91_2pp.indd   82 30/03/21   9:54 AM

©2022 BFW Publishers. PAGES NOT FINAL. For review purposes only - do not post. 



MODULE 5   Nucleic Acids   83

pyrimidines, the backbones would narrow. In both cases, 
there would be excessive strain on the covalent bonds in the 
sugar–phosphate backbone. The pairing of one purine (with 
one ring) and one pyrimidine (with two rings) preserves 
the distance between the backbones along the length of the 
entire molecule.  

 Because they form specific pairs, the bases A and T 
are said to be   complementary  , as are the bases G and C. 
The formation of only A–T and G–C base pairs means 
that the paired strands in a double-stranded DNA mole-
cule have different base sequences. The strands are paired 
like this:  

 5’–ATGC–3’ 

 3’–TACG–5’ 

 where one strand has the base A, the other strand across the 
way has the base T. Likewise, where one strand has a G, the 
other has a C. In other words, the paired strands are not 
identical but complementary. Because of the A–T and G–C 
base pairing, knowing the base sequence in one strand tells 
you the base sequence in its partner strand. 

 Why is it that A pairs only with T, and G only with C? 
FIGURE 5.7    illustrates the answer. The specificity of base 
pairing is brought about by hydrogen bonds that form 
between A and T, which have two hydrogen bonds, and 
between G and C, which have three hydrogen bonds. 
A hydrogen bond in DNA is formed when an electro negative 
atom (O or N) in one base shares a hydrogen atom (H) 
with another electronegative atom in the base across the 
way. Hydrogen bonds are relatively weak bonds, and can 
be disrupted by high pH or heat. However, added together, 
millions of these weak bonds along the molecule contribute 
to the stability of the DNA double helix.         
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FIGURE   5.7     Base pairing 

 In DNA, the base A pairs with T, and G pairs with C. This pairing results 
from hydrogen bonds between the two bases. An A–T base pair has 
two hydrogen bonds, and a G–C base pair has three hydrogen bonds.  

✓ Concept Check  
   6.   DNA is shaped like a double helix that resembles a 
spiral staircase.  Describe  which parts of the molecule 
make up the banisters and which parts make up the 
steps of the staircase.  

  7.    Identify  which nucleotides pair with each other in DNA.   

    5.4  DNA and RNA have 
similarities and differences  
 In this module, we have focused on the nucleic acid DNA. 
Like DNA, RNA is a nucleic acid. As a result, it has many 
similarities with DNA. At the same time, there are import-
ant differences between the two molecules, which influence 
both their structure and function. In this section, we will 
take a look at the similarities of DNA and RNA, as well as 
the differences that distinguish DNA from RNA. 

 DNA and RNA are both nucleic acids. They are poly-
mers made up of repeating subunits, called nucleotides, which 
are joined to each other by phosphodiester bonds. Like DNA, 

each RNA strand has directionality, or polarity, determined 
by which end of the chain carries the 5′ phosphate group and 
which end carries the 3′ hydroxyl group (OOH). 

 A number of important differences distinguish RNA from 
DNA, however. First, the sugar in DNA is deoxyribose, while 
the sugar in RNA is ribose, shown in   FIGURE 5.8   . The  sugars 
differ in that ribose has a hydroxyl (OOH) group on the  second 
carbon (designated the 2′ carbon), whereas deoxyribose has 
a hydrogen atom at this position (hence,  deoxy  ribose, which 
means “minus an oxygen”). These groups are highlighted in 
pink in the figure. Hydroxyl groups are reactive functional 
groups, so the additional hydroxyl group on ribose in part 
explains why RNA is a less stable molecule than DNA.    
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structure of the protein, its chemical properties, and its biologi-
cal activities, as we discussed in Module 4. To specify the amino 
acid sequence of proteins, DNA acts through RNA. In other 
words, one of RNA’s many roles in the cell is to act as an inter-
mediate between DNA and protein during protein  synthesis. 
The flow of information in a cell from DNA to RNA to pro-
teins is known as the   central dogma   of molecular biology. 
   FIGURE 5.10    illustrates the central dogma.   TABLE 5.1    summa-
rizes the differences between DNA and RNA. We will explore 
the functions of DNA and RNA in detail in Unit 6.        

 Like DNA, RNA has four bases, with two purines and 
two pyrimidines. However, RNA has the base   uracil (U)   
instead of the base thymine (T), shown in   FIGURE 5.9   . As a 
result, DNA contains the bases A, T, G, and C, whereas RNA 
contains the bases A, U, G, and C. The groups that participate 
in hydrogen bonding are identical, so that  uracil pairs with 
adenine in RNA (U–A) just as thymine pairs with adenine 
in DNA (T–A).    

 Third, RNA molecules are usually much shorter than 
DNA molecules. A typical RNA molecule consists of a few 
thousand nucleotides, whereas a typical DNA molecule 
consists of millions or tens of millions of nucleotides. 

 Finally, most RNA molecules in the cell are single stranded, 
whereas DNA molecules, as we saw, are double stranded. 
Although RNA molecules are single stranded, they can fold 
into complex, three-dimensional structures containing one 
or more double-stranded regions where the RNA pairs with 
itself. Folded RNA structures can have a three- dimensional 
complexity rivaling that of proteins, and some can even acceler-
ate chemical reactions, just as some proteins do. 

 The differences in structure between DNA and RNA 
result in different functions. DNA, as we have seen, stores 
genetic information and transmits it to offspring. The genetic 
information in DNA is contained in the sequence of A’s, T’s, 
G’s, and C’s along its length. DNA specifies the sequence of 
amino acid subunits of which each protein is composed, 
and this sequence in turn determines the three-dimensional 
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FIGURE   5.8     Ribose and deoxyribose 

 RNA contains the sugar ribose, and DNA contains the sugar 
deoxyribose. Ribose has a hydroxyl group (OOH), whereas 
deoxyribose has a hydrogen atom (OH) at the 2′ carbon.  
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FIGURE   5.9     Uracil and thymine 

 RNA contains the base uracil (U), whereas DNA contains the base 
thymine (T). Uracil has a hydrogen atom (OH), and thymine has a 
methyl group (OCH 3 ) in the position highlighted in the figure.  
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     FIGURE   5.10     The central 
dogma of molecular biology 

 The central dogma defines the flow 
of information in all organisms from 
DNA to RNA to protein.  

✓  Concept Check  
   8.    Identify  three characteristics that DNA and RNA share.  

  9.    Identify  three characteristics that differ between DNA 
and RNA.   

TABLE   5.1   Comparison of DNA and RNA   

	DNA	 	RNA	

 Nucleic acid  Yes  Yes 

 Composed of 
nucleotides 

 Yes  Yes 

 Nucleotides linked by 
phosphodiester 
bonds 

 Yes  Yes 

 Polarity  Yes  Yes 

 Bases  A, T, G, C  A, U, G, C 

 Sugar  Deoxyribose  Ribose 

 Length  Typically long  Typically short 

 Structure  Typically double 
stranded 

 Typically single 
stranded 

 Function  Storage and 
transmission of 
genetic information 

 Many roles, 
including 
protein 
synthesis 
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    Module 5 summary     

   REVISIT THE BIG IDEAS  
INFORMATION STORAGE AND TRANSMISSION:   describe 
the properties of nucleotides and nucleic acids that allow 
them to store genetic information and to pass it accurately 
from cell to cell and parent to offspring.   

PREP FOR THE AP® EXAM

    LG   5.1    Nucleotides are the building blocks of 
nucleic acids.   

   •   Nucleotides assemble to form nucleic acids, which store 
and transmit genetic information.  Page 78   

  •   Nucleotides are composed of a nitrogen-containing base, 
a 5-carbon sugar, and a phosphate group.  Page 78   

  •   The four bases of DNA are adenine (A), guanine (G), 
cytosine (C), and thymine (T).  Page 79   

  •   Adenine and guanine are purines, which are bases with a 
double-ring structure.  Page 79   

  •   Cytosine and thymine are pyrimidines, which are bases 
with a single-ring structure.  Page 79   

  •   Nucleotides in DNA incorporate the sugar deoxyribose. 
 Page 79     

    LG   5.2    Phosphodiester bonds join nucleotides to 
form nucleic acids.  

   •   Successive nucleotides are linked by phosphodiester 
bonds to form a linear strand of DNA.  Page 79   

  •   DNA strands have polarity, with a 5′-phosphate group 
at one end and a 3′-hydroxyl group at the other end. 
Page 79   

  •   Nucleotide triphosphates react with a strand of DNA to 
make the polymer one nucleotide longer. In the  process, 
the phosphodiester bond of the DNA backbone is 
formed.  Page 80   

  •   Genetic information is stored in the sequence, or order, 
of the nucleotides in nucleic acids.  Page 81     

    LG   5.3    Cellular DNA takes the form of a double 
helix.  

   •   DNA forms a double helix where the two strands run in 
antiparallel directions to one another.  Page 82   

  •   In a DNA double helix, A pairs with T, and G pairs 
with C.  Page 83     

    LG   5.4    DNA and RNA have similarities and 
differences.  

   •   RNA, like DNA, is a polymer of nucleotides linked by 
phosphodiester bonds.  Page 83   

  •   Unlike DNA, RNA incorporates the sugar ribose instead 
of deoxyribose and the base uracil instead of thymine. 
 Page 84   

  •   DNA is typically double stranded, while RNA is typically 
single stranded.  Page 84      

   Key Terms  
    Nitrogenous base   
   Purine   
   Adenine (A)   
   Guanine (G)   
   Pyrimidine   
   Thymine (T)   

   Cytosine (C)   
   Directionality   
   Polarity   
   5′ end   
   3′ end   
   Double helix   

   Antiparallel   
   Complementary   
   Uracil (U)   
   Central dogma     

   Review Questions  
    1.   Which is not a component of a nucleotide?   

   (A)   A 5-carbon sugar  

   (B)   A phosphate group  

   (C)   A nitrogen-containing base  

   (D)   A carboxyl group     

   2.   In a deoxyribonucleotide, which chemical group is 
found at the 2′ carbon of the sugar component?   

   (A)   An oxygen atom  

   (B)   A hydroxyl group  

   (C)   A hydrogen atom  

   (D)   One or more phosphate groups     
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   Module 5 
AP ®  Practice Questions  
   Section 1: Multiple-Choice Questions  
  Choose the best answer for questions 1–4.  

    1.   Which is true of nucleic acids and proteins?   

   (A)   The subunits of nucleic acids are nucleotides, and 
the subunits of proteins are sugars.  

   (B)   Nucleic acids and proteins are formed when their 
subunits join together with phosphodiester bonds.  

   (C)   Dehydration synthesis reactions are necessary to 
produce nucleic acids, while hydrolysis reactions are 
necessary to produce proteins.  

   (D)   Nucleic acids carry genetic information, while 
 proteins provide structure and do much of the 
work of the cell.     

   2.   Which is an example of a nucleotide?   

   (A)   Adenine–ribose–a carboxyl group  

   (B)   Guanine–deoxyribose–a phosphate group  

   (C)   Uracil–deoxyribose–a phosphate group  

   (D)   Thymine–ribose–a carboxyl group     

   3.   One strand of DNA has the sequence 5′-GTGCA-3′. 
What is the 5′ → 3′ sequence of the complementary 
DNA strand?   

   (A)   CACGT  

   (B)   TGCAC  

   (C)   UGCAC  

   (D)   CACGU     

   4.   Which is a shared structural trait of DNA and RNA?   

   (A)     ′ → ′5 3    directionality  

   (B)   A hydroxyl group at the 2′ carbon  

   (C)   Base pairing of adenine and thymine  

   (D)   The double helical shape       

PREP FOR THE AP® EXAM

   3.   The two strands in a double helix of DNA are   

   (A)   parallel.  

   (B)   complementary.  

   (C)   held together by covalent bonds.  

   (D)   held together by ionic bonds.     

   4.   The linkage between nucleotides is referred to 
as a(n)   

   (A)   ionic bond.  

   (B)   peptide bond.  

   (C)   phosphodiester bond.  

   (D)   glycosidic bond.     

   5.   Which represents a standard base pair interaction?   

   (A)   G–C  

   (B)   G–T  

   (C)   C–A  

   (D)   A–G     

   6.   An organism’s genome is analyzed and found to 
 contain 18% thymine. What percentage of that 
 organism’s DNA is cytosine?   

   (A)   18%  

   (B)   32%  

   (C)   36%  

   (D)   82%     

   7.   Ribose differs from deoxyribose in that a   

   (A)   ribose has an extra hydroxyl group.  

   (B)   ribose is missing a hydroxyl group.  

   (C)   ribose has an extra phosphate group.  

   (D)   ribose is missing a phosphate group.     

   8.   The base uracil pairs with   

   (A)   adenine.  

   (B)   thymine.  

   (C)   guanine.  

   (D)   cytosine.       
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MODULE 5   Nucleic Acids   87

   Section 2: Free-Response Question  
  Write your answer to each part clearly. Support your answers 
with relevant information and examples. Where calculations 
are required, show your work.  

 A researcher was successful in performing a DNA 
extraction. A short sequence of this DNA was isolated 
for further study. The figure shows the basic structure of 
DNA with four pairs of nucleotides.          

   (a)    Identify  the location of the 3´ and 5´ ends of each strand 
of DNA and  describe  why you chose those places.  

  (b)   Write out the order of the bases of the unlabeled DNA 
strand with   ′ → ′5 3    directionality. Briefly  describe  
why you chose these bases.  

  (c)    Describe  the process by which this DNA strand could 
be lengthened.  

  (d)   Describe how the figure would look different if it 
were RNA instead of DNA.  

  (e)    Explain  the process and bonds involved in the abil-
ity of RNA to fold into complex three- dimensional 
shapes, similar to those of tertiary proteins.      
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   Unit 1
AP ®  Practice Questions  

   Section 1: Multiple-Choice Questions  
  Choose the best answer for questions 1–15.  

    1.   Using Figure 4.3 on page 67 as a reference, which 
amino acid would likely be found in the same 
cellular membrane region as the fatty acid tails of a 
phospholipid?   

   (A)   Histidine  

   (B)   Threonine  

   (C)   Leucine  

   (D)   Serine     

   2.  A student is designing an experiment to test what 
 happens to the growth of plants when they are watered 
with a low concentration of a sodium chloride (NaCl) 
solution and the presence or absence of fertilizer rich 
in phosphorus. The student hypothesizes that NaCl 
will decrease the growth of plants, no matter the type 
of soil present. The student plans to set up separate 
pots of sunf lower seedlings with the treatments shown 
in the table below.

   Seedling number      Treatment   

   1        Low NaCl fertilizer+      

   2        Low NaCl no fertilizer+      

   3        Pure water fertilizer+      

   4            Pure water no fertilizer+      

 The seedlings will be watered daily in the student’s 
backyard and growth will be observed and recorded 
over a period of 3 weeks. Which best describes the 
control group? 

    (A)   Placing a pot of sunflower seedlings in a protected 
environment indoors  

   (B)   Watering sunflower seedlings with pure water and 
no fertilizer present  

   (C)   Using other flower seedlings in addition to 
sunflowers  

   (D)   Adding both fertilizer and the NaCl solution to 
each seedling    

   3.   Which statement explains why water is a good solvent 
for carbohydrates, proteins, and nucleic acids, but not 
for lipids?   

   (A)   Carbohydrates, proteins, and nucleic acids are not 
very electronegative and will more readily bond 
with water than lipids.  

   (B)   Carbohydrates, proteins, and nucleic acids contain 
weaker, single bonds that water can easily break. 
Lipids contain stronger, double bonds that make 
this more difficult.  

   (C)   Carbohydrates, proteins, and nucleic acids have 
polar regions capable of forming hydrogen bonds 
with water. Lipids are not very polar.  

   (D)   Carbohydrates, proteins, and nucleic acids are much 
smaller macromolecules than lipids. Their size 
allows water molecules to bond more easily with 
their atoms than with those of lipids.     

   4.   The interactions between R groups of amino acids 
contribute greatly to the overall tertiary structure 
of a protein. Which type of bond or interaction is 
 commonly found between these R groups?   

   (A)   van der Waals interactions  

   (B)   Nonpolar covalent bonds  

   (C)   Hydrogen bonds  

   (D)   Polar covalent bonds     

   5.   A triacylglycerol with three unsaturated fatty acid 
chains is likely to have which characteristic compared 
to a triacylglycerol with three saturated fatty acid 
chains?

    (A)   Fewer van der Waals interactions between 
 hydrocarbon chains  

   (B)   A higher melting point and thus a solid structure at 
room temperature  

   (C)   Straight, tight hydrocarbon chains  

   (D)   Increased polarity due to phosphate groups     
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 9. In a phosphorus-limited environment, the production 
of which macromolecule would be affected the most?

 (A) Carbohydrates

 (B) Nucleic acids

 (C) Proteins

 (D) Lipids

 10. The oxygen atom in the carboxyl group of a protein 
becomes part of a water molecule during the formation 
of a peptide bond. That water molecule may then go 
on to take part in the hydrolysis of a polysaccharide. 
The path this oxygen atom takes is an example of the 
f low of

 (A) matter.

 (B) information.

 (C) energy.

 (D) gas.

 11. Depending on the arrangement of atoms in the ring 
structure of a monosaccharide, it may have which trait 
compared to its linear structure?

(A) Different functional groups

 (B) Different bonds joining monosaccharides

 (C) A different C:H:O ratio

 (D) A different function

 6. When the body temperature of certain animals becomes 
too high, they will often sweat to cool down. Which 
property of water helps to account for the ability of 
sweat to cool the body?

 (A) The adhesion of water molecules

 (B) The high specific heat of water

 (C) The ability of water to act as a solvent

 (D) The high surface tension of water

 7. A small piece of potato is placed into a sucrose 
 solution. A student measured the initial mass to be 
10 g. The next day, the student removed the potato 
from the sucrose solution and measured the f inal 
mass as 7 g. What is the percent change in mass of 
the potato?

 (A) −30%

 (B) +30%

 (C) −43%

 (D) +43%

 8. Which best explains the type of bond between mono-
mers and its role in the function of the macromolecule 
it forms?

 (A) The glycosidic bonds that join amino acids 
together determine the overall structure of the 
molecule, which determines how the protein will 
function.

 (B) The dehydration synthesis reaction that occurs 
between lipid monomers forms only single bonds, 
giving lipids their tightly packed structure.

 (C) The covalent bonds in carbohydrates contribute 
to the folding of complex tertiary carbohydrate 
structures that lead to their role as energy  
sources.

 (D) The combination of phosphodiester bonds and 
hydrogen bonds in nucleic acids allows for a stable 
structure that is easily unzipped to transfer genetic 
information.

 UNIT 1   AP® PRAcTice QuesTiONs   89
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  Use the following information to answer questions 12 and 13.  

 The bright coloration of beaks is an important indicator 
of body condition and overall health in birds. The inten-
sity of the color is heavily based on a type of pigment 
called carotenoids. Carotenoids can be found in many of 
the foods that birds consume. Researchers manipulated 
the diets of male zebra finches with a combination of 
good- or poor-quality food and the presence or absence 
of  carotenoids. The color of the beak was then measured, 
with high chroma signifying a bright color. The results 
are shown in the figure below.         
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     Effect of food and carotenoid intake on beak coloration.   Data from https://

www.nature.com/articles/srep23546   

   12.   Which could be a null hypothesis for this experiment?   

   (A)   Good-quality food and the presence of carotenoids 
will result in a bright red beak.  

   (B)   Only birds with diets rich in carotenoids will have 
bright beaks. Food quality does not matter.  

   (C)   Beak color intensity will not be influenced by food 
quality or the presence of carotenoids.  

   (D)   A diet of poor quality and low in carotenoids yields 
dull coloration.     

   13.   Based on the error bars in the graph, which two treat-
ments are significantly different from each other?   

   (A)   A and C  

   (B)   A and D  

   (C)   B and C  

   (D)   B and D     

   14.   The algae population of a lake in the Midwest United 
States has increased dramatically within the past few 
years. A group of researchers has hypothesized that 
this is due to an abundance of phosphorus in the water 
caused by fertilizers used on nearby lawns. Which is 
the best way to test this hypothesis?   

   (A)   Set up multiple tanks of water and add different 
concentrations of the fertilizer rich in phosphorus 
to the tanks. Observe and measure the algal growth.  

   (B)   Continue observing the algae growth in the lake. 
Compare its growth to areas around the lake that do 
not have lawns.  

   (C)   Take water samples from the lake to quantify the 
exact amount of phosphorus in each area. Use these 
data to add phosphorus back into the lake and 
observe the growth.  

   (D)   Remove the algae from the lake and use it to start an 
algal culture in a lab setting. Place different amounts 
of algae in clean water and see if it survives.     

   15.   The amino acid glutamine is ionized in a neutral 
 cellular environment of pH 7.4. As the pH becomes 
more acidic, glutamine becomes a positive ion. What is 
the relationship between   +H    and OH−  ions in solution 
in an environment with a pH of 5.4?   

   (A)   There would be 2 times fewer   +H    ions and 2 times 
more   OH−    ions in solution.  

   (B)   There would be 10 times fewer   +H    ions and 
10 times more   OH−    ions in solution.  

   (C)   There would be 20 times more   +H    ions and 
20 times fewer   OH−    ions in solution.  

   (D)   There would be 100 times more  +H   ions and 
100 times fewer  OH−   ions in solution.       
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   2.   The chemical structure shown below is cellulose. It is 
made up of repeating glucose molecules.           
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   (a)    Identify  the type of bond joining the glucose 
 molecules together.  

   (b)   Cellulose is rigid and gives structure to plant stems 
and cell walls. Starch is also made of repeating 
 glucose molecules, but its function is for energy 
storage.  Describe  how the chemical structures of 
these molecules are a major factor in their func-
tional difference within living systems.  

   (c)    Describe  the sequence of chemical events which 
leads to building the polymer cellulose from glucose 
monomers.  

   (d)   Explain the difference between the sequence of 
chemical events to build cellulose with the  chemical 
events necessary to break down cellulose. Use 
arrows to represent where bonds would be broken 
within the cellulose molecule.          

   Section 2: Free-Response Questions  
  Write your answer to each part clearly. Support your answers 
with relevant information and examples. Where calculations 
are required, show your work.  

    1.   Metformin (Met) is a diabetes treatment drug that, in 
some cases, can reduce the rate of cancer development 
and mortality. In people with diabetes, blood-glucose 
levels are elevated. Researchers studied the effects that 
metformin has on groups of mice that were fed two 
different diets, a standard chow diet (STD) and a high-
fat–sucrose diet (HFS). The STD mice represented 
normal and healthy individuals, while the HFS mice 
represented people with diabetes. Four-week-old mice 
were injected with tumor cells and then divided into 
four treatment categories: a standard chow diet (STD), 
a standard chow diet plus metformin (STD + Met), a 
high-fat–sucrose diet (HFS), and a high-fat–sucrose 
diet plus metformin. Tumor growth was monitored 
over a period of 25 days and the results are shown in 
the graph.          

     Data from https://www.nature.com/articles/s41598-020-71946-32   
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  (a)   Diabetes is tightly linked to diet; however, 
 certain cases can also be attributed to genetics. 
Name the class of macromolecule and a specific 
 macromolecule that would be most helpful in 
determining a genetic predisposition to diabetes.   

  (b)   Determine if there is a statistically significant 
 difference between the HFS and HFS + Met 
 treatments after 25 days of tumor growth.  Justify  
your answer.  

   (c)   Describe the trends we would see for each 
 treatment if the experiment were extended for 
another 10 days.  

   (d)   Describe a possible hypothesis for this experiment.     
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 ANSWERS   ANS-1

Answers to Concept Check  
and Review Questions

Module 1
✓ Concept Check 1.1
1. Matter cycles within living systems and the 
environment. This means that matter is reused 
over and over again. By contrast, energy is not 
reused. Instead, energy flows through living 
systems and an input of energy is constantly 
required to sustain life.

2. The energy input for most habitats on Earth 
comes from the sun. Plants and other organisms 
convert energy from the sun into chemical 
energy in the form of carbon-rich organic 
molecules. Other organisms eat these carbon-
rich organic molecules for sources of both matter 
and energy to survive, grow, reproduce and so on. 
As a result, the movements of carbon and energy 
are intimately related.

✓ Concept Check 1.2
3. An atom’s components are the protons and 
neutrons of its nucleus and the electrons that 
travel around the central nucleus.

4. The periodic table is organized in rows 
and columns. Rows consist of elements with 
increasing numbers of protons and electrons in 
each successive element until the end of the row, 
where the outermost level is now complete with 
electrons. Vertical columns define elements with 
similar chemical properties, and which have the 
same number of electrons in their outermost level.

5. 14N means that the atomic mass of the element 
is 14, while 15N means that it has a mass of 15. 
This is because 14N and 15N have seven protons 
in their nuclei, but 14N has seven neutrons and 
15N has eight neutrons in its nucleus.

6. Four more electrons would bring carbon to 
eight electrons in its outer level, which would 
make the level complete.

7. Electrons furthest from the nucleus have the 
most energy, while those closest have the least 
amount of energy.

✓ Concept Check 1.3
8. A covalent bond is formed when electrons 
from two different atoms are shared in the 
outermost shells of each atom. A polar covalent 
bond occurs when the shared electrons are not 
shared equally and one atom more often has 
the electrons nearer to itself than does the other 
atom. In nonpolar covalent bonds, electrons are 
shared equally by the atoms. In an ionic bond, 
two ions with opposite electrical charges attract 
each other because of the differences in charge.

9. Due to its polarity, water is attracted to the 
positive and negative ions of sodium chloride. 
When water’s slightly positive H atoms are close 
to the Cl-, and its slightly negative O atom is 
close to the Na+ of the NaCl crystal, the water 
eventually surrounds the ions and dissolves them 
into the water itself.

10. The reactants are the three H2 and one N2 
molecules, and the product is the two NH3 
molecules.

✓ Concept Check 1.4
11. The four most common atoms in organic 
molecules are carbon, hydrogen, oxygen, and 
nitrogen.

12. Carbon requires four electrons to fill its outer 
shell, which allows it to form covalent bonds 
with four other atoms. As a result, carbon-based 
molecules are very diverse.

13. The four major types of organic molecules 
are proteins, nucleic acids, carbohydrates, and 
lipids.

14. A polymer is a molecule built of many small, 
repeating subunits.

15. Lipids, being hydrophobic, associate with 
each other and not water, so provide a barrier 
between the inside and outside of a cell, which is 
water based.

Review Questions
1. B; 2. C; 3. A; 4. D; 5. C; 6. C; 7. B

Module 0
✓ Concept Check 0.1
1. A comparison of a fire ant with an army ant 
will note the unity of life because both groups 
have the same general segmented body plan. 
It will also show the diversity of life because 
the mandibles, abdomens, and heads of the two 
groups vary significantly in their structures and 
sizes.

2. A lack of energy would result in an organism 
being unable to carry out its cellular functions, 
maintain itself, grow, and reproduce, which 
would eventually cause death.

3. Without being able to retrieve information 
contained in their genes, organisms would be 
unable to respond to environmental changes and 
could not perform functions such as growth and 
reproduction.

4. The Canada lynx, using the systems of its 
eyes, nose, brain, nerves, bones, and muscles, is 
able to note the presence of the snowshoe hare, 
close in on the hare, and give chase that may 
result in the capture of the hare. This would 
not be possible without the interaction of these 
systems.

✓ Concept Check 0.2
5. A scientist uses observation to propose 
a testable explanation of how, or why, the 
observation occurs. This is the hypothesis. The 
scientist investigates the hypothesis either by 
conducting further observations or through 
experimental investigation, or both.

6. An experimental group is one in which an 
independent variable is changed to determine 
if the dependent variable changes because of it. 
A control group doesn’t change the independent 
variable, and whether the dependent variable 
changes or not is also observed. It is important to 
have both a control and an experimental group if 
the researcher is to determine that changing the 
independent variable does change the dependent 
variable.

7. A guess is a hunch about something, while 
a hypothesis is a tentative explanation as to 
why an observation occurred. A theory, in a 
scientific sense, is a set of hypotheses about a 
particular natural phenomenon that has gained 
considerable scientific support via observation or 
experimental examination.

Review Questions
1. B; 2. C; 3. B; 4. D; 5. A; 6. D; 7. C

Module 2
✓ Concept Check 2.1
1. Water is a polar molecule; its hydrogen atoms 
are partially positive and its oxygen atom is 
partially negative. This polarity makes hydrogen 
bonding possible because the partially negative 
oxygen atom is attracted to the partially positive 
hydrogen atom of another water molecule.

2. Water’s hydrogen bonding gives water many 
of its characteristics, such as cohesion, adhesion, 
surface tension, and high specific heat.

✓ Concept Check 2.2
3. Due to its hydrogen bonds, water can surround 
an ammonia molecule and separate it from 
other ammonia molecules. Once the ammonia 
molecule is completely surrounded by water, it 
is dissolved.

4. The hydrogen atom of water binds to the 
nitrogen atom of ammonia, and the oxygen 
atom of water binds to the hydrogen atom of 
ammonia.

5. It is slightly basic because it has a higher value 
than 7.0, which means that it has fewer H+ than 
OH− ions.
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I could use [Biology for the AP® Course] 
today and not need to supplement it with 
anything else. I like it!”

“ This textbook checks all the boxes for 
teaching the AP® Biology curriculum.”

“ [Biology for the AP® Course] encourages 
open access and equity.”

“ The modular format is ideal.” 

“ The direct correlation to the CED  
is very very good for both students  
and teachers.” 

“ The material is very engaging, especially 
in light of the [COVID-19] pandemic. 
There is also astounding information  
on the sheer number of viruses.”

 “ Lots of easy to follow and relatable 
examples.”
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