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Preface
For Teachers

�ank you for taking the time to begin here at the beginning. �is biology text is quite dif-
ferent from other high school texts covering similar material. So to ensure that your experience 
with this text is successful, it is important to be aware of its unique features and the logic behind 
its structure. In this Preface for Teachers, we address the following points:

1. Student Audience and Preparedness

2. Our Emphasis on Wonder, Integration, Mastery, and Kingdom

3. Approaching the Subject of Evolution

4. Recommendations for Teaching With �is Text

5. Laboratory Work and Lab Reports

1. Student Audience and Preparedness
�is text is designed for high school students and is suitable for use in any of the four 

grades. When used with the program we recommend, General Biology occurs in 10th grade for 
grade-level students and 11th grade for accelerated students. (In the future, we hope to produce 
a separate text speci�cally for accelerated students who have had chemistry prior to their studies 
in biology.) We designed General Biology so that little is needed by way of preparation other than 
competence in reading and writing. A prior course in Physical Science or Introductory Physics 
is recommended; however, we assume that students have not yet had courses in high school 
biology or chemistry.

For context, we would like to mention that Novare Science promotes a physics-�rst approach 
to secondary science programming. According to this model, all students take an introductory 
physics course in 9th grade. For grade-level students, our text Introductory Physics by John D. 
Mays is designed for this purpose. �e obvious choice for 10th grade science is then General 
Biology, followed by General Chemistry (also by John D. Mays) in 11th grade. Seniors typically 
study Environmental Science or Anatomy and Physiology.

Note that we have a di�erent series of texts for use by accelerated students, those who com-
plete Algebra 1 in 8th grade. For these students, we recommend Accelerated Studies in Physics 
and Chemistry for the 9th-grade course and Chemistry for Accelerated Students for the 10th-
grade chemistry course (both by John D. Mays). An advanced biology course comes next. Such 
a course can go much deeper than the present text because students have already completed 
chemistry, so they are able to dive deeper into biochemistry. For details on these texts please 
visit either of our websites.

�e bene�ts of the physics-�rst program and the logic behind the separation of science and 
math into separate pathways for grade-level and accelerated students are discussed in much 
more detail in past articles available on the Novare website (novarescienceandmath.com) under 
the Blog tab. In particular, we recommend reading “Sequencing the Upper School Science Cur-
riculum” and “Stratifying Math Students.”

2. Our Emphasis on Wonder, Integration, Mastery, and Kingdom
�e goal at Novare Science has always been to transform the way science is taught. If you 

want science instruction in your school to realize the full potential of what students are capable 
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of, teaching it the way it has been taught for the past several decades will not do. New methods 
and new points of emphasis are required. We summarize our contributions to the needed par-
adigm shi� in terms of four categories—Wonder, Integration, Mastery, and Kingdom. �ese 
are addressed brie�y below. Much fuller treatments are found in Teaching Science so that Stu-
dents Learn Science, by John D. Mays, and in Mays’ forthcoming book, From Wonder to Mastery
(scheduled for release in winter 2020–2021).

Wonder

�e study of science should always begin with wonder. �e world is a stunning place, full 
of surprises and jaw-dropping phenomena. But there are many factors standing in between our 
students and the world they might otherwise become fascinated with. Safety concerns inter-
fere with kids playing and exploring outdoors. Liability concerns make it hard to �nd a decent 
chemistry set. And unfortunately, it is common today for young people grow up spending most 
of their time indoors with digital media. �e natural draw of nature for developing youths is 
now commonly missed. Many people have never seen the night sky in an area that is completely 
dark and have no idea of the stunning beauty of the heavens at night. Most kids have not hiked 
or camped in the forests and have not learned to listen to the sounds made by animals, insects, 
and trees.

Additionally, the environmental challenges we face today from pollution, resource exploita-
tion, and especially climate change require a new generation of people who care about the earth. 
But people usually do not care about what they do not love, and they do not love what they do 
not know about. Helping students to know the natural world has never been more important 
than it is today. Only if they know the world will students begin to love it, and only then will 
they be motivated to take care of it. To nurture this love, we begin with the natural wonder we 
feel when we encounter creation.

Integration

A second major aspect to the needed paradigm shi� is that instruction must be integrative. 
�e habit of compartmentalizing disciplines of learning must be eliminated. �is habit currently 
pervades everything from problem assignments to lesson presentations to test design. Instead 
of isolating science content from everything else, critical points of e�ective integration must be 
developed. Some critical integration points include:

• frequent use of mathematical skills in science classes, and frequent science applications in 
math classes

• maximizing opportunities to develop good written expression on exams, lab reports, and 
papers

• developing key historical connections that serve to enhance understanding of science as a 
process; and

• treating, in addition to basic skills, the nature of scienti�c and mathematical knowledge, and 
the roles these play in leading us toward truth, goodness, and beauty.

Naturally, for integration to be e�ective, speci�c learning objectives must be developed, ex-
plained to students, and incorporated into assessments. Novare texts include clear learning ob-
jectives in every chapter.
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Mastery

Mastery essentially means pro�ciency and long-term retention of course content. �e �rst 
step toward mastery-learning is to change how we de�ne success. �e broken default pattern is 
what we call the Cram-Pass-Forget cycle: students cram for tests, pass them, and forget most of 
what they crammed in just a few weeks. Success in such an environment is a matter of jumping 
through assessment hoops. Students are not only cheated by this regimen, they are bored with 
it. And teachers are demoralized by the results.

By contrast, Novare Science advocates methods and curriculum designed to promote pro�-
ciency and long-term retention using a Learn-Master-Retain cycle. �is �rst involves culling the 
content scope to an amount that can be truly mastered in the course of a school year. Many edu-
cators unthinkingly prioritize quantity over quality. But we believe students should be presented 
with a right amount of material they can learn deeply rather than a bloated scope of content 
they will neither comprehend nor remember. Even with a reduced scope, students who study for 
mastery typically outperform their peers as they move to higher level classes.

Second, leading students to mastery and retention requires teaching methods designed to 
produce these results. �e standard approach used today involves teaching a chapter and giving 
a test on the chapter. By contrast, pedagogy designed for mastery and retention involves con-
tinuous review, ongoing accountability for previously studied material, and embedding of basic 
skills into new material. Of course, an e�ective method includes innovative strategies to enable 
students to master course content.

Kingdom

We reject today’s arti�cial con�ict between faith and science. We a�rm Jesus Christ as the 
center of all things. He is the Lord of all creation, the one “by whom all things were made” and 
in whom “all things hold together” (Colossians 1). �ere can be no inherent con�ict between 
faith in the One who made the world and study of the world He made. �ere can only be con�ict 
between the faith claims of those who believe in Him and those who do not.

�e con�ict we constantly hear about today is fueled by the irresponsible attitudes held by 
people on both sides of the con�ict. Many Christians approach science with suspicion, leery that 
science contradicts the Bible, or worse, that it is the tool of an atheist agenda. Many non-Chris-
tians make the equally foolish mistake of claiming that there is no room for faith in the scienti�c 
enterprise, or that science shows that there is no God. In fact, the reverse is the case.

�e paradigm we advocate includes signi�cant changes to the ways teachers think and talk 
about the relationship between science and the loving Creator who not only made everything, 
but gave creation to us as an amazing gi�.

We must help our students to see the �ngerprints of God revealed in nature. We live in an 
endlessly fascinating and mysterious world, where not only do “the heavens declare the glory of 
God, and the skies proclaim his handiwork,” but so do atoms, lemurs, DNA, Fermat’s Last �e-
orem, the integrity of scientists, the transparency of our atmosphere, and the Higgs Boson. �is 
beautiful world, this breathtaking gi� of God, is loaded with potential we haven’t even dreamed 
of yet!

Our ideas about all four parts of this core philosophy are described in detail in the books by 
John D. Mays referenced at the beginning  this section. �ese books, along with a more detailed 
description of our textbook philosophy, may be found on our website.
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3. Approaching the Subject of Evolution
We are pleased to o�er this unique biology text for Christian educators and students. As a 

Christian publisher, we rejoice throughout this book as we marvel at the wonders of the living 
creatures in God’s creation and ascribe their existence and function to God’s creative action. As 
for the theory of evolution, we are, of course, fully aware of the controversial status of this theo-
ry, particularly among American evangelicals. However, we believe a di�erent approach to treat-
ing the theory is warranted from that typically found in textbooks from Christian publishers.

Our approach to this subject is expounded in detail in Mays’ book Teaching Science so that 
Students Learn Science, referenced above. We encourage teachers to avail themselves of that re-
source for the full explanation of our philosophy. In summary, the approach boils down to these 
main principles:

1. Recognize that evolutionary theory itself implies nothing for or against the notion of God’s 
agency in creation. In other words, there is nothing intrinsically atheistic about evolution, 
despite the claims made by popular books written by atheists in recent years. Evolution is 
nothing more nor less than an explanation for the diversity we see in nature—past and pres-
ent—based on the laws of nature and evidence found in nature. In this respect, evolutionary 
theory is just like all other scienti�c theories. If the diversity we see among the creatures on 
this planet came to be in the way evolutionary theory describes, then it happened because 
God used mutations and selection to bring forth the millions of species on earth according 
to His wise and loving plan.

2. Engage with a robust epistemology. Truth is the way things really are, and when it comes to 
the way nature really is, only God knows the truth. Conversely, and contrary to popular un-
derstanding, scienti�c theories are not truth claims, and it is a category error to confuse the 
two. �eories are models used to explain and account for scienti�c facts. A strong theory is 
one that accounts for known facts and leads to successfully tested hypotheses. All scienti�c 
theories—and facts too for that matter—are provisional. Facts are only assumed to be correct 
so far as we know; new information can cause facts to change at any time, and sometimes 
they do. Likewise, widely accepted theories are only regarded as the best available scienti�c 
explanation for the things we see in nature; they are not regarded as the way nature really is, 
although, naturally, scientists hope that our theoretical understanding of nature gets closer 
and closer to the truth about nature as time goes along, and as our scienti�c tools and tech-
niques become more sophisticated. Moreover, theories are never proven or disproven be-
cause one cannot “prove” a model. Models aren’t true or false and aren’t proven or disproven; 
they are simply more or less useful. �eories become stronger—and are more useful—when 
they are found to have wider explanatory power; they become weaker—and are less useful—
when there are increasing numbers of facts in nature they cannot account for. �e whole 
subject of evolutionary theory is easier to approach when one recognizes what theories are 
and what they are not.

3. Recognize that many faithful Christian believers—including most Christian scientists—ac-
cept evolutionary theory as well-supported by abundant scienti�c evidence and are con�-
dent that there is no con�ict between evolutionary theory and the Bible.

4. Stick to the main educational task—to equip students to use their minds to the glory of God; 
that is, to teach students how to think. In the context of Christian secondary science educa-
tion, the subject of evolutionary theory is the most controversial of all topics. We believe that 
the pedagogue’s task in this case is to present the science faithfully and fully, with due regard 
to what a scienti�c theory is. Evolutionary theory is neither a “lie” nor is it “the way it is,” 
and it is epistemologically incorrect to refer to the theory either way. Both these descriptions 
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run afoul of the proper understanding of what theories are and the role they play in scienti�c 
research. Again, theories are not truth claims. If we equip students to think well about this 
issue and to engage with it both scienti�cally and theologically, we have done our work as 
teachers. Just as a teacher in a class on government should describe the American political 
two-party system without proselytizing students for a particular party, teachers in biology 
classes can describe evolutionary theory, and explain why it is controversial, without claim-
ing that the theory is the truth and without calling it a lie.

�ere is more to say about how we treat evolution in the present volume and the reader is 
referred to the opening section of Chapter 12 to continue this conversation.

�ere are thousands of books, papers, and videos produced by Christians who are opposed 
to or cautious of the theory of evolution. We do not review those here. Until the past 15 years or 
so, the challenge has been �nding scienti�c and theological resources written by faithful Chris-
tians that embrace evolution. �e last couple of decades has been very fruitful in this respect, 
and those who take this subject seriously should spend time understanding the science as well 
as studying some of the more recent and relevant scholarly work on biblical hermeneutics. We 
commend to you the following resources:

BioLogos, at biologos.org. �is organization was founded by one of the world’s top geneti-
cists, Francis Collins, with a mission of equipping Christians to think about evolution and 
related scienti�c questions. �ey have a large catalog of well-researched and well-produced 
resources.

�e Language of God, by Francis Collins (2007). Collins, a devout Christian, was head of the 
Human Genome Project and presently Director of the National Institutes of Health. In this 
book, he presents the genetic evidence supporting the evolution of new species from com-
mon ancestors by means of genetic mutation.

Adam and the Genome, by Scot McKnight and Dennis R. Venema (2017). In the �rst half of 
this treatment, biologist Dennis Venema reviews the biological evidence supporting evolu-
tionary theory. In the second half, theologian Scot McKnight addresses the issue of interpret-
ing Genesis and other biblical passages.

�e Lost World of Genesis 1, by John Walton (2009). Walton is professor of Old Testament at 
Wheaton College and Graduate School. �is treatment provides Christians with a biblically 
faithful way of reading Genesis 1 that also harmonizes with contemporary scienti�c claims.

4. Recommendations for Teaching with This Text
Many of the recommendations below refer to practices pertaining to exams, quizzes, and 

the like. �e Digital Resources download designed to accompany this text contains assessments 
and other materials designed to support our Wonder-Integration-Mastery-Kingdom teaching 
model. �e following is a summary of some key aspects of this model.

First, students need continually to be working with previously learned material to keep old 
skills fresh. Included in the Chapter Exercises at the end of each chapter is a set of Review 
Questions addressing topics from previous chapters. Students should always work through these 
questions.

Second, the teacher’s assessment regimen should support the goal of students retaining pre-
viously learned material. For students at this level, we recommend the following �ve-part as-
sessment regimen:

1. Do not award credit in students’ grades for homework. Do, however, require students to 
complete their assignments and hold them accountable for doing so. �e logic behind this 
principle is explained in detail in Teaching Science so that Students Learn Science and in the 
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article “Putting Homework in its Place” in the March 11, 2013 issue of our newsletter, avail-
able at the Blog tab of our website (novarescienceandmath.com).

2. Between each chapter exam, administer two quizzes covering material presented in class 
during the previous week. �is motivates students to stay current with their studies instead 
cramming the night before the exam. (It also gives them direct information about how pre-
pared they are for that part of the chapter exam.) Count the average of all the quizzes for a 
single semester together as equivalent to one chapter exam in the semester grade.

3. Advise students to review the chapter Objectives Lists carefully to make sure they know how 
to prepare for the quizzes and exams. Questions on the assessments support the published 
chapter Objectives. When students can accomplish all the Objectives, they are prepared for 
the assessments.

4. Use the “Standard Questions List” technique described in Teaching Science. Inform students 
at the beginning of the year that each chapter exam includes questions from the Standard 
Questions List on material from previously covered chapters. Advise students to review the 
Standard Questions List carefully and frequently to make sure they know how to prepare for 
the exams. Advise students particularly to study the Standard Questions List in preparation 
for the semester exams, which speci�cally address the items on the Standard Questions List.

5. On each chapter exam, allocate about 20–30% of the exam to material on the Standard Ques-
tions List from previously covered chapters. We have placed a Standard Questions List for 
Chapters 1–12 in the Preface for Students. Individual teachers may wish to modify that list 
to suit what the teacher feels are the most important topics to emphasize.

Student preparedness and teacher expertise both have a profound e�ect on how e�ciently 
students can learn and master new material. Moreover, teaching according to a mastery mod-
el is itself a skill that requires practice. Recognizing these facts, instructors should feel free to 
cut some of the material from any chapter if the students in a particular class simply can’t take 
it in fast enough. Classes are di�erent year to year, and some groups of students can handle 
more than others. Teaching according to mastery principles is quite di�erent from conventional 
Cram–Pass–Forget methods, and it is more demanding for teacher and students alike. However, 
the rewards are huge, which is why we constantly promote mastery methods. But teachers need 
to administer course content with wisdom.

Now for a few points about how the principle of Integration should work with the course. 
(Again, these are all address in detail in Teaching Science.) First, in addition to diagrams and 
computations1, we always promote questions on exams and quizzes requiring responses written 
in complete sentences. In their responses, students should be required to demonstrate com-
petence with standard English. We discourage so-called objective items requiring true/false, 
matching, and multiple-choice responses.

Second, the incorporation of language skills into your course will be enhanced even further 
if you require students to write their lab reports from scratch. We address this more in the next 
section.

�ird, a healthy epistemology of science should pervade all science courses. �e Cycle of 
Scienti�c Enterprise model brie�y described in Chapter 1 is the place to start. �is topic is de-
veloped at greater length in Teaching Science and in the �rst chapter of Introductory Physics by 
John D. Mays. We encourage all teachers to draw upon these resources and become �uent in 
the concepts and terminology about the nature of science and scienti�c knowledge. �en bring 

1 At the high-school level, computations are most relevant to physics and chemistry, less so to 
biology.



xxiv

Preface for Teachers

the subject up as o�en as possible in class. Science teachers are very busy, and there are constant 
pressures threatening to cause courses to lag behind in the curriculum. It is tempting to stick to 
the technical content and neglect teaching our students what science is and how science works. 
But due to neglect of this topic, only a small percentage of our adult population understands 
what the statement “science is modeling” means, or has any idea of the distinction between sci-
enti�c claims and the truth claims in Scripture. One of the results of this massive lack of under-
standing is fuel thrown on the �res of the “science-faith debate,” as if one must choose between 
godly faith and robust science. As noted above, we argue that one does not have to make such a 
choice. A critical component of the science teacher’s role is helping students learn to participate 
in a healthy, faithful, responsible dialog concerning what we know about the world from Scrip-
ture and what we know about the world from scienti�c inquiry.

Finally, Wolfgang Goethe once wrote that “the history of science is science itself.” As men-
tioned in the previous paragraph, science is about modeling nature. Our models—theories—are 
never perfect and never complete, and as a result they change over time. One of the best ways to 
help students grasp this is to get into the history of the subject—the scientists with their theo-
ries and discoveries. �us, learning objectives pertaining to the history are placed prominently 
alongside those pertaining to the technical content. It is very important that the historical cir-
cumstances are related to the nature of scienti�c knowledge and the Cycle of Scienti�c Enterprise
wherever possible.

5. Laboratory Work and Lab Reports
A laboratory component is essential for every high-school science class. Not only does a lab 

practicum give students direct knowledge and experience that are virtually impossible to obtain 
from a text, but the report-writing component of the lab work provides a rich enhancement to 
the overall learning objectives for the course. As stated above, development of English language 
skills should be deeply integrated into our science courses. Requiring students to write lab re-
ports from scratch—rather than by �lling out blank spots in a workbook—provides a premier 
opportunity to do this.

High school science teachers should require students to write full-length lab reports from 
scratch, on a computer, �ve or six times per year. In Teaching Science so that Students Learn Sci-
ence, John D. Mays devotes a chapter to laboratory work and lab reports. �at chapter outlines 
assessment guidelines and learning objectives for lab reports at di�erent grade levels throughout 
high school.

�ere is a lot that goes into writing a quality lab report, and teaching students how to do it 
without a guide to help is a di�cult and time-consuming task. �us, we commend to you and 
your students �e Student Lab Report Handbook, also by John D. Mays. We recommend that 
schools distribute copies at the beginning of the school year to each high-school freshman. 
Let each student keep the book for use at home for the next four years. Students should begin 
learning how to write lab reports in their freshman science class and continue writing reports in 
all science classes throughout their high-school years. Students trained this way astonish their 
lab instructors when they get to college, and are prepared for college in a way few students are.

Students in high school biology courses typically conduct at least 15 or 20 lab exercises 
during the year. But requiring students to write 15 or 20 lab reports from scratch in a year would 
be unduly burdensome. �is is why we recommend that you require students to write reports 
from scratch six times during the year—three times in the fall and three times in the spring. For 
other experiments, use a short-form lab report in which students present data and interact with 
a few key questions.

To accompany this text, the editors at Novare Science and Classical Academic Press are 
working with the authors of General Biology to produce �e Apprentice’s Companion for General 
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Biology (the working title of a book that is in progress as this text is going to print). �is resource 
is an integrated combination of experiments book, lab journal, �eld notebook, and common-
place book. �e Apprentice’s Companion is the place where students will

• �nd the lab procedures for the experiments

• record data and observations during laboratory work

• formulate hypotheses

• make sketches and diagrams

• record �ndings and interact with key questions, and

• document their own experiences engaging with the essential hands-on component of the 
study of biology.

Our motivation for calling this student resource �e Apprentice’s Companion comes from an 
idea mentioned at the end of Chapter 9 in Teaching Science so that Students Learn Science. Mays 
writes, “We science teachers need to get out of the rut of thinking of our laboratory activities as 
a sequence of tasks students must complete, like ticking o� the boxes on a checklist. Instead, we 
need to think of the laboratory work during four years of high school as an apprenticeship. By 
working closely with our students, and by assigning them speci�c types of tasks, we are putting 
them in the kinds of circumstances where they can learn how to think carefully and scienti�cal-
ly, and we are showing them how to do so.”
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You probably don’t normally read the Preface to Teachers in your textbooks. (You may not 
normally read the one to students either, but we are glad you are reading this one.) However, the 
books published by Novare Science & Math are di�erent from other textbooks you may have 
used in the past. So in this case, we recommend that you read the Preface to Teachers so you 
learn about how this book is structured and what we recommend to teachers about how to use 
it. In particular, it is our view that students should master and remember what they are taught, 
instead of cramming for tests and forgetting everything a few weeks later.

For this to happen, your teacher needs to teach and test in ways you may not be accustomed 
to. Our recommendation to your teacher is that all your chapter exams include questions from 
prior chapters. Now, that doesn’t mean you need to remember every detail from every chapter. 
But it does mean that there are certain questions that are considered very foundational in any 
biology course. We call these Standard Questions. Our advice to your teacher is that you use a 
list of Standard Questions in your course, and that your exams always include questions from 
the Standard Questions List. At the end of this Preface, you will �nd the Standard Questions List 
we recommend to your teacher for this biology course.

Naturally, your teacher is the person who decides whether to use the Standard Questions 
List. But if you do use it, then you need to study in a way that enables you to stay current with 
the material on the list. Simply doing your homework each night and cramming for tests won’t 
cut it. You must have speci�c study strategies that help you remember de�nitions and concepts 
from previous chapters.

Here are our recommendations for how to do that.

1. Study the Objectives List at the beginning of each chapter carefully. Make it your goal to be 
able to do everything on the list (that is, for the objectives that have been covered so far in 
class) before your quizzes and tests occur.

2. Look over the Standard Questions List regularly. Identify any item that you cannot do or 
cannot remember how to do (assuming the topic has already been covered in class) and 
follow up on it.

3. Develop, maintain, and practice �ash cards for each new chapter Objectives List and each 
item on the Standard Questions List.

4. Read every chapter in this text at least once, preferably twice. Ideally, every time your in-
structor covers new material you should read the sections in this book corresponding to that 
material within 24 hours.

5. Go back and read the chapters in this book again when you are a month or two down the 
road. You will be amazed at how much easier it is to remember things when you have reread 
a chapter. (Besides, reading is more fun than rehearsing �ash cards.)

6. When you are working on exercises involving computations, check your answers against the 
answers at the end of the chapter. Every time you get an incorrect answer, dig in and stay with 
the problem until you identify your mistake and obtain the correct answer. If you can’t �gure 
out a problem a�er 10 or 15 minutes, raise the question in class.

7. Every time you lose signi�cant points on a quiz or test, follow up and �ll in the gaps in your 
learning. If you didn’t understand something, raise the question with your instructor. If you 
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forgot something, rehearse it more thoroughly until you have it down. If you failed to com-
mit something to memory, or didn’t have it in your �ash cards, then add it to the cards and 
commit it to memory.

Finally, there is a fair bit of historical material scattered around in this text. It is our view 
that the history of science matters and that students should be held accountable for learning and 
remembering important historical information. Treat the learning objectives pertaining to the 
history just as you do the other objectives—by practicing until you are able to perform what is 
asked and reviewing it regularly to keep it fresh.

Standard Questions List
Given appropriate reference materials, students should be prepared to address the following 

questions or types of problems on any chapter test throughout the course, assuming the material 
has already been covered in class.
CHAPTER 1
1. Use examples of how biogenic theory changed over time to illustrate how the Cycle of Sci-

enti�c Enterprise works.

2. Di�erentiate between scienti�c theories and truth claims.

3. Compare and contrast light microscopy, SEM, and TEM, and explain how magni�cation, 
resolution, and contrast are used to produce quality microscopic images.

4. List and describe the six requirements for life, relating examples to their appropriate level of 
biological organization.

CHAPTER 2
5. List and describe three types of chemical bonds and two types of intermolecular interactions, 

giving examples of how each one is displayed in a biological substance or process.

6. Describe and give examples for seven properties of water that result from hydrogen bonding 
and explain how these properties support life.

7. Explain how the pH scale works and give examples of biologically important acids, bases, 
and bu�ers.

8. List and describe the properties of the four major classes of biomolecules, including their 
appropriate monomers and roles in the cell.

CHAPTER 3
9. Explain the modern tenets of cell theory and describe how several past scientists’ discoveries 

contributed to this theory.

10. List and describe the major cellular organelles, including the structure and function of each.

11. Draw and describe the �uid-mosaic structure of the plasma membrane and explain passive 
and active transport.

12. Address questions pertaining to di�usion or osmosis across a plasma membrane.
CHAPTER 4
13. Use reaction coordinate diagrams and chemical equations to identify activation energy, de-

termine whether a chemical reaction is endothermic or exothermic, and determine whether 
a reaction is enzyme-catalyzed.

14. Summarize the overall purpose of cellular respiration and the major goals of each step: gly-
colysis, formation of Acetyl-CoA, Kreb’s cycle, and oxidative phosphorylation.
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15. For cellular respiration, describe the reactant and product molecules, electron carriers, and 
ATP molecules produced for each step.

16. Explain why chlorophyll is green and how this property makes photosynthesis possible.

17. Summarize the overall purpose of photosynthesis and the major goals of each step, including 
the light-dependent pathway and the Calvin Cycle.

18. Compare and contrast the three major types of photosynthesis and how two of them allow 
plants to adapt to arid environments.

CHAPTER 5
19. Trace the history of thought leading up to the discovery that DNA is the molecule of heredi-

ty. Include speci�c scientists and experiments, explaining why they are important.

20. Describe the 3-D structure of DNA in detail, including its components, base-pairing rules, 
antiparallel double helical structure, and how it is packaged into chromosomes.

21. Given a coding DNA sequence, determine sequence of the complementary template DNA 
strand, the transcribed mRNA sequence (codons), the anti-codon found on each tRNA, and 
the appropriate amino acids (using a codon table), making appropriate use of 5’ and 3’ labels.

22. Explain the purpose of the central dogma, describing the processes of transcription and 
translation in detail. 

23. Explain the purpose of the cell cycle and describe what the consequences are when cells 
divide in an uncontrolled fashion, including the role of telomeres.

24. Describe the purpose and process of DNA replication, including the roles of several enzymes 
and how the syntheses of the leading strand and the lagging strand di�er from one another.

25. Explain the overall purpose of mitosis, then list and describe the events that occur during 
each of the six stages of mitosis plus cytokinesis.

CHAPTER 6
26. Describe the process of meiosis.

27. Explain the process of nondisjunction and its outcomes.

28. Summarize Mendel’s contributions to genetics.

29. Solve basic genetics problems using a Punnett square and probability rules.

30. Address questions pertaining to di�erent patterns of inheritance.
CHAPTER 7
31. List the eight taxa in the order they are found within the hierarchical classi�cation scheme.

32. Describe data presented in a phylogenetic tree.

33. Describe the basic structure and life cycle of a virus.

34. Explain how vaccines work.

35. Describe the basic structure of bacteria and how they are classi�ed.

36. Explain the di�erence between bacteria, archaea, and protists.

37. List several diseases caused by microbes and their corresponding causative agent.
CHAPTER 8
38. Describe the basic structure and life cycle of a fungus.

39. List and describe the �ve di�erent fungal phyla, giving an example from each group.

40. Explain some of the di�erent roles that fungi have in the world.
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41. Describe the basic structure and life cycle of a plant.

42. List and describe the four di�erent groups of plants.

43. Describe the basic structure of a �ower and how �owering plants reproduce.

44. Explain how plants interact with their environments, including the processes of transpira-
tion and tropism.

CHAPTER 9
45. Describe the early development of animals.

46. Explain the historical and current classi�cation schemes of animals.

47. List the major animal phyla and describe their de�ning traits.

48. Compare the anatomy of the major animal phyla.

49. Explain the de�ning characteristics of chordates and the sub-phyla found within the phylum 
chordata.

50. List and describe the �ve classes of vertebrates.

51. Compare and contrast the anatomy of major animal phyla and the major animal systems in 
vertebrates.

CHAPTER 10
52. Describe the basic structure and functions of the following human systems: musculoskeletal, 

nervous, cardiovascular, respiratory, digestive, urinary, and reproductive.

53. Explain how a muscle contraction takes place.

54. Describe how a nerve impulse is transmitted.

55. Explain the path blood takes through the heart and lungs.

56. Describe the digestive process of food, starting in the mouth until it exits from the anus.

57. Explain how urine is formed.

58. Summarize the early steps of human development.
CHAPTER 11
59. Describe the carbon, nitrogen, and water cycles. 

60. Explain what makes up a biome and give several examples of both terrestrial and aquatic 
biomes.

61. Describe the di�erent trophic levels and how they relate to each other.

62. Explain how energy moves through a food web.

63. Describe the di�erent types of symbiotic relationships.

64. Explain how populations change over time.

65. List and describe some contemporary environmental concerns.

66. Describe the role humans have in being good stewards of God’s creation.
CHAPTER 12
67. Trace the history of evolutionary thought from the pre-1700s through the modern synthesis.

68. Give an overview of how the process of evolution is understood to work, including a com-
parison of microevolution, speciation, and macroevolution.
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69. Describe the three ways that a population can increase its genetic diversity in detail (muta-
tions, horizontal gene transfer, and sexual reproduction). Include examples of several types 
of mutations and three types of HGT.

70. Explain the overall direction exhibited by natural selection, giving examples of four di�erent 
speci�c types of natural selection and explaining how natural selection di�ers from genetic 
dri�.

71. Give two di�erent de�nitions for species and explain why the species concept is di�cult to 
de�ne exactly.

72. Explain how reproductive isolation leads to speciation, giving examples of several types of 
pre- and/or post-zygotic barriers.

73. List and describe �ve types of evidence that are used to support macroevolution (including 
a discussion of Hox genes).

74. Brie�y trace the highlights of the development of life over the course of earth’s history (from 
origin of life to present day).
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In 1906, Spanish scientist Santiago Ramon y Cajal won the Nobel Prize for showing that the nervous 
system is composed of individual cells, called neurons, rather than continuous nervous tissue. Just one 
of many diverse cell types that make up all living things, neurons have the amazing ability to transmit 
electrical impulses, enabling you to think, feel, and learn.

A neuron consists of three parts: the cell body (soma), the axon, and the dendrites. The soma is the 
central spherical part of the cell, containing the nucleus. The long arm protruding from the cell body 
is called the axon. The axon sends a signal to stimulate another neuron. Measuring as long as a meter, 
dendrites protrude from the cell body and are able to receive signals from other neurons. A single neuron 
can make thousands of connections with other neurons through its axon and dendrites. Throughout 
your study of biology, your neurons will actually form new connections. As you review and master each 
concept, connections between the corresponding neurons are strengthened. How amazing is it that 
studying the details of life (or any body of knowledge) actually alters the neural structure of your brain?

Chapter 1

Biology—The Study of Life

An artist’s depiction of a neuron.
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Biology—�e Study of Life

Objectives for Chapter 1

A�er studying this chapter and completing the exercises, you should be able to do each of the 
following tasks, using supporting terms and principles as necessary.
SECTION 1.1
1. Compare and contrast truth and facts.

2. De�ne hypothesis, experiment, and theory.

3. Describe each step of the Cycle of Scienti�c Enterprise.

4. Explain the roles played by magni�cation, resolution, and contrast in an image produced 
by a microscope.

5. Compare and contrast the images produced by light microscopes, scanning electron 
microscopes, and transmission electron microscopes.

SECTION 1.2
6. Describe in paragraphs the six characteristics of life, showing by each one how life exhibits 

purpose.

7. Explain how cells function as the fundamental building blocks of life.

8. Describe each level of biological organization and how each one incorporates all those 
beneath it. 

9. De�ne metabolism.

10. Explain the roles of producers, consumers, and decomposers in the process of cycling 
matter and energy.

11. Describe the general process by which an organism grows and develops over its lifespan.

12. Give a speci�c example of an organism growing and developing. 

13. Compare and contrast asexual reproduction and sexual reproduction.

14. De�ne DNA and macromolecule.

15. Brie�y explain how organisms use and transmit genetic information.

16. Describe an example of an organism responding to a stimulus.

17. Describe homeostasis and give an example of an organism maintaining it.

18. Describe the process by which populations adapt to changing environmental conditions.
SECTION 1.3
19. Distinguish between spontaneous generation, archebiosis, and abiogenesis. 

20. Describe Aristotle’s thoughts on spontaneous generation and how Redi’s experiments 
contradicted this line of thinking.

21. Explain how Needham’s and Spallanzani’s experiments supported or weakened the theory 
of spontaneous generation.

22. Describe Pasteur’s experimental setup and his conclusions in detail.

23. Name the four scientists who debated the nature of spontaneous generation during the 
1860s and describe their arguments and/or experiments.

24. Using the Cycle of Scienti�c Enterprise as a guide, trace the development of biogenic 
theory, explaining how each subsequent experiment either supported or modi�ed the 
currently accepted theory.
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1.1 The Science of Biology

You are about to undertake a great adventure—the study of biology. Biology is the science 
in which the nature of life is studied. However, de�ning life is not easy. In fact, it is one of the 
great questions that has been debated throughout scienti�c history. In order to de�ne life, we 
�rst need some scienti�c skills in our toolboxes. Because biology is a science, it is important that 
we understand what science is and how science works. In the following sections, we review the 
nature of science and scienti�c knowledge.

1.1.1 Truth and Facts
�e word science comes from the 

Latin scientia, meaning “knowledge” 
or “way of knowing.” It is important 
to understand that there are di�erent 
kinds of knowledge and that scien-
ti�c knowledge is one kind. Another 
kind of knowledge deals with truth, 
which we address �rst.

Truth can be de�ned as the way 
things really are. You can know truth 
either by direct experience or by rev-
elation from God.1 God’s revelation 
can be further divided into Special 
Revelation (the Bible) and General 
Revelation (creation).

As an example, I can say that the 
following statement is true: “I have a 
husband and �ve children.” �is is a 
true statement about me, the author. From my own direct experience, I know that my husband 
and �ve children, pictured in Figure 1.1, are the other members of my family. I can count them, 
I see them every day, and I plainly remember the day I got married and the day each of my chil-
dren was born. �ose who know me personally can also testify to the truth of this statement.

A second example of a true statement is: “God made the world.” �is statement is true be-
cause God reveals it to us in the Bible, shown 
artfully in Figure 1.2. Genesis 1:1 tells us that 
“In the beginning, God created the heavens and 
the earth.” Scores of other passages in Scrip-
ture reinforce the truth that creation is a work 
of God. In addition to this Special Revelation 
through Scripture, the lovely photo in Figure 
1.3 reminds us that we also understand through 
General Revelation that God created the world. 
General Revelation is the way God speaks to all 
people through what He has made. As we look 
up into a clear night sky and see the vast array of 
stars, as in the view of the photograph, we know 

1 According to classic philosophy, a third way to know truth is by valid reasoning or logic 
from true premises, but we do not explore this further here.

Figure 1.1. One way to know truth is through direct experience, 
such as my direct knowledge of my family, shown here at the 
beach.

Figure 1.2. Special Revelation, or God’s Word, is one 
way that God directly reveals truth to us.
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that a higher power, in�nitely more 
powerful than we are, is the cause 
behind such beauty. Many other ma-
jestic aspects of nature and its study 
convey this same truth. Indeed, in 
Romans 1:20 the Bible itself a�rms 
that God speaks to us through Gen-
eral Revelation: “For his invisible 
attributes, namely his eternal power 
and divine nature, have been clear-
ly perceived, ever since the creation 
of the world, in the things that have 
been made...”

Scienti�c facts represent a type 
of knowledge that is di�erent from 
truth. Illustrated in Figures 1.4 and 

1.5, a fact is a statement based on evidence from 
many experiments or observations that is correct 
so far as we know. Experiments are carefully de-
signed tests that are meant to give us further in-
formation about how the world works. Because 
we are constantly learning new things about the 
world, scienti�c facts can and do change. You 
may have already studied the Copernican Rev-
olution, the paradigm shi� that occurred as Co-
pernicus and Galileo overturned the geocentric 
theory of the solar system. Before that, everyone 
accepted the fact that the sun orbited the earth. 
Today, everyone accepts the fact that the earth 
orbits the sun.

As we do research, we come clos-
er and closer to understanding the 
truth about the nature of the atom, the 
composition of cells, or the manner 
by which genetic change occurs over 
time. Yet, the truth about these sub-
jects is not plainly evident to our ev-
eryday experience, and so the only way 
we can learn about them is through 
experiment and observation. Only 
God knows the whole truth about ev-
ery aspect of his creation. We can only 
discover scienti�c facts that are correct 
so far as we know, and seek to account 
for the facts by the scienti�c theories 
we develop. As time progresses, hope-

Figure 1.3. General Revelation is another way that God directly 
reveals truth to us. This image shows a vast number of stars as 
well as the Milky Way Galaxy (on the left) as viewed from earth.

Figure 1.4. Experiments are one way that we 
obtain facts. This picture shows a scientist using a 
micropipette, an instrument designed to transfer 
tiny, precisely measured volumes of liquid.

Figure 1.5. Observations are another way we obtain facts. 
Scientists carefully watch and measure organisms in their 
natural environments. They may also collect samples for 
further testing.
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fully these facts—and the theories that explain them—move closer and closer to the truth. Yet, 
as limited humans, there will always be the potential for adjustments to our knowledge as we 
investigate the world.

1.1.2 Theories, Hypotheses, and Experiments
A theory is a mental model or representation that accounts for a large number of scienti�c 

facts in an organized way. A theory is judged to be successful when it is repeatedly tested and 
shown to be consistent with the current body of facts (that are correct so far as we know). If new 
facts are discovered that do not support a theory, the theory must be reevaluated or revised. �e 
main goal of science is to develop robust and successful theories. To quote textbook author John 
D. Mays, “�eories are the glory of science.” Our goal as scientists is to build successful mental 
models that accurately describe the way the world works.

You may have heard the word hypothesis de�ned simply as a guess as to the outcome of a 
test or experiment. However, a hypothesis is not a random guess. Hypotheses are informed 
predictions, based on a particular scienti�c theory. Hypotheses are tested and supported (or not 
supported) by observations and experiments. �e results of these tests strengthen or weaken the 
theories on which the hypotheses are based.

1.1.3 The Cycle of Scientific Enterprise
�e interplay between facts, theories, hypotheses, and experiments is evident in a diagram 

of the Cycle of Scienti�c Enterprise, shown in Figure 1.6. Currently known scienti�c facts are 
gathered together as part of a cohesive theory that explains most or all of these facts. A widely 
accepted theory may be understood as our best current explanation for a body of data (facts). 
�e theoretical understanding of the natural world then allows scientists to make predictions 
about what would happen in as-yet untested circumstances. As noted above, these informed 
predictions are called hypotheses. A hypothesis is tested by an experiment. �e experiment 
provides evidence that either supports or does not support the hypothesis. If supported, the 
theory is strengthened. If the hypothesis is not supported, further tests must be done, perhaps 
with revised experimental methods. If the experiments continue to fail to support a hypothesis, 
then the theory is weakened and must be reevaluated. If enough evidence challenging a theory 
is collected, then a revised theory may be needed. Occasionally, a theory must be thrown out 
altogether and replaced. As time progresses, the cycle proceeds on and on, hopefully giving us 
facts and theories that are closer and closer to the truth about reality.

We are making a subtle point here about scienti�c knowledge that needs to be repeated 
and emphasized. Scienti�c theories are models. A widely accepted theory is the scienti�c best 
explanation. But in principle, theories are provisional; they are always subject to change as new 
information becomes known. �us, theories are not truth claims about nature. In fact, since we 
are not God, we do not know the actual, whole truth about nature. So we continue to explore 
and learn more about the nature of reality inde�nitely, continuing the Cycle of Scienti�c Enter-
prise. All scientists agree (and hope) that as we learn more and more, our theories grow closer 
and closer to the actual truth. If we actually do hit on the truth, we have no way of knowing it. 
All we know is that we have a theory that repeatedly produces hypotheses that are supported by 
experiment and observation.

As a quick example, consider the atomic theory that all matter is composed of atoms. Is this 
the truth? We do not know. We do know that this theory has stood up under the most rigorous 
and sophisticated tests for over 200 years, so we are pretty con�dent in the claim that matter is 
made of atoms. Most of us probably believe the claim to be true. But there could come a time 
when we discover that matter only appears to be composed of atoms and that something else is 
going on—that matter is composed of strings or loops or springs or has some crazy structure we 
have never even imagined.
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You use the Cycle of Scienti�c Enterprise in your everyday experience. As an example, imag-
ine you are home alone and you hear a loud chirping noise. Your perception of that noise is an 
observation you seek to explain. �e theory you must work with includes the facts that there 
are several smoke detectors in your house capable of making such a sound, that a detector only 
chirps when the battery needs to be replaced, and that it has been a while since you changed 
any batteries on these detectors. So you form the hypothesis that one of them has a low battery 
and is alerting you. One by one, you inspect the battery-life indicator on each detector; this is 
the experiment that tests your hypothesis. All the batteries seem to be �ne, so your hypothesis 
is not supported by the evidence. Assuming that 
your battery tests are correct, this experimen-
tal result indicates that your theory may need 
revising. �e detector chirps again. Since no 
detectors indicate a dead battery, you must now 
form a new hypothesis. Perhaps there is an ex-
planation for a chirping detector other than a 
weak battery? You go downstairs, following the 
sound of the chirp. �is leads you to the carbon 
monoxide detector. You read the side label on 
the detector and realize that the chirping sound 
indicates a moderate level of carbon monoxide 
in your house. A new fact has been revealed, 

Figure 1.6. The Cycle of Scienti�c Enterprise.

Theory

Analysis
Are the experimental results 

consistent with the theory we 
started with?

Fact

Yes

No

Our best explanation 
at present

Hypothesis
An informed prediction, 

based on a theory

Experiment
Putting the hypothesis 

to the test

Review
Reconsider experimental 

methods, appropriateness of 
hypothesis, adequacy of theory

Fact

Fact

New Fact

Figure 1.7. A scientist presents the results of his 
experiments to a group of other scientists. Great 
progress is made as scientists engage with and build 
upon one another’s work.
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and your theory revised accordingly. With the revised theory, you act quickly to open windows, 
get outside, and call the �re department.

In the scienti�c world, the Cycle of Scienti�c Enterprise repeats itself as many thousands of 
scientists conduct research, publish papers, and engage with one another’s work, as illustrated 
in Figure 1.7. Truly, science is an exciting, ever-changing �eld, with new discoveries made every 
day, all over the world. As we continue, let’s now examine some of the instruments biologists use 
to make these important discoveries.

1.1.4 Instruments and Measurement
�e study of biology relies heavily on a number of specialized instruments and techniques. 

One of the most important of these instruments is the microscope, which enables one to see 
organisms too small to be perceived by the naked 
eye (microorganisms). 

Magnifying devices have been part of recorded 
history since the time of the ancient Greeks (circa 
400 BC). �ese simple devices consist of a single 
convex lens that bends light, creating a magni�ed 
image of the object being viewed. No doubt you 
have used a magnifying glass to observe objects 
more closely, as illustrated in Figure 1.8. 

 However, the magni�cation of these simple 
devices is limited to producing an image appear-
ing about 2× larger than the object’s actual size. 
Magni�cation is de�ned as the ratio of an image 
size to the object’s actual size. 

�e �rst compound light microscopes were in-
vented in the late 1500s in Holland. �ese micro-
scopes were the �rst to use two lenses in order to 
achieve higher magni�cation than that of a single 

lens. �e basic compound microscope works the same 
way a simple telescope does: a telescope makes a distant 
object that appears small appear larger, while a micro-
scope makes an object that really is small appear larger. A 
typical compound light microscope, similar to what you 
might see in a biology classroom, is shown in Figure 1.9. 
�is instrument allows you to see organisms at varying 
magni�cations, usually in the range of 40–1000×.

Despite the higher magni�cation of the early com-
pound light microscopes, their resolution was quite lim-
ited. Resolution is a measure of how clearly the image of 
an object appears. Mathematically, it is the measure of the 
minimum distance that two objects can be separated and 
still be viewed as distinct objects. If you wear corrective 
lenses, you may already be familiar with this concept. 
Without your contacts or glasses on, two distant objects 
near one another may appear to be blurry or fuzzy, meld-
ing into a single unclear image. However, with your con-
tacts on you see two separate sharply focused objects.

Figure 1.8. Magnifying glasses bend light so that 
objects appear to be larger than they really are. 
The magni�cation of a simple lens such as a 
magnifying glass is limited to about 2×.

Figure 1.9. Compound light microscope. 
Instruments such as this provide 
magni�cations of 40–1000×.
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�e �rst light microscope to achieve both high resolu-
tion and magni�cation was that of Dutch scientist Antonie 
van Leeuwenhoek in the 1670s. �is revolutionary break-
through opened up the world of microorganisms—previ-
ously unknown to mankind.

While the light microscope is incredibly useful for view-
ing cells and microorganisms, its resolution is limited to 
about 200 nm (nanometers), or 2.0 × 10–7 m. �is limit is 
due to the wavelength range of visible light (400–700 nm), 
which limits the minimum distance between objects a mi-
croscope can clearly resolve.

Because of this resolution limit, the inner workings of 
the cell are too small to see with a light microscope. To 
remedy this problem, in the 1930s physicists Ernst Ruska 
and Max Knoll constructed an electron microscope with a 
resolution that far exceeds that of the light microscope. �is 
type of microscope uses a beam of electrons, rather than 
light, to generate an image of a sample. In a previous science 
class, you may have learned that electrons exhibit both 
particle and wave behaviors (just as light does). �e electron 
microscope exploits the wave nature of the electron, which 
exhibits wavelengths in the picometer (10–12 meter) range. 
�e electrons are blasted at a sample at high speed. �e inter-

actions between 
the electrons and 
the atoms in the 
sample produce signals that are used to construct an 
image of the sample. �e smaller wavelength of elec-
trons (about 1000× shorter than the wavelengths of 
visible light) means that much higher resolution can 
be achieved—down to about 2 nm—and thus much 
smaller structures can be imaged.

Figure 1.10 shows an image generated by a light 
microscope. �is sample of human blood was stained 
with a special dye to increase contrast, in other words, 
to make the cells stand out from the background. 
�ough the boundaries of the cells are clearly visible, 
other features are not. Figure 1.11 shows an image of 
human blood produced by a scanning electron micro-
scope (SEM). Note that one can watch living things 
under a light microscope, but only non-living things 
can be imaged in an SEM.

Figure 1.12 shows an image produced by a trans-
mission electron microscope (TEM). In this picture, 
the dark crescent shape is the cross-section of a sin-
gle red blood cell, traveling through a capillary. Cap-
illaries are tiny blood vessels where oxygen delivery 
and waste pickup occur throughout the body. We are 
looking at a cross-section of this capillary, as if we cut 

Figure 1.10. A light microscope image of 
human blood, stained with a special dye 
to increase contrast. Most of the gray-
colored cells are red blood cells, which 
do not have a nucleus. On the left and 
right center of the image, you can see 
two purple-stained white blood cells. 
The nucleus of these two cells is visible, 
though not in much detail.

Figure 1.11. An image of human blood using 
an SEM. The donut-shaped cells are red 
blood cells, the cells that carry oxygen to 
each cell in the body. The rounder, large cells 
with projections on the surface are white 
blood cells. The tiny objects are platelets—
cell fragments involved in blood clotting 
whenever there is an injury.
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a thin slice of the tube and look at it end-
on. �is view is similar to looking into the 
end of a garden hose. �at is why the cap-
illary looks like a light-colored circle, rath-
er than a long tube. Notice the rich detail, 
which enables the study of the surround-
ing cells (capillary walls are only one cell 
thick). Multiple organelles (small parts of 
cells that carry out speci�c functions) are 
visible within these surrounding cells. In 
contrast to three-dimensional SEM im-
ages, TEM images are two-dimensional. 
However, their high magni�cation and 
resolution allows for detailed images of 
organelles within cells, making the TEM 
an extremely powerful tool in biology.

In a previous science class, you may 
have learned about a form of microscopy 
with even higher resolution—able to im-
age individual atoms. �is technique is 

called scanning tunneling microscopy (STM). Instead of blasting an electron beam at a specimen 
from a distance, STM uses a tiny probe that is able to come extremely close to a surface. �is 
close distance allows an electron to “tunnel” through the sample, imaging individual atoms on 
that surface. Since biologists are not usually concerned with such small samples, we do not ad-
dress this technique any further here.

In addition to light and electron microscopes, there is a host of other instruments and tech-
niques that are useful to biologists. We address some of these experimental techniques in later 
chapters.

Finally, you may have noticed that I throw around measurements and metric units like it’s 
no big deal. It is important that we are able to measure lengths and other parameters in order 
to study living things accurately. In the United States, we commonly use units such as miles, 
inches, and feet. But scientists all over the world use the SI or metric system of units. So far, I 
have assumed that you are already familiar with this system. However, for some this may not 
be the case. If you need an introduction to the metric system, you can �nd that information in 
Appendix A. Table 1.1 shows the metric pre�xes commonly used in biology. You should commit 
these to memory, if you haven’t already done so.

�e symbol μ is the Greek letter mu, and merits some comment. We pronounce μm “mi-
crometer” (MY-kro-mee-ter), which is not to be confused with a tool for making small mea-
surements called a micrometer (my-KROM-it-er). However, in biology, this measurement is 
so common that the micrometer has a special nickname—the micron. In fact, the symbol μ is 
sometimes used by itself to mean a micron (equivalent to micrometer). �erefore 1 μ (one mi-
cron) is the equivalent to 1 μm (one micrometer, which can also be read as one micron).

Another unit of measure commonly used in biochemistry is the angstrom. An angstrom is 
equivalent to one ten billionth of a meter (10–10 m) or one tenth of a nanometer (0.1 nm). �e 
angstrom is not an o�cial unit in the SI system, but it is a handy unit of measurement because 
many individual atoms and chemical bond lengths are about an angstrom wide. �is unit of 
measure is named a�er Swedish spectroscopist Anders Jonas Ångström (1814–1874).

Figure 1.12. A transmission electron micrograph (TEM) 
of a red blood cell in a capillary (cross-section). The small 
diameter of a capillary forces red blood cells to pass 
through in single-�le.
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1.2 What is Life?

1.2.1 Life vs. Non-life
Now that we have discussed what science is, how science works, and some of the important 

tools and measurements that biologists use, it is time to explore the nature of life.
 “Is it alive?” is a question that even the youngest of children ponder. My 5-year-old daughter 

recently asked me, “Are earthquakes alive?” It was a good question, and not only because we live 
in Southern California where earthquakes are common. Earthquakes move, can cause massive 
damage, and act without apparent cause.2 Nonetheless, earthquakes are not alive.

So then, what is it that makes something alive? Just like an earthquake, you move, cause 
damage (hopefully not very o�en!), and act according to your own will. Unlike an earthquake, 
however, you are composed of cells, undergo metabolism, grow, have the potential to reproduce, 
respond to stimuli, and adapt to the changing environment. All in all, the characteristics that 
distinguish life from non-life are summed up in one word—purpose. 

Let’s take a minute to unpack what the word purpose means and how purpose is distinct 
from the design evident in the physical (non-living) world.

In the Physical Science text that is sister to this text, the author states that the universe is 
comprised of three basic things—matter, energy, and intelligence.3 Matter is anything that has 
mass and takes up space; energy is what holds everything together and enables any process to 
happen; and intelligence is the wisdom of God or his creatures that causes everything to work 
together in an orderly and beautiful way. Since God created all that exists, his wisdom is evident 
everywhere, including in the laws of nature that govern how everything in the universe works.

In the study of life, we distinguish between non-living and living matter. Like everything 
else in the universe, living things are made of matter, use energy, and obey the laws of nature. 
However, non-living things do not act according to a guiding purpose as living things do. �e 

2 Of course, you learned in Earth Science that earthquakes are caused by the shi�ing of tec-
tonic plates due to the buildup of stress. However, this cause was not apparent to my young 
daughter.

3 �e most rigorously scienti�c way of describing this trio would be matter, energy, and order, 
where the order in nature is due to the laws of nature. �e truth behind the order observed 
in nature is that this order is a manifestation of the intelligence of the Creator. 

Pre�x Abbreviation Mathematical 
Equivalent

Level of Biological 
Organization

Example Application

kilo k 103 biosphere circumference of earth, ~104 km
centi c 10–2 organism average human height, ~180 cm

organ width of human heart, ~10 cm
milli m 10–3 tissue width of largest human vein, ~24 mm

micro μ 10–6 cell cell, ~5–120 μm
nano n 10–9 biomolecule biomolecule, ~10–1000 nm

angstrom Å 10–10 molecule average length of a chemical bond, 
~1 Å

pico p 10–12 atom typical atomic width, ~100 pm

Table 1.1. Metric pre�xes commonly used in biology.
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word purpose implies an end or goal (or, in Aristotle’s language, a telos), such that everything a 
living organism does is aimed toward a singular, meaningful endpoint. Non-living matter does 
not behave in a purposeful fashion; it simply responds to physical processes.

Consider a common inanimate (non-living) object, such as a rock. �e rock is made of atoms 
and molecules (matter). Its existence is the result of the God-given laws of nature (being formed 
by chemical reactions and weathering). It does not, however, act according to an innate purpose. 
If the rock moves, it is because an outside force acts on it. A living thing, on the other hand, has 
a guiding purpose that directs all its more speci�c characteristics. �e simplest purpose a living 
thing can have is to survive and reproduce. Beyond this, organisms display more complex pur-
poses such as supporting other life in an ecosystem. Finally, human beings have many purposes, 
including the most noble “chief end” of all: “to glorify God and to enjoy Him forever.”4

Beyond the general characteristic of exhibiting purpose, all living things possess six speci�c 
characteristics, listed in Table 1.2. You can also think of these six characteristics as six require-
ments that must be met in order for a thing to be regarded as alive. Note that all six move an 
organism toward the ful�llment of its purpose. In the remaining subsections of this section, we 
examine these six characteristics in more detail.

To illustrate, my children were recently subjected to a dramatic experience that highlights 
the dividing line between life and non-life. At a school picnic, they excitedly participated in a 
number of games, winning three live gold�sh in little plastic baggies. Not wanting to damp-
en their enthusiasm for their new pets, I invested in a small aquarium, colorful gravel, plastic 
plant-like decor, and a small pink castle, not to mention the required chemical additives to make 
tap water safe. We carefully transferred the �sh to their new home, making sure that their bag-
gies had time to adjust temperature so as not to shock the �sh. At �rst, everything went along 
swimmingly (pun intended). Our three gold�sh beautifully displayed to us that they were alive, 
displaying the characteristics listed in Table 1.2. Were they composed of cells? Check. Did they 
metabolize? Yes. �ey utilized matter and energy. We fed them diligently twice a day, and it was 
evident that they were producing excrement. �ey energetically swam back and forth, using the 
energy that the food gave them. Did they grow, develop, and reproduce? �ough we didn’t get to 
see it ourselves, as living things, these �sh most certainly grew from small eggs. And my children 
most earnestly hoped that there might be both a male and female gold�sh among them so that 
they might have babies. Did they use and transmit genetic information? Yes. �ey had genes that 
speci�ed where exactly their �ns should be placed, the bright orange color of their scales, and 
how they would breathe the oxygen dissolved in their tank water. Any of their o�spring would 
have displayed similar traits. Did they respond? Yes, indeed! If they swam too close to a spiky 
plastic plant, they turned around and swam in another direction. If they swam underneath the 
“waterfall” produced by the �lter water being returned to the tank, they swam more vigorously 
in order to stay on their intended path. Did they adapt to their environment? Here is where we 
ran into trouble.

A�er a few days, our gold�sh friends began to behave strangely. One, whose name was Bud-
dy, decided he preferred to hang out in one spot near the gravel. We could see his gills and 
mouth moving back and forth, though, so we knew he was alive. Another one, whose name was 
Buddy Jr., �oated to and fro, but didn’t exert the same energy that he once did. It was almost as 
though he became paralyzed, subject to the forces of the �lter water alone. However, his gills and 
mouth continued to move, indicating that he was still alive. I looked for information as to why 
they might be behaving this way. Based on the best available “gold�sh care theory,” I came up 
with the hypothesis that their water had too much ammonia and needed to be partially changed. 
I set out to complete this change, making sure to place the correct number of drops of water 

4 �e “chief end of man,” as described by the Westminster Catechism.
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conditioner, and to equalize the temperature before adding the new water. Just minutes a�er the 
�sh had their new water, I heard a distressed shriek coming from upstairs. One of my children 
saw that the gold�sh were no longer breathing. �eir gills and mouths were now completely still. 
Our pets had ceased living.

What happened? Most likely, the stress of being a carnival prize, being driven home in a 
baggie, and “lovingly” handled by a six-year-old child, followed by the shock of entering a new 
aquarium environment was too much for these sweet gold�sh to handle. �ey could not adapt 
to the stressful environment, and then, one by one, lost all the other attributes of life.5

�e living gold�sh had purpose. �ey lived to survive and reproduce (and to bring delight 
to my children). �e bodies of the deceased gold�sh became non-living matter. �ey moved 
because of outside forces (like the �lter waterfall), not of their own accord. Now laid to rest in 
backyard graves, their cells are decomposing into smaller building blocks. �ey no longer pos-
sess any of the attributes of life.

In the following subsections, we take a closer look at these six characteristics of life. In later 
chapters, we address aspects of these characteristics in much greater detail.

1.2.2 Cellular Structure and Levels of Organization
So far as we know, all living things are made of cells. Just as atoms are the fundamental 

building blocks of matter, cells are the fundamental building blocks of life. A cell is a self-con-
tained living factory, surrounded by a barrier called a membrane, containing genetic material 

5 If I had maintained a large population of gold�sh in a much larger tank, perhaps a few fortu-
nate ones might have survived the unfavorable water conditions. A�er several generations, 
all the resulting �sh would have been much more resistant to the ammonia in the water.

1. Living things are 
composed of cells and 
operate on many levels 
of organization.

Living things are made of matter, and are arranged according 
to highly organized, complex, purposeful designs. �e 
most fundamental level of organization that displays all the 
characteristics of life is the cell.

Section 
1.2.2

2. Living things 
metabolize.

Living things use materials from the environment and excrete 
waste, a process called metabolism. Waste products are broken 
down and used again. Energy is continually supplied from the sun, 
converted, and used by organisms, which produce waste heat in 
the process.

Section 
1.2.3

3. Living things 
grow, develop, and 
reproduce.

Organisms proceed through various life stages, typically of 
increasing complexity, until maturity is reached and the organism 
is able to reproduce.

Section 
1.2.4

4. Living things use 
and transmit genetic 
information.

Living things share a common genetic code, or instruction manual 
for life. �ese instructions dictate how an organism functions and 
are passed on to o�spring.

Section 
1.2.5

5. Living things 
respond.

Living things have some sort of sensory system by which they 
respond to light, sound, motion, or other stimuli. �ey process the 
information received and respond accordingly.

Section 
1.2.6

6. Living things adapt 
to their environments.

Populations of organisms adapt to a changing environment, 
as each generation favors survival of organisms with the most 
suitable traits.

Section 
1.2.7

Table 1.2. Six characteristics of life.
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(instructions for operation), capable of self-replication, and keeping itself alive by cycling matter 
and energy. Rocks, air, water, cars, and computers are not made out of cells, and thus are not 
alive. Living things—such as bacteria, mold, trees, badgers, and human beings—are composed 
of cells. Figure 1.13 shows a generalized, cut-away diagram of a cell and its parts. Chapters 3–5 
of this book are devoted to delving into the fascinating details of cells and how they work. For 
now, just note that living beings have cells as their fundamental unit—either as a single-celled 
organism or as many cells working together.

�e fact that living beings are composed of cells illustrates a larger principle in biology—that 
life operates on many levels of organization, as illustrated in the four-page Table 1.3, containing 
Figures 1.14a–1.14l. �ese levels entail di�ering size scales (from the size of an atom to the size 
of the earth itself), and each higher level encompasses all the levels below it. At each step, higher 

Figure 1.13. A 3-D model of an animal cell. Cells range in size from 10–5–10–4 meters across, and thus are only 
visible with the aid of a microscope. The genetic material (DNA) is shown in grayish-white around the center.
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levels of complexity and more intricate interactions are present, illustrating how the creative 
power of God sustains life itself. �ese levels of organization are foundational to the study of 
biology, and you must commit them to memory.

�e �rst thing to notice about Table 1.3 is that the smallest level of organization we depict in 
biology is the atom. Figure 1.14a shows a simpli�ed diagram of a hydrogen atom. Atoms are the 
fundamental unit of all matter and are much too small to be imaged except by very advanced 
instrumentation. Matter in general (i.e., anything made out of atoms) is not necessarily alive, but 
it is important to know that all living things are ultimately made out of atoms.

As we discuss in Chapter 2, atoms join together (by sharing or transferring their electrons) to 
make molecules, as illustrated in Figure 1.14b. Simple molecules comprise compounds that you 
may encounter in everyday life, such as water, oxygen gas, carbon dioxide, or sodium bicarbon-
ate (baking soda). �ese simple molecules are also very much active in biological processes—all 
of them are necessary to keep you alive. About 60% of your body’s mass comes from water, you 
inhale oxygen gas and exhale carbon dioxide, and sodium bicarbonate regulates the acidity of 
your blood. However, simple molecules can also combine to form biomolecules (also called mac-
romolecules), the next level of organization.

Many biomolecules are formed by repeating units of simple molecules, as illustrated in Fig-
ure 1.14c. �is biomolecule is a fragment of genetic material called DNA that holds the oper-
ating instructions for the cell. Other biomolecules include proteins, carbohydrates, and lipids, 
discussed in Chapter 2.

�e next level of organization is the organelle (Figure 1.14d). Organelles are small parts of 
cells that carry out a speci�c function. For example, one organelle, called the nucleus, is located 
at the center of the cell, and contains most of the cell’s genetic material (DNA). I must pause here 
to clarify. You already know the term “nucleus” as the central part of an atom, the region holding 
the atom’s protons and neutrons. �e nucleus of a cell is a completely di�erent thing, and in fact 
is many orders of magnitude larger than the nucleus of an atom. �eir only common feature is 
being the centrally located portion of a fundamental building block—of either atoms or cells. 
Nonetheless, the nucleus of an atom is completely di�erent from the nucleus of a cell, so take 
note and keep these terms straight.

Now, organelles are amazing because they are composed of di�erent parts that work togeth-
er. Going back to the example of the nucleus of the cell, several parts of the nucleus collaborate 
to control all the other cellular activities, making the nucleus the command center of the cell. 
Several types of biomolecules of di�erent shapes and sizes are found in the nucleus. �ese parts 
intricately work together like a �nely tuned factory, sending out messages that control what all 
the other organelles in the cell do. Every other organelle in the cell has a speci�c job as well, and 
we elaborate more on these roles in later chapters. 

Although each organelle has di�erent parts that work together to do a job, a lone organelle 
cannot be considered a living organism. Consider why this is the case. Let’s return again to our 
example organelle, the cellular nucleus. By itself, does a cellular nucleus possess all six of the 
characteristics of life?

1. Is it made of cells? (no)

2. Does it cycle matter and energy? (partly)

3. Can it reproduce itself without the help of other organelles? (no)

4. Does it use and transmit genetic information? (yes)

5. Does it respond? (yes, molecular signals control how many messages are sent out based on 
environmental conditions)

6. Does it adapt? (possibly)
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Level Size scale 
(length or 

diameter in 
meters)

Illustration Caption

*Atom 10–11–10–10

electron

proton

+
–

Figure 1.14a. An atom is 
the fundamental unit of 
matter, made of protons, 
neutrons, and electrons. 
Only 118 types of atoms 
have been found in 
creation, and are cataloged 
in the periodic table. � is 
diagram depicts a hydrogen 
atom, which does not have 
any neutrons.

*Simple 
molecule

10–10–10–9 Figure 1.14b. Molecules 
are made by joining atoms 
together through the 
sharing or transferring of 
electrons. � is illustration 
depicts a water molecule, 
which joins two hydrogen 
atoms (white) to one 
oxygen atom (red).

*Biomolecule 10–9–10–7 Figure 1.14c. A 
biomolecule (or 
macromolecule) is a 
large molecule that o� en 
consists of many repeating 
small molecules attached 
together. DNA, RNA, 
proteins, lipids, and 
carbohydrates are types of 
biomolecules. � is image 
shows a small (13 base 
pair) segment of DNA.

Table 1.3. Levels of organization in biology. For items (f )–(k), � sh are used as examples.

*Note that by themselves, entities smaller than a cell are not alive. However, when put together in the 
organized, purposeful array of a cell, they comprise life.
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Level Size scale 
(length or 

diameter in 
meters)

Illustration Caption

*Organelle 10–8–10–6 Figure 1.14d. Organelles 
are groups of di�erent 
biomolecules that work 
together to perform a function 
within a cell. �is image 
depicts the nucleus of a 
cell. Present are the nuclear 
membrane (pink) and DNA 
(blue).

Cell 10–7–10–4 Figure 1.14e. Cells are the 
fundamental unit of life. 
Cells contain multiple 
organelles as well as DNA, 
and are enclosed by a cell 
membrane. �ese parts work 
together to perform all the 
functions of life (metabolism, 
reproduction, growth, 
response, and adaptation). �e 
nucleus of this cell is shown in 
light pink.

Tissue (varies)

nerve

cupula sense
hairs

sensory
cells

Figure 1.14f. A tissue consists 
of many cells of the same type 
that work together in the body. 
In the center of this �gure are 
several sensory cells that work 
together to sense pressure 
changes underwater in the 
lateral line of a �sh. (�e entire 
structure shown is called a 
neuromast.)

Table 1.3 (continued). Levels of organization in biology. For items (f )–(k), �sh are used as examples.

*Note that by themselves, entities smaller than a cell are not alive. However, when put together in the 
organized, purposeful array of a cell, they comprise life.
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Level Size scale 
(length or 

diameter in 
meters)

Illustration Caption

Organ (varies) Figure 1.14g. In an 
organ, tissues work 
together to perform 
a particular job that 
bene�ts the whole 
body. �is picture 
shows the lateral line 
of a �sh, where each 
of the dark spots 
lined up horizontally 
is one neuromast 
(illustrated in Fig 
1.14f). �e lateral 
line can sense 
pressure changes in 
the water.

Organism 10–7–30 Figure 1.14h. An 
organism is an 
individual living 
being, composed 
of organs that work 
together to perform 
the functions of life. 
(Some organisms 
consist of a single 
cell.) �is photo 
shows a parrot�sh.

Population (varies) Figure 1.14i. A 
population is a 
group of organisms 
of the same species 
living in a particular 
region. �is photo 
shows a group of 
parrot�sh.

Table 1.3 (continued). Levels of organization in biology. For items (f )–(k), �sh are used as examples.
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Level Size scale 
(length or 

diameter in 
meters)

Illustration Caption

Community up to 106 Figure 1.14j. 
A community 
consists of multiple, 
interacting 
populations in a 
particular region. 
�is photo shows 
a number of �sh 
species swimming in 
close proximity.

Ecosystem up to 106 Figure 1.14k. An 
ecosystem is a 
community of living 
things that interact 
with nonliving 
components of their 
environment. Here 
are a number of �sh 
and coral polyps 
that interact with 
water, sunlight, and 
calcium carbonate to 
comprise a coral reef 
ecosystem.

Biosphere 107 Figure 1.14l. �e 
biosphere consists of 
all life on earth.

Table 1.3 (continued). Levels of organization in biology. For items (f )–(k), �sh are used as examples.
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Based on the �rst characteristic alone—that living things are made of cells—an organelle 
does not qualify as a living thing. But additionally, the nucleus of a cell doesn’t completely cy-
cle matter and energy (other organelles called the mitochondria are necessary to produce the 
chemical energy the organelle uses) and cannot reproduce itself. An organelle by itself does not 
include all the characteristics of life, but organelles specialize their roles so that an overall cell 
does include all the characteristics of life. It is for this reason that the cell is the lowest level of 
organization considered in and of itself to be alive. Another diagram of a cell is shown in Figure 
1.14e.

Just as organelles specialize their roles in order to serve all the necessary functions of life for 
the cell, cells actually specialize their functions as well, to serve the needs of the entire organ-
ism—your body, for example. A group of cells of the same type that work together to perform a 
function is called a tissue.

In Figure 1.14f, we illustrate tissue with an example, found in most �sh, called the lateral 
line system. As underwater creatures, most �sh have a sort of “sixth sense” in that they are able 
to sense pressure and movement in the water. For example, if a crustacean swims nearby, a 
�sh senses the resulting waves, and knows where to swim to �nd its next meal. In the center of 
the structure shown in 1.14f is a tissue composed of the hair cells that sense these very subtle 
changes in the water. �is group of identical cells is part of a larger organ-like structure called a 
neuromast, which contains other cell types in addition to the hair cells.

Collectively, the tiny neuromasts comprise the lateral line, which is visible on the body of a 
�sh and shown in Figure 1.14g. �is lateral line is the organ responsible for the ability of a �sh 
to sense water movement. �is amazing ability helps �sh to �nd prey, avoid predators, and stick 
together in groups.

An organism, or individual living being, is o�en made up of many coordinated organ sys-
tems. Figure 1.14h shows an individual parrot�sh. Generally, an organism may consist of one or 
many cells. In the case of a many-celled organism, the cells stick together, forming specialized 
tissues and organs that coordinate their e�orts so that the entire organism may survive and 
reproduce.

A population, or group of organisms of the same species living and interbreeding in the same 
area, is shown in Figure 1.14i. Populations do not exist alone, however. �ey o�en are part of 
communities—groups of populations living and interacting in the same area. �ese interactions 
could include both cooperation and competition, or even species eating (preying upon) others. 
Even if one species does not prey upon others, it can still compete with others for food resources 
or living space. Figure 1.14j shows a community of various �sh species living in close proximity.

Moving on, living things interact with the non–living components of their environment. �e 
colorful tropical �sh in Figure 1.14k are part of a coral reef ecosystem. An ecosystem is a system 
of living communities interacting with non-living parts of their environment. In order to sur-
vive, this ecosystem must remain within a very narrow temperature range (just around 80°F) and 
must be located at just the right depth so that it is always covered with water, yet close enough 
to the surface to receive su�cient sunlight. Water level and temperature are just two non-living 
factors that play roles in the survival of the species of this ecosystem. �e �sh pictured in Figure 
1.14k, small organisms called phytoplankton (not visible to the naked eye and not evident in the 
picture), and coral polyps that secrete calcium carbonate are just a few of the numerous amazing 
creatures found in coral reefs. We are naturally awed and inspired by the beauty of ecosystems 
such as these, and we should embrace our human vocation of caring for the earth.

Finally, the biosphere, shown in Figure 1.14l, encompasses all living things on earth and is the 
largest level of biological organization we know of.
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1.2.3 Living Things Metabolize
Living things undergo a process called metabolism, by which they use matter and energy to 

power all their processes. In order to remain alive, an organism must repeatedly take in matter 
from the environment. �ese molecules are then transformed into di�erent molecules that the 
organism uses, harnessing energy in the process. Unusable matter is returned to the environ-
ment in the form of waste. Other organisms in the environment then transform the waste into 
usable building blocks, and the matter recycling process begins again. 

Some types of organisms, such as plants, also have the amazing ability to make direct use of 
energy in the form of sunlight, storing that energy in the bonds of molecules. �ese molecules 
are then used by other organisms or broken down to retrieve the energy. All organisms need en-
ergy in some form to power all their processes. Without usable energy, they would cease living.

In essence, there are three major categories of organisms that participate in these metabolic 
processes, illustrated in Figure 1.15. Producers, such as moss, harness the sun’s energy, storing it 
in molecules that can be eaten and used by other organisms. Consumers, such as the hedgehog, 
eat plants and other animals, reusing the matter 
and stored energy for their own purposes. Fi-
nally, decomposers, such as mushrooms, secrete 
special biomolecules that break down excreted 
waste products or the remains of dead organ-
isms, allowing those molecules to be used again. 
In short, energy �ows from the sun to produc-
ers, then to consumers, then to decomposers, 
and ultimately is dissipated as heat. �e matter 
continues to be broken down and built back 
up again, recycled over and over. �e cycling 
of matter and energy takes place in thousands 
upon thousands of metabolic reactions, which 
we discuss in much more detail in Chapter 4.

Re�ect for a moment on the exquisite design 
of this system. �e interplay of producers, con-
sumers, and decomposers shows the wisdom of 
our great God. Consider how God provides everything we need for life, and how wonderful 
it is that all His creatures support one another in their needs for matter and energy. Not only 
that, but He designed these processes in a sustainable way, such that the cycle continues on and 
on without ever being exhausted (at least so long as the sun continues to shine!). Let us thank 
Him for His goodness to us and resolve to care for the earth He designed for us so that we don’t 
compromise this exquisitely designed environment through carelessness, waste, or pollution.

1.2.4 Living Things Grow, Develop, and Reproduce
Living things exhibit a pattern of growth over the course of their lifespan that leads toward 

reproduction. �is does not simply mean that organisms get bigger—although attaining larger 
size is part of the process. Living things also develop into organisms of increasing complexity as 
time progresses. What is the purpose of this process? To reach sexual maturity and reproduce 
so that life may continue.

Let’s look at the stages of human life as an example. �e stages of fetal development are 
illustrated in Figure 1.16. A person begins as a single cell—the joining of a sperm and an egg 
with a unique genetic code. At that point, the cell begins to divide (a process called mitosis), be-
coming two cells, then four, then eight. As the process of cell division continues, the cells begin 
to grow and certain cells begin to specialize their roles. �ough each cell has a complete copy 

Figure 1.15. An example of a producer (moss), 
consumer (hedgehog), and decomposer 
(mushroom) in the same ecosystem.
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of the person’s DNA, speci�c cells 
begin using only certain parts of 
the DNA. As a result, some cells are 
set on a path to become blood cells, 
others are destined to become brain 
cells, and so on. As time progresses, 
the expressed genes in each cell be-
gin to dictate how cells are arranged 
within the body. �e growing baby 
begins to look more and more hu-
man-like, with a head, a face, a tor-
so, two arms and two legs. �e heart 
begins to beat just a few weeks a�er 
fertilization of the original egg, be-
fore the mother even knows she is 
pregnant!

Dramatic growth and di�eren-
tiation of cells continues for about 
nine months, until the baby’s lungs 
are ready to breathe oxygen, and 
then the baby is born. Yet even af-
ter birth, the process of growth and 

development continues.
�e baby gradually gains the ability to roll over, crawl, walk, and talk. As the child reaches 

school age, she learns to read and write. She reaches physical milestones, such as losing baby 
teeth and gaining permanent ones. Eventually, the child reaches puberty, initiating a series of 
changes by which she becomes physically capable of sexual reproduction.

All the while, the person gains increasingly complex reasoning abilities. She can now visu-
alize abstract concepts as she studies subjects in increasing depth throughout her high school 
career and beyond.

Development continues throughout adulthood as well. Around middle age, signs of aging 
appear—such as graying hair, diminishing eyesight, and menopause in women.

As you can see, human beings do not remain stagnant, but follow a predictable pattern of 
growth and development throughout life—from conception through death. �is process in-
cludes becoming sexually mature so that one may reproduce, creating more individuals and 
continuing the human race.

All organisms go through some developmental process. Butter�ies progress from caterpillars 
to adult butter�ies; frogs change from eggs to tadpoles to adult frogs. Even bacteria pass through 
phases as they repeatedly go through the process of cell division. In summary, growth, develop-
ment, and reproduction are processes pertaining to all life.

1.2.5 Living Things Use and Transmit Genetic Information
Before a building is built, an architect draws up the plans for the workers to follow. Before a 

play is performed, the actors require a script. Computers require so�ware in order to perform 
any task. 

In a similar way, an organism requires a set of instructions to control all its functions. How-
ever, rather than being drawn on a sheet of dra�ing paper or typed in word processing so�ware, 
these instructions are encoded in a special language stored in the structure of a biomolecule 
called deoxyribonucleic acid, or DNA. Amazingly, the same genetic code is used by all life—from 

Figure 1.16. The stages of human fetal development.
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the simplest bacteria to mammals and even to human beings. We delve into the fascinating 
details about DNA in Chapter 5. For now, we simply note the following four highly signi�cant 
properties of DNA:

1. DNA can be copied in its entirety, so that the copies may be transmitted to o�spring.

2. DNA can copy small portions of itself in order to give instructions to other parts of the cell.

3. �e information in DNA is stored in chemical “language” composed of an alphabet of four 
compounds. We represent these compounds by four letters of the English alphabet. �e 
chemical language is read and understood by other parts of the cell.

4. �e language of DNA is the same for all living species on earth.

Each of the trillions of cells in your body contains instructions that are billions of DNA “let-
ters” long. �at’s the amount of DNA required to encode for you! �ough all living things share 
the same alphabet and the same language, no two species, nor even two individual humans, 
share the exact same genetic code. As a rough analogy, there are many novels written in English, 
but the sequence of letters in each novel is vastly di�erent from the next. �ere are genres of sim-
ilar novels, such as mystery, romance, historical �ction, and so on. �ese genres are analogous to 
the similar genetic codes shared by members of the same species. But because of the versatility 
inherent in a written language, no novel is identical to another. Consider the great care God has 
for us that He speci�cally designs each person with a unique genetic code. As Psalm 139:13–14 
says, “For you formed my inward parts; you knitted me together in my mother’s womb. I praise 
you, for I am fearfully and wonderfully made. Wonderful are your works; my soul knows it very 
well.”

When living things reproduce, they pass their genetic code on to their o�spring by one of 
two processes of reproduction—asexual or sexual. In asexual reproduction, a single-celled or-
ganism makes a copy of its DNA and then divides into two identical daughter cells. �us, asexual 
reproduction results in genetically identical o�spring. In sexual reproduction, two parents each 
contribute half their DNA to the resulting progeny. �e result is a genetically unique individual.

To summarize, the DNA in all living things provides the foundational information used to 
determine how each life function is carried out. �e DNA in every cell contains the instructions 
governing how the cell can behave. Living things transmit their DNA (in part or in whole) to the 
next generation, through either asexual or sexual reproduction. 

1.2.6 Living Things Respond
As illustrated in the sad tale of the pet gold�sh, living things respond. We use the word stimu-

lus to indicate any event that evokes a reaction from an organism. �e stimulus causes a signal to 
be transmitted in the form of light, sound, pressure, motion, temperature, or chemical gradient
(a region of varying concentration in solution). An organism must have a sensory system in 
place in order to detect the stimulus, process the information, and then respond accordingly. 
�e gold�sh could sense the presence of the plastic plants in the aquarium and turn around and 
swim in the other direction.

To cite another example, say you are outside playing volleyball with your friends. Suddenly, 
the ball is rushing directly towards your head. You detect this stimulus by seeing the shadow of 
the ball passing in front of you, and you hear your friends yelling “heads up!” Your brain detects 
the information transmitted from your eyes and ears, interprets that information as an immi-
nent threat, and immediately directs your muscles to respond. If you are like some of us, you 
might duck, cover your head, and move out of the way. �ose who are more athletically inclined 
might instead jump towards the ball and spike it over the net. Either way, you sense a signal, 
process it, and respond.
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You might think that this property is only pres-
ent in higher (more intelligent) organisms, but even 
simple bacteria are able to respond to stimuli. Many 
bacteria exhibit chemotaxis, the ability to sense con-
centrations of molecules and swim towards them (or 
away from them, if they are poisonous). �is abili-
ty helps the bacteria both to �nd food and to avoid 
threats.

Figure 1.17 shows an artist’s rendition of bacte-
rial chemotaxis. �e rod-shaped E. coli cells each 
have multiple �agella (singular: �agellum), string-like 
projections extending from their cell bodies. �ese 
�agella spin like propellers, enabling the bacteria to 
move. When no chemical attractants are present, the 
�agella all spin facing outward from the bacterium, 
and the bacterial cell tumbles in place. However, 
when an increasing concentration of a nutrient mol-
ecule is present (such as sugar), the bacteria align the 
�agella in the same direction. �is alignment causes 

the bacteria to propel forward toward the sugar. �us, bacteria respond to the stimulus of the 
chemical gradient caused by the sugar’s presence and are rewarded with a tasty treat.

�ough bacteria don’t have a nervous system as you and I do, they can sense the presence of 
these molecules in the water and respond accordingly. Perhaps, then, it isn’t really fair to consid-
er E. coli a “simple” organism (though it is tiny and single-celled). �e �agellum itself is a rather 
complex marvel of mechanical engineering. (I’ll leave that one for you to look up yourself.) Life 
and its processes are truly amazing, no matter how large or small the organism. 

Now, let’s pause brie�y to consider how stimulus and response relate to the notion of homeo-
stasis. While organisms respond to stimuli in isolation, they also maintain various continuous 
stimulus/response processes so that the organism remains within life-sustaining limits.

To understand homeostasis, let’s consider the thermostat on the heating/cooling unit of a 
house. �e thermostat constantly monitors the temperature of the surrounding air, keeping it at 
a speci�ed temperature. When I lived in the snowy state of Minnesota, I kept my thermostat set 
at 68 degrees Fahrenheit all winter long. If the temperature dropped below 68°F, the thermostat 
signaled the furnace to blast warm air until the temperature reading returned to the desired 
temperature. Now living in sunny California, I set my thermostat to 78°F during the summer. If 
the temperature should rise above this value, the thermostat signals the air conditioner to infuse 
cold air until the reading returns to 78°F. Rather than a one-time stimulus/response event, this 
is a continuously occurring stimulus/response feedback cycle.

In the same way, to maintain homeostasis organisms monitor pH, salt concentration, tem-
perature, nutrient levels, and a whole host of other parameters—adjusting their responses to 
these conditions so that the body remains in an acceptable, life-sustaining range. Maintaining 
homeostasis is a particularly complex manifestation of the stimulus/response characteristic of 
life.

1.2.7 Living Things Adapt to the Environment
In a constantly changing environment, organisms must have strategies in place so they can 

survive, thus ful�lling their common purpose. One strategy is adaptation. In the present con-
text, adaptation is not exhibited by an individual organism, but by a population of organisms 

Figure 1.17. An artist’s concept of bacterial 
chemotaxis in E. coli.
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over several generations. �is process of ad-
aptation depends upon genetic variability 
among the members of the population.

As an example, consider the �nches that 
Darwin observed during his voyage to the 
Galapagos Islands in 1845, illustrated in Fig-
ure 1.18. Since the Galapagos Archipelago 
originated from volcanic activity, its species 
had to migrate there from other locations. 
�ese �nches probably came from a popula-
tion of birds on the mainland. As the �nches 
settled on the di�erent islands of the archi-
pelago, di�ering food sources led to higher 
reproductive success for birds with certain 
traits. For example, in Figure 1.18, the large 
ground �nch labeled #1 (Geospiza magniros-
tris) has a large, short beak that is adapted 
to cracking nuts. Isolated on an island with 
nuts as the major food source, birds in the original population that had this trait already (by the 
nature of genetic variability) were more successful in obtaining food. Better fed, birds with the 
large, short beak were also more successful at reproduction. A�er several generations, this trait 
became predominant in the population, due to the survival advantage it conferred.

On the other hand, the medium ground �nch #2 (Geospiza fortis) lived on an island with 
small so� seeds as its major food source. As a result, �nches with the beak most adept at eat-
ing these seeds had a reproductive advantage. A�er several generations, most of the medium 
ground �nches in the population possessed a beak like the one pictured here (drawn in 1845). 
Interestingly, since that time, scientists observed that a drought in the 1970s caused further ad-
aptation in this population. �e drought shi�ed the major food source from small so� seeds to 
much harder seeds, and as a result, scientists observed a 10% change in the sizes of the beaks of 
the medium ground �nch. �is adaptation to changes in climate enabled the birds to utilize the 
changing food source more e�ectively.

Adaptation can also be readily observed in bacterial populations. In 1943, penicillin was 
introduced as an e�ective antibiotic against a disease-causing bacterial species, Staphylococcus 
aureus (S. aureus). A�er just two years, up to 20% of S. aureus infections became resistant to 
penicillin treatment. �ese resistant strains of S. aureus had adapted to the threat (by taking in 
more of an enzyme called penicillinase, which breaks down the deadly antibiotic). Later, another 
antibiotic called methicillin was introduced as an e�ective treatment. Yet today, MRSA (methi-
cillin-resistant Staphylococcus aureus) infections are a formidable problem in medicine. As new 
antibiotic treatments are introduced, bacterial populations develop resistance to antibiotics and 
are not so easily killed o�. �is is why it is important to use antibiotics cautiously. We want to 
avoid generating antibiotic-resistant strains we cannot treat.

Adaptation is an important feature of life that enables populations to survive amid changing 
conditions. We explore the process of adaptation (also called microevolution) further in Chap-
ter 12.

1.3 The History of Biogenic Theory (Can life emerge from non-life?)

So far, we have explored the answers to two questions: 1) By what methods do we make new 
discoveries in the �eld of biology? 2) By what criteria do we judge something to be alive? We 
now use this information to explore how ideas about biology have changed over time.

Figure 1.18. Finches of the Galapagos Islands, with 
beaks adapted to varying food sources.
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1.3.1 Aristotle and Redi
�e ancient Greek philosopher Aristotle (Figure 1.19) wrote extensively about nature (natu-

ral philosophy). Aristotle was the �rst philosopher to propose the theory of spontaneous gener-
ation. Spontaneous generation is the idea that living things 
can arise randomly out of non-living matter. To Aristotle, 
spontaneous generation made sense according to everyday 
observation. Frogs were seen to emerge from the mud along-
side riverbeds—therefore, frogs must be made out of the 
mud. Worms are seen on rotting meat—therefore, worms 
must come directly from that meat.

Spontaneous generation was not seriously questioned 
for about 2,000 years. �en, in 1668, Tuscan naturalist Fran-
cesco Redi (Figure 1.20) performed an experiment showing 
that maggots found on rotting meat did not actually origi-
nate from the decaying �esh. Redi assembled a large array of 
di�erent types of meat, leaving some samples to rot in un-
covered jars, and oth-
ers in jars covered with 
cheesecloth. �e uncov-
ered samples became 
infested with maggots 
a�er a few days. How-
ever, the covered sam-
ples had no maggots 

directly on the meat. Instead, adult �ies were seen hovering 
over the cheesecloth, where they laid their eggs. Redi con-
cluded that maggots are simply part of the life cycle of �ies, 
and that an adult �y must lay its eggs on the rotting meat in 
order for the maggots to develop there. Redi thus showed 
that life does not proceed directly from decaying matter, as 
the proponents of the theory of spontaneous generation ar-
gued. Rather, life proceeds from parent to o�spring. Redi’s 
famous conclusion in Latin was omne vivum ex vivo, or all 
life comes from life.

1.3.2 Needham and Spallanzani
Eighty years passed before another test of the theory 

of spontaneous generation occurred. While Aristotle and 
Redi could only observe the generation of macroscopic animals, by the 18th century the inven-
tion of the microscope allowed investigation of microorganisms as well.  In 1748, Irish priest 
John Turberville Needham (Figure 1.21), in collaboration with French aristocrat Comte de Buf-
fon, performed an experiment that supported the theory of spontaneous generation. Needham 
heated mutton gravy in stoppered glass tubes until boiling, under the assumption that boiling 
killed all life within. A�erwards, Needham was able to observe many quickly-moving microor-
ganisms and smaller so-called “organic molecules” in the �uid. According to Needham’s theory 
supporting spontaneous generation, these “organic molecules” had a special life-giving force 
and clumped together to form larger microorganisms called “animalcules.” �us, he concluded 
that the microorganisms arose spontaneously from previously non-living matter.

Figure 1.20. Tuscan naturalist Francesco 
Redi (1626–1697).

Figure 1.19. A statue of ancient Greek 
philosopher Aristotle (384–322 BC).
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In 1765, Italian priest Lazzaro Spallanzani (Figure 1.22) 
questioned the results of Needham and Bu�on, repeating 
their experiment with some modi�cations. First, Spallan-
zani hermetically sealed his tubes, meaning that he melted 
the glass to make an airtight seal. Second, he boiled the gra-
vy for at least an hour. As a result, Spallanzani did not ob-
serve any microorganisms forming a�er treatment. Since 
they were contemporaries, Spallanzani’s results stirred up 
a debate between Needham and himself. Spallanzani ar-
gued that Needham did not boil his gravy long enough to 
kill all the organisms, and that by not tightly sealing his 
vessels airborne microorganisms could cause contamina-
tion. Needham responded that Spallanzani’s tight seal and 
excessive boiling destroyed the “life force” in the air that is 
necessary to generate new life.

Applying what we know about the Cycle of Scienti�c 
Enterprise, we see how both Needham and Spallanzani 
were attempting to use competing theories to account for 
the same body of facts. According to the theory of spon-

taneous generation, Needham could predict (make a hypothesis) that new life would emerge 
a�er all previous life had been killed. He performed an 
experiment that seemed to support this hypothesis, and 
so evidence for spontaneous generation was strength-
ened. Spallanzani, suspecting that all facts did not, in 
reality, support the theory of spontaneous generation, 
proposed instead that Needham’s results were the result 
of experimental �aws. Spallanzani repeated Needham’s 
experiment with improved design, achieving the opposite 
result—no microbial growth. �roughout the history of 
science, con�icting results and even �erce debates have 
been common. �ese debates cause the Cycle of Scienti�c 
Enterprise to move forward toward ever stronger theories, 
as experimental �aws and other hidden mysteries are re-
vealed by further testing. Scientists might not be as moti-
vated toward repeated testing and improved experimental 
design if everyone agreed all the time.

1.3.3 Pasteur and the Victorian Debates
A century passed, and the question of spontaneous 

generation was still far from settled. In the 1860s, French 
scientist Louis Pasteur (Figure 1.23) designed an exper-
iment to settle this question as part of a contest hosted by the French Academy of Sciences. 
Needham’s criticism of Spallanzani’s experiment was that it excluded outside air, thus impairing 
some “vital force” from forming new life. As a result, Pasteur designed a new kind of �ask that 
would allow air inside, but not heavy dust particles. �is apparatus, known as the “swan-necked 
�ask,” is shown in Figure 1.24. Pasteur predicted that contamination from the outside air was the 
cause of bacterial growth a�er boiling a broth or gravy, and his swan-necked �ask was designed 
to prevent this contamination.

Figure 1.22. Italian scientist Lazzaro 
Spallanzani (1729–1799).

Figure 1.21. Irish priest John Turberville 
Needham (1713–1781).
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First, Pasteur boiled broth in several of his special 
� asks. In the � rst sample, he broke o�  the neck of the 
� ask, exposing the broth to the air above. � is sample 
grew microorganisms a� er a few days. In the next sam-
ple, he simply boiled the broth, and allowed it to sit for 
months. Even though it was exposed to the air through 
the open swan-necked � ask, no bacterial growth oc-
curred. A� er many months, Pasteur � nally tipped the 
� ask over, exposing the broth to the dust that had settled 
at the edge of the opening, and then setting it upright 
again. A� er a few days, bacterial growth occurred. Pas-
teur’s experiment gave strong support to biogenic theory 
(biogenesis)—all life comes from previously existing life.

� ough many synopses on the history of sponta-
neous generation end with Pasteur, it should be noted 
that the debate raged on for at least another decade. En-
glish scientist � omas Henry Huxley (Figure 1.25) pop-
ularized Pasteur’s results, while another English scientist 
named Henry Charlton Bastian (Figure 1.26) fervently 
debated Huxley in favor of spontaneous generation. Bas-
tian, a supporter of Darwin’s newly published theory of 
evolution, theorized 

that the � rst life must have emerged from non-life, and that 
microorganisms continue to do so. Rather than use the term 
spontaneous generation, Bastian instead coined the term 
archebiosis. � is word implies that life, while emerging from 
nonliving matter, does so according to natural law. Previous 
supporters of spontaneous generation viewed the process as 
completely random and coincidental, not necessarily follow-
ing any natural laws.

In the midst of 
these debates between 
Huxley and Bastian, 
Irish physicist John Tyndall (Figure 1.27) entered the 
fray. Tyndall’s early experiments heating “infusions” in 
an enclosed dust-free environment showed no microbial 
growth. However, a� er some time in repeating these ex-
periments, Tyndall did begin to notice bacteria forming 
a� er heating in the dust-free air. He eventually traced 
these unexpected results to a bale of hay that he recent-
ly had moved into the room. Repeating his experiments 
in a di� erent building yielded the original results—no 
bacterial growth. A subsequent discovery by another 
scientist, Ferdinand Cohn, showed that hay produces an 
interesting phenomenon. Bacteria that live in hay are no-
torious for forming heat-resistant spores that can survive 
excessive boiling. � ese spores from the hay contaminat-
ed Tyndall’s experiments that showed bacterial growth, 
which explains why moving his experiment to another Figure 1.25. English scientist Thomas Henry 

Huxley (1825–1895).

Figure 1.23. French scientist Louis Pasteur 
(1822–1895).

Figure 1.24. A sketch of Pasteur’s 
swan-necked � ask.
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Hmm... Interesting. Comparing Orders of Magnitude

�e study of biology can be an overwhelming prospect because there are so many facts 
to learn. To illustrate, let’s look at some mathematical comparisons relevant to biology.

Say you live to be 100 years old. Doing some simple math, the span of your life would be:

100 yr ⋅365 dy
yr

= 36,500 dy ( �104 dy)

36,500 dy ⋅ 24 hr
dy

= 876,000 hr ( �106 hr)

876,000 hr ⋅60 min
hr

= 52,560,000 min ( �108 min)

52,560,000 min ⋅ 60 s
min

= 3,153,600,000 s ( �109 s)

So, if you live to be 100, you will have lived about three billion seconds. By comparison, 
your body has about 3.7 × 1013 cells and a similar number of bacterial cells that live inside 
your gut. Of your cells, your brain contains about 100 billion (1011) neurons, each of which 
can make 1,000 connections for a capacity of 1014 overall connections.

�e number of cells in your body far exceeds the number of seconds in your lifespan, so 
there is no way you could ever catalog them all. Yet, our heavenly Father, who created all life 
on earth, knows the number of hairs on your head (Matthew10:30) and the number of cells 
in your body. God also intimately knows every base pair of the DNA (numbering about 3.2 
billion) in each of your cells and how that information makes you uniquely you. 

Taking our investigation a step further, it has been estimated that in all human history 
about 175 million books have been written. With only about 53 million minutes in your 
lifespan, you have no hope of reading them all (as if you wanted to). Some say that all these 
books could be preserved digitally in about 175 terabytes of data. (Tera is the SI pre�x that 
represents 1012, so 175 terabytes is about 1014 bytes). Furthermore, current estimates of the 
amount of information contained on the Internet fall in the zettabyte range (or 1021 pieces 
of data). �ese numbers regarding books written and information on the Internet represent  
a fair fraction of the sum of information that humanity has collectively produced over time.

By contrast, it has been estimated that the total of all DNA base pairs contained in the 
biosphere, or in every living thing on earth, numbers around 5 × 1037 base pairs. �us, the 
number of base pairs contained in all life is about 1016 (10 quadrillion) times larger than the 
sum total of all information contained in books and on the Internet.

Let that sink in for a minute. How much greater is God’s knowledge and power than 
our own—that the blueprint for life exceeds the sum total of human accomplishment by 
16 orders of magnitude! No wonder the study of biology can be overwhelming. �ere is no 
way we can understand the intricacies of life the way God does.

On the other hand, God didn’t design our world in a random or chaotic way, but infused 
the created world with order and beauty. Not only that, but God endowed humanity with 
the ability to understand, question, and explore the world. Biology is uni�ed by general log-
ical principles that we can begin to understand. And as we do, we experience ever greater 
awe toward the One who designed it all.
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building solved the prob-
lem. Tyndall then invent-
ed a procedure for killing 
the spores—by intermit-
tent and repeated boiling 
and cooling. It seemed 
that the debates over 
spontaneous generation 
were de�nitively put to 
rest, as nearly everyone 
then accepted that life 
arises only from previ-
ously existing life.

1.3.4 Modern Vocabulary
To summarize this section, throughout history scientists (and the public at large) have taken 

di�erent stances on the question of spontaneous generation. Aristotle and Redi focused on the 
generation of macroscopic life, arguing for and against its emergence from non-living matter. 
Needham and Spallanzani focused on the question of microorganisms, and whether they can 
arise from a broth that has been heat-sterilized. Pasteur and his contemporaries in the 1860s 
focused on the experimental complications of previous work, correcting for contamination by 
airborne microorganisms and heat-resistant bacterial spores. Additionally, they engaged in a 
�erce public debate over the theory of biogenesis. By the end of this era, the theory that life must 
proceed from life (biogenesis) became nearly universally accepted. 

Today, scientists sometimes use the term abiogenesis rather than spontaneous generation 
or archebiosis. Huxley coined this term, where a– is a pre�x meaning “not,” bio– means “life,” 
and –genesis means “beginning.” �e term abiogenesis implies an event that may have occurred 
just once in the past, resulting in the �rst cellular life. �is idea is controversial; however, it is 
important that you understand the distinctions between the three terms: spontaneous genera-
tion (life emerges randomly from non-living matter on a regular basis); archebiosis (life emerges 
from non-living matter on a regular basis according to natural law); and abiogenesis (life may 
have emerged from non-life just once a long time ago; since that time, life has proceeded from 
other life).

�e origin of life is a subject that is still actively being researched today. We now know just 
how complex a single cell is, and it is not easy to discern exactly how its individual components 
could have come together in just the right way to form a living—and self-replicating—entity 
from a non-living one. However, just as everything in nature follows orderly, beautiful, math-
ematical principles designed by the Creator Himself, we can trust that God’s creative work is 
ultimately responsible for all living things, past, present, and future. As the apostle Paul writes 
in Colossians 1:17, “He is before all things, and in Him all things hold together.”  Maybe you will 
one day participate in the Cycle of Scienti�c Enterprise yourself, perhaps even making your own 
contribution to the theory of biogenesis.

1.27. Irish physicist John Tyndall 
(1820–1893).

Figure 1.26. English physiologist 
Henry Charlton Bastian (1837–1915).
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Chapter 1 Exercises
SECTION 1.1
1. Distinguish between truth and facts.

2. Write three true statements and three factual statements (that are correct so far as we 
know.)

3. Distinguish between theories, hypotheses, and experiments.

4. Explain how the Cycle of Scienti�c Enterprise works.

5. Make a table listing the three types of microscopes discussed in this chapter. For each, 
include columns with the following information: 1) how the image is obtained, 2) range 
of magni�cation, 3) degree of resolution, 4) types of structures that can be observed, and 
5) description of the resulting image.

6. For each of the seven common measurements/metric pre�xes listed in Table 1.1, identify 
two additional applications to actual objects or phenomena in nature.

7. Compare the micron and the angstrom (i.e., calculate their ratio).
SECTION 1.2
8. List and brie�y describe the six characteristics of life.

9. Make a table listing the levels of biological organization. For each level, list a de�ning 
characteristic.

10. Explain why a cell is the simplest level of organization considered to be alive.

11. Other than those discussed in the book, give an example of a cell type, tissue, organ, and 
organism. Make sure that each example is a component of the level of organization above it.

12. Write a paragraph distinguishing between producers, consumers, and decomposers.

13. Compare and contrast sexual and asexual reproduction.

14. Brie�y trace the developmental process of a human being, from conception through death.

15. Besides those mentioned in the book, think of three examples of an organism responding 
to a stimulus. For each example, explain what the stimulus is, how the organism senses it, 
and how the organism appropriately responds.

16. De�ne homeostasis, giving an example of an organism exhibiting homeostasis.

17. De�ne adaptation, giving an example of a population adapting to changing environmental 
conditions.

SECTION 1.3
18. Compare and contrast the theories of Aristotle and Redi.

19. Compare and contrast the experiments of Needham and Spallanzani. How were their 
theories di�erent from those of Aristotle and Redi?

20. Describe the experiments and conclusions of Louis Pasteur.

21. What experimental modi�cations did John Tyndall make, and how did his results 
strengthen biogenic theory?

22. Distinguish between Bastian’s term archebiosis and Huxley’s term abiogenesis. How are 
these two terms di�erent from the term spontaneous generation?
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The physical and chemical properties of substances underlie all of biology, determining how and why 
life’s processes work the way they do. Here, you can see how water behaves when in contact with the 
waxy coating on the surface of a leaf.  Water molecules are polar—a characteristic stemming from the 
way hydrogen and oxygen atoms share electrons. As a result, water tends to stick to itself, a property 
known as cohesion. Because water likes to stick to itself so much (and tends to avoid contact with the 
nonpolar molecules on the leaf ), it beads into spherical droplets despite the constant downward pull of 
gravity. A droplet at the bottom edge of the leaf clings to it (displaying adhesion) one last moment before 
gravity pulls it to the ground. We can use the physical and chemical properties of biologically important 
molecules to explain the related properties at higher levels of organization, giving us amazing insight 
into how all things work together according to the laws of nature designed by the Creator.

Chapter 2

Atoms and Molecules
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Objectives for Chapter 2

A�er studying this chapter and completing the exercises, you should be able to do each of the 
following tasks, using supporting terms and principles as necessary.
SECTION 2.1
1. Describe the three subatomic particles, including their charges, masses, and arrangements 

in the atom.

2. Distinguish between the Bohr and quantum models of the atom.

3. List and describe three types of information found in the Periodic Table of the Elements.

4. De�ne isotope and ion.

5. Given the appropriate information from the periodic table, determine the number of 
protons, neutrons, and electrons a given atom, ion, or isotope possesses.

6. Distinguish between chemical bonds and intermolecular interactions.

7. Describe the major features of the three kinds of chemical bonds. Give examples of 
substances that display each type.

8. Describe the major features of two kinds of intermolecular interactions. Give an example of 
a substance and its physical properties that result from each type.

SECTION 2.2
9. List and describe seven unique properties of water that result from hydrogen bonding.

10. De�ne acid and base.

11. Using the pH scale, determine whether a solution is acidic, basic, or neutral.

12. Give examples of biologically important acids.

13. Describe the role of bu�ers in maintaining homeostasis.
SECTION 2.3
14. De�ne monomer and polymer. 

15. Describe the roles of monomers and polymers in the structures of biomolecules.

16. List and describe the types of monomers involved in the four major classes of biomolecules.

17. Describe the purpose of each of the four major types of carbohydrates.

18. Describe the major roles and properties of lipids.

19. Describe the major roles and properties of proteins.

20. Describe the major roles and properties of nucleic acids.

21. Describe the structure of DNA.

22. List the major di�erences between DNA and RNA.
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2.1 Atoms and Molecules

2.1.1 Atomic Structure
Recall that matter consists of anything made of atoms (or parts of atoms), having mass, and 

taking up space. �ese days, we take it for granted that matter is composed of atoms, but the 
issue of what matter is made of has been a hot topic throughout scienti�c history. �e ancient 
Greeks thought that everything in the world was made of four elements they identi�ed as earth, 
�re, wind, and water. In the 4th century BC, the Greek philosopher Democritus had a wild idea. 
He proposed that if you cut something enough times you eventually would not be able to cut 
it anymore. Taking this a step further, Democritus concluded that everything is made of tiny, 
indivisible particles he called atoms.

�is theory proved to be a strong one, though over the years it has been re�ned with further 
details. Today, the predominant theory is the quantum theory of the atom, discussed brie�y 
below.

�e atom is the fundamental building block of matter, and the fundamental unit of an el-
ement. An element is any substance composed of just one type of atom, such as oxygen (O), 
hydrogen (H), or helium (He). Atoms themselves are composed of three subatomic particles. 

As you know, these subatomic particles—protons, 
neutrons, and electrons—are arranged in a specif-
ic way within the atom. As illustrated in Figure 2.1, 
protons and neutrons reside in the nucleus, or cen-
ter. �ese two particles comprise almost all the mass 
in the atom—the masses of protons and neutrons 
are about the same, while the mass of the electron 
is about 1/2,000 of the proton mass. �e protons 
and neutrons are very densely packed together and 
tightly bound. Protons are positively charged, while 
neutrons have no charge. Electrons have a negative 
charge and �y around in strange ways in regions 
surrounding the nucleus.

�e atomic model shown in Figure 2.1 is useful, 
but not to scale. In reality, if the nucleus were the 
size of a marble on the pitcher’s mound of a major 
league baseball stadium, the electrons would be 
�ying at the outer edge of the bleachers. In other 
words, the atom is mostly empty space, with almost 
all the mass concentrated into the incredibly tiny 
and densely packed volume of the nucleus.

�e model depicted in Figure 2.1 is one version 
of the contemporary quantum model of the atom. 
�e blue-green regions containing the electrons are 
called orbitals. �e orbitals have strange three-di-

mensional shapes, and each orbital can hold a maximum of two electrons. Each pair of lobes on 
either side of the nucleus in the �gure constitutes one orbital, even though the two lobes appear 
separated in the �gure. �e orbitals are arranged in groups called shells, and the shells farther 
out from the nucleus house electrons with higher energy. �e orientation of the orbitals has an 
e�ect on the way atoms bond together to form compounds. We discuss the details of chemical 
bonding later in this section.

Figure 2.1. A model of the structure of an 
oxygen atom. Protons and neutrons are tightly 
bound together in the center (nucleus) of the 
atom. Electrons, shown as tiny red streaks, �y 
around the nucleus at high speeds. The blue-
green regions containing the electrons are the 
orbitals.
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Figure 2.3. The basic information in each cell 
of the periodic table.

6
C

Carbon

12.011

atomic number

chemical symbol

element name

atomic mass

In the quantum model, the lowest-energy shell consists of a single, spherical orbital, so this 
shell can only hold two electrons. �e next higher-energy shell consists of a total of four orbitals 
(of two di�erent types), and can hold a total of eight electrons. �e third shell consists of nine 
orbitals that can hold 18 electrons, and so on. �e shapes of the orbitals are more complex at 
higher energies.

Compounds are formed when atoms of di�erent elements are chemically bonded together. 
Chemical bonding occurs when atoms share or exchange certain electrons. �e outermost shell 
containing any electrons is called the atom’s valence shell. �e electrons in the valence shell (the 
valence electrons) are the only electrons involved in the process of chemical bonding.

2.1.2 The Periodic Table of the Elements
All atoms are composed of protons, neutrons, and electrons, but di�er in the numbers of 

these particles that they have. While the numbers of all three subatomic particles vary from ele-
ment to element, the identity of an element is determined by the number of protons in an atom’s 
nucleus. At present, there are 118 known elements (composed of di�erent types of atoms). �ese 
are arranged in the Periodic Table of the Elements, shown in Figure 2.2.

�e number of protons is indicated by the atomic number in the periodic table, and elements 
are arranged le� to right according to increasing atomic number. For example, let’s look at one 

of my favorite elements, one that is necessary for life—
carbon—with chemical symbol C. Figure 2.3 depicts 
the carbon box from the periodic table. Carbon atoms 
all have six protons in the nucleus, so carbon is ele-
ment number 6. If a carbon atom were to gain another 
proton (which happens in certain nuclear reactions), 
the atom would no longer be carbon, but nitrogen, N, 
element number 7.

�e other value present in the periodic table entry 
for each element is the element’s atomic mass. Car-
bon’s mass is 12.011 uni�ed atomic mass units (u). �e 

atomic mass tells us how heavy the element is on average. �is value is an average because even 
though all carbon atoms have six protons, the number of neutrons they have varies and thus the 
mass of carbon atoms varies as well. �is is the case for every element. �e varieties of atoms of 
the same element are called isotopes. �e isotopes of carbon are all identical, except with respect 
to the number of neutrons in the nucleus.

To illustrate how we arrive at the atomic mass (average element mass), say there are 20 stu-
dents in a certain class. All the students are in the same class, which is analogous to all the 
carbon atoms having the same number of protons. However, it is likely that the students’ ages 
vary a bit. Let’s say 10 of the students are 14 years old, �ve are 15 years old, and another �ve are 
16 years old. Calculating the average age, we add up everyone’s age and then divide by the total 
number of students in the class, giving an average age of 14.75 years. Atomic mass works nearly 
the same way.

In the case of carbon, individual atoms exist as isotopes of carbon. �e most common iso-
tope of carbon—by far—is carbon-12, with an atomic mass of 12 u. �is mass comes from six 
protons plus six neutrons found in its nucleus. You can see that 12 is very close to 12.011, the 
average mass of the element. A much smaller number of carbon atoms exist as carbon-13 (six 
protons and seven neutrons) or carbon-14 (six protons and eight neutrons). Again, atoms of 
every isotope of carbon have six protons—they must have six protons in order to be carbon. 
However, the number of neutrons varies, resulting in a small number of carbon isotopes with 
extra neutrons existing in any given sample.
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Like carbon, most elements have a particular isotope that is far more abundant in nature 
than the others. As a result, the atomic mass is, in many cases, very close to the whole number 
representing the mass of the most abundant isotope. �is whole number is called the mass num-
ber. �e mass number is the total of all the protons and neutrons in the most common isotope 
of an element.

Let’s look at a quick application using the mass number. Sodium (Na), pictured in Figure 2.4, 
is a relatively so�, shiny metal. Its atomic number is 11, so atoms of sodium have 11 protons. Its 
atomic mass is 22.9898 u, so the mass number is 23. Subtracting the atomic number from the 
mass number gives us 12 neutrons in the isotope Na-23:

# of neutrons =mass number − atomic number
= 23−11

# of neutrons =12

As a side note, there are two ways to designate iso-
topes. One is to place the atomic mass a�er the name 
of the element, as in carbon-14 or C-14. Another way 
is to place the mass number as a superscript in the top 
le� corner, such as 14C. In the latter method, it is also 
appropriate to place the atomic number of the isotope 
in the bottom le� corner: 6

14C. However, since carbon 
always has six protons, the atomic number is implied 
and o�en omitted.

It turns out that the existence of isotopes is incred-
ibly useful in science. Because all living things constantly cycle carbon atoms from the envi-
ronment, and because atmospheric carbon samples have a constant fraction of the carbon-14 
isotope, scientists use this fact to determine the ages of dead organisms. Carbon-14 is radioac-
tive, which means it undergoes a spontaneous nuclear reaction called nuclear decay. Speci�cally, 
C-14 atoms undergo beta decay, which changes one of its neutrons to a proton, converting the 
carbon atom to a nitrogen atom. �e rate at which the carbon atoms in any sample of carbon-14 
undergo beta decay is �xed and well known—over a period of 5,730 years, half the carbon at-
oms in any sample of C-14 will decay. 
For this reason, this period of time,  
5,730 years, is called the half-life of 
carbon-14.

Radioactive carbon-14 is present 
in a constant amount in a living or-
ganism because the organism con-
stantly takes in atmospheric carbon 
(e.g., by breathing). However, when 
that organism dies, it no longer as-
similates carbon from the atmo-
sphere. By measuring the ratio of 
carbon-14 to carbon-12 in a dead 
sample or fossil and comparing that 
to a sample of the isotope ratio in the 
atmosphere, scientists can calculate 
how long it has been since the organ-
ism died. �is technique, known as 

Figure 2.5. A section of the Dead Sea Scrolls. Radiocarbon 
dating was used to trace the age of these Bible manuscripts to 
the �rst century AD.

Figure 2.4. Elemental sodium metal.
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radiocarbon dating, has been useful for determining the age of many fossils. Another use for this 
method is the dating of manuscripts. Figure 2.5 shows a section of one of the Dead Sea Scrolls—
ancient Bible manuscripts discovered in 1947. Radiocarbon dating was used to estimate the ages 
of these scrolls, enhancing our knowledge of the Bible by enabling scholars to determine which 
manuscripts were written �rst.

So far, we have discussed how to determine the number of protons (atomic number) and the 
number of neutrons (mass number minus the atomic number) an atom has. What about elec-
trons? In atoms that are electrically neutral (no net charge), the number of negatively charged 
electrons equals the number of positively charged protons present. However, there are a number 
of cases where it is energetically favorable for an atom to gain or lose an electron or two (or 
three).1 When this happens, the charge balance is upset, creating an ion. An ion is an atom that 
has gained or lost one or more electrons and has acquired a net negative or positive charge as a 
result. Referring to sodium again, sodium is element 11, so each sodium atom has 11 protons. In 
a neutral sodium atom, there are 11 electrons as well. 

From our brief discussion of electrons and orbitals above, recall that the outermost shell 
with any electrons in it is the valence shell, and the electrons it contains are 
the valence electrons. Valence electrons are important because they are re-
sponsible for that element’s chemical behavior, or how that atom bonds with 
other atoms to create compounds. In the case of sodium (Na), one of its 11 
electrons in the outermost shell, the valence shell.

Let’s explore this further. Now, even though we know these electrons re-
side in 3-dimensional orbitals, it is simpler to draw out the electrons using 
the Bohr model of the atom, with each circular orbit representing one shell 
of electrons. �e sodium atom is depicted this way in Figure 2.6.

Because Na is element number 11, we know that there are 11 total elec-
trons in the atom. 
From Section 
2.1.1, we know 
that the lowest 

energy shell can hold a maximum of 
two electrons (here depicted as a sim-
ple circle rather than an orbital). �e 
next higher-energy shell holds a max-
imum of eight electrons. Now, 10 elec-
trons have been placed and we need 
a home for the remaining electron. 
�is lone electron occupies the third 
shell. It turns out that a single electron 
in the outermost shell is a highly un-
stable situation. Atoms actually prefer 
to have full shells, and an atom with 
a shell that is almost empty or almost 
full is an atom that reacts vigorously 

1 An unstable electron con�guration means the atom readily adopts a more stable con�gura-
tion. �is is what we mean by the phrase energetically favorable, used above. As an analogy, 
a tall stack of building blocks is unstable. It is energetically favorable for the stack to fall 
down because the blocks are in a more stable con�guration on the �oor than in a stack. Giv-
en a slight bump, the stack falls down by itself because it is energetically favorable to do so.

Figure 2.6. Bohr model 
of a sodium atom, 
showing one electron 
in the outermost shell.

nucleus

Figure 2.7. Because of a single electron in the valence shell, 
sodium metal reacts explosively with water. Here, about three 
pounds of pure sodium metal are thrown into a body of water.
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with other atoms to gain or lose electrons so that its outermost shell is full. Sodium is so eager to 
get rid of that 11th electron that it reacts explosively with water, as shown in Figure 2.7.

 �e result of this fantastic explosion are sodium ions, Na+. Having lost one electron, sodium 
now has an overall charge of +1. �e sodium ion is an extremely important component of your 
body’s chemistry, involved in conveying signals through nerve cells, causing your heart to beat, 
and keeping your blood chemistry stable.

To understand how protons, neutrons, and electrons come together as various elements (as 
well as their isotopes and ions), it is important to know how to count them. We have already en-
countered the simple examples of carbon and sodium. Now, let’s look at chlorine (Cl) as another 
example. Chlorine is a toxic gas, but in ionic form it is an important part of your body chemistry. 
Before reading the following example, �nd chlorine in the periodic table shown in Figure 2.2.

 Example 2.1

Determine the number of protons and electrons in atoms of elemental chlorine.

Chlorine is element number 17, so it has 17 protons. Because elements are electrically neutral, 
Cl has 17 electrons as well.

We can visualize the con�guration of these electrons as in the Bohr model 
shown in Figure 2.8. If we are to �ll 17 electrons into the shells appropriately, 
the �rst shell gets two, the second gets eight, and then the remaining seven 
go into the third shell. Recall from Section 2.2.1 that the third shell can hold 
a total of 18 electrons. However, one of the interesting quirks of chemistry 
is that the second, third (and fourth, and so on) shells are especially stable 
when they contain eight electrons. �is rule of thumb is called the octet rule. 
Because chlorine’s outermost shell falls just one shy of eight, it is especially 
eager to gain another one to become the negatively charged ion, Cl–.

 Example 2.2

Determine the number of neutrons in atoms of the isotopes Cl-35 and Cl-37.

When you look at chlorine’s entry in the periodic table, its atomic mass is listed as 35.45 u. �is 
value is nowhere close to any whole number because it is the weighted average of chlorine’s nat-
urally occurring isotopes. In any given sample of chlorine found on earth, 76% are Cl-35, 24% 
are Cl-37, and a trace amount is Cl-36. 

Since the question speci�cally asks us to �nd the number of neutrons in the Cl-35 and Cl-37 
isotopes, we use 35 and 37 as the mass numbers, rather than working from the atomic mass 
found in the periodic table.

For chlorine-35:

# of neutrons =mass number − atomic number
= 35−17

# of neutrons =18

For chlorine-37:

Figure 2.8. Bohr 
model of a chlorine 
atom, showing seven 
electrons in the 
outermost shell.

nucleus
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# of neutrons =mass number − atomic number
= 37−17

# of neutrons = 20

 Example 2.3

In the human body, chlorine (Cl) exists as the negatively charged ion Cl–. Determine the number 
of protons and electrons in this ion.

�e number of protons always equals the atomic number from the periodic table. Chlorine is 
element 17, so the number of protons is 17.

To determine the number of electrons, note that when an atom becomes an ion, it either gains 
or loses electrons to do so. Electrons are negatively charged, so getting rid of electrons causes 
an atom to become positive. Gaining negatively charged electrons causes an atom to become 
negative. Neutral chlorine has 17 protons and 17 electrons. When a chlorine atom becomes a 
Cl– ion, it does so by gaining an electron to acquire an overall net charge of –1. �is gives the 
Cl– ion 17 protons and 18 electrons. If we were to draw the Bohr model of Cl–, it would look 
similar to the model in Figure 2.8, only the outermost shell would have a completed octet: eight 
electrons rather than seven.

2.1.3 Bonds and Intermolecular Interactions
I mention above that valence electrons are the only ones involved in atomic bonding. In this 

section, we consider the ways bonding occurs within and between molecules.
From everyday life, you are already somewhat familiar with the notion of bonding. You can 

use tape or glue to make objects stick together. �e method you use determines the strength of 
the bond. For example, you may write homework reminders on sticky notes and place them on 
the wall by your desk. As your homework changes every night, you can easily remove and re-
place sticky notes at will. On the other hand, if you were building a piece of furniture, you might 
instead use wood glue to make a more permanent bond. You could still take those pieces apart, 
but it would take much more energy to do so, perhaps even the use of a saw to cut them apart. 

In the chemical world, there are many types of bonds with di�erent strengths. Some are tem-
porary, like sticky notes, and others are much stronger, like those 
formed with glue. �e strong bonds are called chemical bonds. 
Chemical bonds hold molecules and crystals together, through 
the sharing or transferring of electrons. Forces between mole-
cules—intermolecular forces or intermolecular interactions—are 
much weaker, more akin to the temporary sticky notes on the 
wall. Each type of bond or interaction is responsible for the be-
havior of the molecules whose interactions form the basis of bi-
ology.

Digging deeper, chemical bonds come in three important 
categories, listed in Table 2.1. We �rst consider the covalent 
bond, sometimes called a nonpolar covalent bond, in which two 
atoms share one or more pairs of electrons between them, as il-
lustrated in Figure 2.9. Hydrogen atoms each have one electron, 

Figure 2.9 Nonpolar covalent 
bonding present in a hydrogen 
molecule (H2). Each atom now has 
two electrons in the �rst shell, so 
their valence shells are full.

shared pair of 
electrons

hydrogen atom hydrogen atom



41

Atoms and Molecules

so they need one more to �ll the valence shell (since the �rst shell holds two). �ey accomplish 
this by sharing a pair of electrons with another atom that also needs to gain an electron. When 
one electron pair is shared, a single bond is formed.

If two or three electron pairs are shared, then we have a double bond or triple bond, depicted 
in Figures 2.10 and 2.11. Regardless of the number of electron pairs being shared, the de�ning 
feature of a nonpolar covalent bond is that the resulting electron density is spread out in a fairly 
even manner around the molecule. When the density of electrons is evenly distributed, the 
molecule is said to be nonpolar. If the electron density is uneven, the molecule has regions that 
are more positive in character and regions that are more negative in character. In this case, the 
molecule is said to be polar.

�e even sharing of the nonpolar covalent bond arises in several ways. If the atoms are of 
the same kind (for example, in the hydrogen molecule, H2, depicted in Figure 2.9), the elec-

trons are shared exactly equally. If 
two similar elements that are close 
to one another in the periodic ta-
ble share electrons, their sharing is 
similar enough to be considered a 
nonpolar covalent bond. Addition-
ally, molecules with a symmetrical 
geometry display nonpolar proper-
ties no matter how unequally their 
atoms are sharing electrons, due to 
a canceling out of polar e�ects. �is 
type of nonpolar covalent bond is 
illustrated by the methane molecule 

Chemical
Bonds

Covalent Bond When two atoms equally share one or more electron pairs 
between them. �e number of electrons available for 
forming bonds depends on the identity of the atom and the 
number of valence electrons it normally has. �is type of 
bond typically results in molecules.

Polar Covalent Bond When two atoms share pairs of electrons unequally. If two 
atoms with signi�cantly di�erent electronegativities form a 
bond, then a polar covalent bond forms.

Ionic Bond Attractions between positively and negatively charged ions. 
In this case, rather than electrons being shared, they are 
completely transferred from one atom to the other. �e 
resulting charge causes an electrostatic interaction to hold 
the ions together.

Intermolecular 
Forces

Hydrogen Bonding When partial charges on one molecule are attracted to the 
opposite partial charge on a neighboring molecule. �ese 
bonds form in molecules that have strongly polar bonds, 
namely, those between H and O, N, or F.

Van der Waals Forces Fleeting interactions between moderately polar or nonpolar 
molecules.

Table 2.1. Summary of chemical bonds types and intermolecular forces of attraction.

two shared 
pairs of 

electrons

oxygen atom oxygen atom

Figure 2.10. Nonpolar covalent 
bonding present in an oxygen 
molecule (O2). Here, two pairs 
of electrons are shared (double 
bond).

Figure 2.11 Nonpolar covalent 
bonding in a nitrogen molecule 
(N2). Here, three pairs of electrons 
are shared, resulting in a triple 
bond.

three shared 
pairs of 

electrons

nitrogen atom nitrogen atom
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depicted in Figure 2.12. A single pair of electrons is shared between the central carbon atom and 
each hydrogen atom.

If the two atoms have di� erent identities—that is, they are of di� erent elements—then the 
electrons are shared unequally to varying degrees. � e di� erence is due to a parameter called 
electronegativity, which is the strength with which an atom pulls on its electrons. In the periodic 
table, there is a general trend of increasing electronegativity from the lower le�  corner to the 
upper right corner, and � uorine has the highest electronegativity of all. Elements that are close 
together in the periodic table are likely to have similar electronegativity values; elements that are 
widely separated are likely to have quite di� erent electronegativity values. � e greater the di� er-
ence in electronegativity between the two atoms, the more polar the bond is. � us, we have two 
categories of chemical bond: covalent and polar covalent. Both involve the sharing of electrons, 
but they di� er in how equally those electrons are shared.

� e most famous polar molecule of all—and the most signi� cant for the water-based biolo-
gy we know on earth—is the water molecule. � e covalent bonding 

in the water molecule is represented in 
Figure 2.13. Oxygen, being very close 
to � uorine in the periodic table, is a 
highly electronegative element; oxygen 
atoms have eight protons in the nucle-
us that pull tightly on the electrons. By 
contrast, hydrogen has only one proton 
and a lone electron that is part of the 
chemical bond with oxygen in the wa-
ter molecule. As a result, the hydrogen 
nucleus does not pull nearly so tightly 
on electrons and in the water molecule 
the two electrons forming the bond are 
shared unequally between the hydrogen 
and oxygen. Oxygen pulls much harder 

Figure 2.14. The polarity of 
water. Because oxygen is 
more electronegative than 
hydrogen, the electrons are 
shared unequally. This results 
in a partial negative charge on 
oxygen and a partial positive 
charge on the hydrogens.

(+)

(–)

(+)

Figure 2.13. The covalent 
bonding present in the water 
molecule (H2O). The oxygen 
atom shares a pair of electrons 
with each of two hydrogen 
atoms.

hydrogen atoms

oxygen atom

Figure 2.12 Nonpolar covalent bonding in methane (CH4). The identity of the atoms is di� erent, and carbon 
pulls on the electrons a little bit harder than hydrogen does. However, this molecule is still nonpolar because 
of its symmetry. Any polar character of the C-H bond is canceled out by the other bonds being arranged in a 
symmetric fashion around the central carbon.

Before bonding: 4 hydrogen atoms 
and 1 carbon atom

After bonding: 1 methane molecule, with 
each hydrogen atom sharing an electron 

pair with the central carbon atom

hydrogen atom
carbon atom
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on the electrons, resulting in a 
partial negative charge on the 
oxygen side of the molecule and 
a partial positive charge on the 
hydrogen side, as Figure 2.14 il-
lustrates. In the next section, we 
explore several unique and sig-
ni� cant properties of water that 
result from its polar character.

� us far, we have explored 
two categories of chemical 
bond: covalent and polar cova-
lent. Both involve the sharing 
of electrons, but they di� er in 
how equally those electrons are 
shared. In a third type of bond, 
electrons are shared so un-
equally that they are transferred 
altogether. � e resulting bonds 
are ionic bonds, which occur 
between ions with full negative 
or positive charges (unlike the 
partial charges in the case of 
polar covalent bonds). � ese 
ions stick together because of 
the electrostatic attraction be-
tween them. � is is the type of 
bonding that occurs in crystals.

Sodium chloride (table salt) 
is a common example. Ionic 
bonding between sodium and 
chlorine is illustrated in Figure 2.15. When so-
dium atoms bond with chlorine atoms, the so-
dium loses its outermost electron to chlorine, 
forming sodium and chloride ions, Na+ and 
Cl–. � e resulting ions stick together because of 
their opposite charges. 

To recap, the three types of chemical bonds 
are covalent, polar covalent, and ionic. � ese 
types of bonds hold molecules (such as oxygen 
or methane), or salt crystals (such as sodium 
chloride) together.

As previously mentioned, there are other, 
weaker, forces or interactions between neigh-
boring molecules in a sample—hydrogen 
bonding and Van der Waals forces. � e stron-
ger of the two categories is hydrogen bonding. 
When a hydrogen atom is chemically bonded 
to a highly electronegative element, such as Figure 2.16. Hydrogen bonding of a water molecule 

with its neighbors.

+ –

+

–

–

+

+

–

Figure 2.15. Sodium chloride forms an ionic bond, as one electron is 
transferred from sodium to chlorine, ionizing both atoms but giving 
each a stable, � lled valence shell. The resulting ions stick together 
because of their opposite charges.

electron transfer in ionic bonding: 
metal atom transfers an electron to a 

nonmetal atom

after electron transfer, both 
atoms have full valence shells

(+1) ion (–1) ion

sodium atom chlorine atom
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oxygen, nitrogen, or �uorine, the result is a partial 
positive charge on the hydrogen and a partial nega-
tive charge on the electronegative atom. �e charge 
imbalance produces a highly polar molecule that 
readily bonds with other polar molecules.

Figure 2.16 depicts how this partial charge caus-
es water molecules to be attracted to each other. In 
fact, each water molecule has room for up to four 
hydrogen bonding interactions with its neighbors. 
�e presence of hydrogen bonding among water 
molecules leads to a number of fascinating proper-
ties without which life as we know it could not exist. 
We discuss these properties and their implications 
soon.

�e weakest intermolecular interactions are the 
Van der Waals forces. �ese occur between mole-
cules that are mildly polar or nonpolar. In molecules 
that are nonpolar—i.e., their electrons are equally 
shared—there are still little random �uctuations 
in charge that lead to a �eeting, temporary, partial 
charge. �ese random �uctuations are caused by 
the electrons being momentarily denser on one side 
of the molecule. When this �eeting partial charge 
occurs, it induces a momentary partial charge in a 

neighboring molecule, and then the neigh-
bor’s neighbor, and so on as electrons rush 
towards a neighboring partial positive charge. 
Because these interactions are quickly formed 
and quickly dispersed, they are not nearly so 
strong as hydrogen bonding. However, they 
do account for interactions between nonpo-
lar molecules, and can exhibit strength when 
present in large numbers. In fact, Van der 
Waals forces give the gecko the amazing abil-
ity to stick to a smooth surface so it can walk 
up walls, as in the photo of Figure 2.17. �e 
highly folded nature of the gecko’s foot gives 
it a large surface area with which to have Van 
der Waals interactions, as shown in Figure 
2.18. �erefore, though the Van der Waals 
force itself is relatively weak, the large number 
of them present between the gecko’s foot and 
the vertical surface mean that the gecko can 
fully support its weight.

Figure 2.17. The gecko can walk up vertical walls 
due to Van der Waals forces. This gecko is native 
to Hawaii.

Figure 2.18. The underside of a gecko’s foot on glass, 
showing the high surface area available for Van der 
Waals interactions that allow this lizard to scale vertical 
smooth surfaces.



45

Atoms and Molecules

2.2 Water

2.2.1 The Structure and Properties of Water
As described above, hydrogen bonding between water molecules causes the molecules to 

tend to stick together. Interestingly, each instance of hydrogen bonding in liquid water only lasts 
about 10 ps (picoseconds). However, because of the large number of water molecules present at 
any given time in any sample of water (about 1020 molecules per drop!), there is a great deal of 
hydrogen bonding present at any given time. As a result, water molecules really stick together. 
Because of the relative strength of hydrogen bonding, water displays seven unique features that 
are necessary for life. In this section, we discuss these features, arranged into four major cate-
gories.

1   Cohesion, Surface Tension, and Adhesion

Cohesion is the tendency for molecules of 
the same kind to stick together. Water’s hydro-
gen bonding tendencies cause it to be highly 
cohesive. �is property is easily seen in the 
way water forms beads, as shown on the open-
ing image of this chapter. You can also observe 
cohesion by slightly over�lling a glass of wa-
ter and noticing how the water bulges upward 
without spilling over, as in Figure 2.19. In this 
case, the cohesive forces between water mole-
cules overcome the force of gravity.

Related to cohesion is surface tension. Be-
cause water molecules tend to stick together, 
the surface of water has a special resistance to 
being broken. �is resistance, or surface ten-
sion, is commonly seen when insects such as 
water striders literally walk on the water with-

out breaking the surface, as shown in Figure 
2.20.

While cohesion describes how water sticks 
to itself, adhesion refers to water’s tendency to 
stick to other substances or objects. If you’ve 
done any work with laboratory glassware, you 
are already familiar with adhesion. In Figure 
2.21, a sample of water sits in a buret, ready to 
be measured. Because water displays adhesion, 
some water creeps up the sides of the glass, 
forming a curved surface called a meniscus. 
�e presence of a meniscus means that a spe-
cial measurement technique is required when 
reading volumes in glassware such as burets 
and graduated cylinders. In order to obtain Figure 2.20. Water striders are named for their ability 

to walk on water.

Figure 2.19. Because of its hydrogen bonding 
tendencies, water displays cohesion, or ability to stick 
to itself. Here, a glass of water is slightly over�lled. 
Notice how the water bulges upward above the rim 
of the glass.
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an accurate reading, you must position yourself so the 
meniscus is at eye level and read the water level at the 
bottom of the meniscus.

Trees and other plants use cohesion and adhesion 
working together in a rather magni�cent way. In order 
to survive, a tree must pull large amounts of water from 
its roots up to its leaves on a daily basis. Whereas hu-
mans and other animals have hearts to pump blood all 
over the body, trees have no such organ. In a process 
called transpirational pull (part of cohesion-tension 
theory), water actually pulls on itself and on the inner 
tissue of the tree (the xylem) to cause the bulk �ow of 
water in large amounts. A large oak tree moves about 
110 gallons of water (the amount of water held in an 
extra-large bathtub) from roots to leaves every day.

2   �ermal Properties: Speci�c Heat Capacity and 
Boiling/Freezing Point

Hydrogen bonding also explains water’s temperature stability and its unusually large tem-
perature range from melting point to boiling point—both necessary for maintaining life.

When we measure the temperature of a substance, we are in e�ect measuring the average 
speed of the molecules. �e faster the molecules are moving, the hotter the substance is. Because 
of the hydrogen bonding in water, water molecules stick to their neighbors. As a result, it takes 
a lot of energy for molecules to break free of those hydrogen bonds in order to begin moving 
more quickly. �e property of substances relating quantities of heat to changes in temperature 
is the speci�c heat capacity. �e speci�c heat capacity of a substance is the amount of heat re-
quired to raise the temperature of one gram of the substance by one degree Celsius. Because of 
hydrogen bonding in water, much more heat is required to raise its temperature than almost all 
other substances.

�is property is extremely important for life—both at the organism and ecosystem levels of 
organization. Individual organisms cycle matter and energy through many thousands of chem-
ical reactions. In the process of these reactions, large amounts of heat are released. Because cells 
have such a high water content, most of this heat is safely absorbed without appreciably raising 
the body temperature of the organism. �is is just one way that organisms can maintain homeo-
stasis—keeping body temperature within a very narrow range that is necessary for life.

At the ecosystem level, large bodies of water such as oceans resist changes in atmospheric 
temperature. Not only does this provide a stable environment for marine life, but it also explains 
why coastal areas tend to have a more moderate climate compared to inland areas. In Southern 
California, where I live, this temperature pattern is especially evident during the summers. Cit-
ies along the coast tend to remain in the 70s (Fahrenheit), while the farther inland one goes the 
higher the temperature is. Traveling even 100 miles inland can result in temperatures well above 
100°F! (Take-home tip: If you want to cool o�, go to the beach.)

Finally, water has a large range of temperatures at which it exists as a liquid. As you know, 
water freezes at 0°C and boils at 100°C. Most other molecules of similar size boil at very low 
temperatures and exist mainly as gases. Because of hydrogen bonding, it takes a much higher 
temperature for water molecules to overcome those attractive forces and jump out of a con-
tainer to �y away as water vapor. As a result, here on earth, we regularly �nd water in all three 

Figure 2.21. Water in a buret.
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phases—solid, liquid, and vapor—with all three playing a role in maintaining life, as shown in 
Figure 2.22.

3   Density

Water has a very unusual density 
pattern. For most substances, solids are 
denser than liquids, which in turn are 
denser than gases. �is pattern makes 
sense because molecules need more 
room to move around as they warm 
up and speed up, and in general faster 
moving molecules take up more space.

However, in the case of water, ice 
is actually less dense than liquid water. 
Figure 2.23 shows the hydrogen bond-
ing pattern of H2O molecules forming 
solid ice. In liquid water, the molecules 
are constantly tumbling over one anoth-
er, engaging in and moving away from 
hydrogen bonding with other mole-
cules. But ice forms a stable hydrogen 
bonding pattern. �e ideal geometry of 

Figure 2.22. On earth water regularly exists in all three phases—solid, liquid, and vapor—often simultaneously. 
This photo shows a glacier (solid) surrounded by liquid water and vaporized water in the air, some of which 
has condensed into clouds. (Note that clouds are not water vapor—water vapor is invisible!)

Figure 2.23. The regular, hexagon-shaped, hydrogen-bonded 
structure of solid ice means that the molecules are farther 
apart than those of liquid water.
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these bonds forces the water molecules to sit farther apart 
than they do as a liquid. �is means molecules take up 
more space in solid ice. As a result, ice is less dense than 
water and �oats.

Let’s think for a moment about how phenomenally 
important this property is for maintaining life. Consider 
a lake in a northern climate—maybe one of the 10,000 
lakes in Minnesota. Every winter, the lake freezes over 
and because ice �oats, only the top of the lake freezes. 
�is top layer of ice then shields the liquid water under-
neath from the brutal temperatures typical of Minnesota 
winters, preventing freezing of the entire lake. Fish and 
other aquatic life are able to survive in the liquid under-
neath. I might add that frozen lakes with living �sh in 
the water underneath are a requirement for ice �shing, 
illustrated in Figure 2.24, a diversion that helps the good 
people of Minnesota survive long winters.

Additionally, when the ice melts in the spring, a phe-
nomenon called spring overturn occurs. As ice melts, it 
becomes dense cold liquid water and falls to the bottom 
of the lake. As this denser water falls, it pushes the warm-
er water originally at the bottom up to the top. �is pro-
cess circulates nutrients and oxygen and is essential for 
the health of all life within the lake.

4   Solubility

Finally, because water exhibits hydrogen bonding, it has the ability to dissolve most other 
substances that are polar or ionic, earning it the nickname of universal solvent. As an example, if 
you place a spoonful of table salt in a cup of water the polar water molecules begin to pull apart 
the salt crystal, ion by ion, as illustrated in Figure 2.25. Since water has both partial negative and 
partial positive charges, these are attracted to their opposite charges in ions in the crystal. �e 
attraction is so strong that it overcomes the crystal structure present in the salt. Once the salt 
completely dissociates—that is, comes completely apart and dissolves—each ion is surrounded 

Figure 2.24. Hydrogen bonding in water 
makes ice �shing possible.

Figure 2.25. Here, water dissolves a salt crystal. The partial positive and partial negative 
charges of the water molecules attract the negative chloride ions and the positive sodium 
ions, respectively. In the end, each ion becomes surrounded by water molecules. At this point 
the salt is in solution, no longer visible to the eye, not even with a light microscope.

solute
crystal

solvent
molecule

positive
ion

negative
ion
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by water molecules. �e water is called 
the solvent, the salt is the solute, and the 
resulting homogeneous mixture is called 
a solution.

Because it is polar, water dissolves 
a great many substances due to electro-
static attractions between the solvent and 
solute particles. �ese solutions are of 
great importance in biology. Many nutri-
ents cannot be transported or used unless 
they are �rst dissolved in water, blood, or 
other bodily �uids. Also, the interior of 
cells (the cytoplasm) consists of a solution 
of many useful molecules.

2.2.2 Acidic and Basic Solutions
An important property of solutions 

is acidity. An acid can be de�ned as any 
substance that releases H+ ions into the 
solution when it dissolves. A biologically 
important example is hydrochloric acid, 
HCl, the major component of stomach 
juices. HCl is a strong acid, which means 
it nearly completely dissociates into H+

and Cl– ions in the stomach. �is pro-
vides the perfect environment for digest-
ing food, breaking large molecules down 
into smaller ones that the body can use 
and transform.

�e chemical opposite of an acid is 
a base. For our purposes, a base can be 
de�ned as a substance that takes H+ ions 
out of solution. One common base is so-
dium hydroxide, NaOH. In water, this 
compound releases hydroxide ions, OH–, 
that combine with H+ ions to form water 
molecules (H2O), thus removing the H+

ions from solution. We can visualize this 
chemical equation as follows:

OH− + H+ → H2O

�e acidity and basicity of a solution 
are de�ned by the concentration of H+

present. �e concentration of H+ can vary 
wildly, over many orders of magnitude. 
To make the H+ concentration easier to 
refer to, scientists use the pH scale, shown 
in Figure 2.26. In this scale, each unit of 
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common substances.
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change represents a 10-fold 
change in H+ concentration. 
For example, the concentration 
of H+ ions in an acid with a pH 
of 6 is 10 times higher than in a 
substance with a pH of 7.

A solution with a pH of 
7 is said to be neutral, that is, 
neither acidic nor basic. �is is 
the pH of pure water, and the 
approximate pH of most liv-
ing things. At this pH, H+ and 
OH– concentrations balance 
one another out. Lower pH 
represents increasing acidity. 
For example, co�ee has a pH of 
about 5, and vinegar of about 3. 
�e hydrochloric acid in your 
stomach previously mentioned 
is such a strong acid that it 
has a pH of 0. Strong acids are 
very reactive, and if you’ve had 
the unfortunate experience 

of throwing up (who hasn’t?), you know just how unpleasant the stomach acid feels on your 
throat—almost like it is burning.

�e pH of a basic solution is between 7 and 14. Weak bases such as human blood or baking 
soda have pH values in the range of 7–9. Increasingly strong bases have higher pH values, such 
as ammonia (around pH 12) and oven cleaner (around pH 14).

Substances called indicators change color with changing pH. One such natural indicator is 
purple cabbage, with which you have probably done experiments (or eaten on a salad!). Figure 
2.27 shows the range of color changes that a solution of purple cabbage can display, depending 
on the pH of the substance it comes in contact with.

With thousands of substances on earth that produce solutions with widely varying pH val-
ues, organisms require a way to maintain their own pH levels within tightly controlled ranges. 
For example, if human blood is not maintained between pH 7.0 and 7.8, death results. To main-
tain homeostasis with respect to the pH levels in various solutions, organisms make use of a 
chemical process called bu�ering.

Bu�ers are molecules 
that are themselves weak 
acids or weak bases. A 
weak acid or weak base 
does not completely dis-
sociate in solution, but 
helps maintain a mixture 
of acid and base species, 
as illustrated in Figure 
2.28.

�e �gure depicts the 
dissociation of a molecule 

Figure 2.27. The natural indicator purple cabbage changes color when 
in the presence of substances of varying pH. From left to right: bleach 
(white), drain opener (active ingredient is NaOH, yellow), baking soda 
(green), water (dark blue), 7-Up soda (purple), vinegar (pink), lime juice 
(red). These substances illustrate the range of pH, from basic to acidic.

Figure 2.28. The bicarbonate bu�er system that maintains homeostasis with 
regard to pH in human blood. Note that the lines connecting each atom 
in these molecules represent a shared pair of electrons. The double lines 
between C and O represent a double bond, or two shared pairs of electrons.
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called carbonic acid, responsible for maintaining the pH of your blood. Rather than completely 
dissociating (as strong acids do) into H+ and bicarbonate ions, carbonic acid maintains a mix-
ture of carbonic acid molecules, bicarbonate ions, and hydrogen ions. As a result, it can absorb 
any extra H+ or OH– ions coming into the solution, thus holding the pH of the solution at a 
stable value. If the pH of the solution increases, the reaction shi�s towards producing more hy-
drogen ions, bringing the pH back down. If the pH of the solution decreases, the reaction shi�s 
toward absorbing H+ ions to produce carbonic acid, bringing the pH back up. Because of their 
role in maintaining a pH stability in the �uids of organisms, bu�ers are a key factor enabling 
organisms to maintain homeostasis.

2.3 Biomolecules

2.3.1 Monomers and Polymers
We have explored the structure of a few molecules, including water, and 

have considered water’s unique life-supporting properties. In addition to 
water, carbon is a key participant in biology because of its central role in 
building biomolecules—large molecules composed of repeating arrays of 
smaller molecules. �is role is due to the unique structure of the carbon 
atom.

As the Bohr model in Figure 2.29 depicts, carbon atoms have four va-
lence electrons, the electrons in the valence shell available to participate 
in chemical bonding. �is means that carbon has the opportunity to form up to four covalent 
bonds with other elements or with other carbon atoms. Carbon is able to form single, double, 
and triple covalent bonds, in which one, two, or three pairs of electrons are shared. Addition-
ally, carbon atoms can bond together in straight chains, branched chains, or rings, as depicted 
in Figure 2.30. Carbon is thus an extremely versatile element and forms the basis for almost all 
biologically relevant molecules.

�ere are four classes of biomolecules. As mentioned above, most of these are built up by 
repeating smaller units. �e small molecules are called monomers, from the Greek mono mean-
ing single, and meros meaning part. Carbon is the main element in many monomers. �e larger 
molecules are o�en polymers (meaning many parts) and are built up by chaining many mono-
mers together.

We now look at the four classes of biomolecules and how each type is built from carbon-based 
monomers. Brace yourself—there is a lot of new terminology in the coming pages. Focus on 
learning the major classes of molecules, the types within each class, and the roles they play. Don’t 
be overwhelmed by the details of all the molecular diagrams. �e diagrams are mainly there to 
help you understand the descriptions.

Figure 2.29. Bohr model 
of carbon, showing 
four valence electrons 
available for bonding.

Figure 2.30. Some examples of carbon’s versatility in bonding.
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Figure 2.31. Chemical structures 
of glucose, galactose, and 
fructose, each displayed in two 
types of notation: ball-and-stick 
models and line diagrams. All are 
monosaccharides. Carbon atoms 
are shown in charcoal gray in the 
ball-and-stick models. Carbon 
atoms typically are not shown in 
the corresponding line diagrams.
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Figure 2.32 (right). Sucrose (table sugar) 
forms from the chemical reaction 
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Figure 2.33. The chemical structure of starch. Starch is a polymer of glucose, comprised of a mixture of two 
types of chains: amylose (top) and amylopectin (middle and bottom). The [ ]n notation means the glucose 
monomer is repeated in a chain n times, where n varies widely—many thousand of glucose units are possible 
in a single chain. Amylose consists of straight chains in a helical structure; it is more soluble in water, but more 
di�cult to digest. Amylopectin utilizes branched chains, also in a helical structure, and is more digestible.
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2.3.2 Carbohydrates and Lipids

Carbohydrates

� e � rst class of biomolecule to consider is the carbohydrates. � ese are composed of mono-
mers incorporates multiples of the basic group CH2O, hence the name carbo– (meaning carbon) 
and hydrate (referring to water).

� e monomers of carbohydrates are called simple sugars or monosaccharides (meaning single 
sugar). � ese sugars are generally composed of a ring with � ve or six carbon atoms and an oxy-
gen atom, and an OH group attached to each carbon atom. � ree common sugars are glucose, 
galactose, and fructose, which di� er in their placement of OH groups relative to one another and 
the shape of their rings, as depicted in Figure 2.31.

Glucose is the sugar the body breaks down to produce energy and is a major component 
of food. Fructose is found in many fruits, as well as in honey. Sucrose—table sugar—is a disac-
charide (two simple sugars connected together) of glucose and fructose. Figure 2.32 shows the 
chemical structure of sucrose.

Figure 2.34. Glycogen, another branched chain polymer of glucose, with the branches held together 
in the center by a protein molecule to form one large molecule.

glycogen
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When many sugars join together, 
a polysaccharide is formed. When vast 
numbers of sugars chemically combine, 
the result is a carbohydrate biomolecule. 
� ere are four major types of carbohy-
drates, described below.

1. Starch  Starch is a polymer of glucose, 
formed as a mixture of two types of 
chains: amylose and amylopectin, rep-
resented in Figure 2.33. Starch is the 
major dietary source of glucose, and 
is found in rice, bread, potatoes, and 
similar foods. Our bodies break down 
starch in a reaction known as hydroly-
sis (hydro = water, lysis = break down).

2. Glycogen  Glycogen, depicted in Figure 2.34, is a branched-chain polymer of glucose, found 
mainly in the liver and muscles. Its purpose is to store glucose for future energy usage. Many 
marathon or long-distance runners “carb load” the day before a big race. By eating large 
quantities of starch, their bodies store the excess glucose in the form of glycogen. During a 
race, when the glucose in their system 
runs out their bodies begin breaking 
down glycogen.

3. Cellulose   Cellulose, depicted in Figure 
2.35, is a straight-chain polymer of glu-
cose, in which the glucose monomers 
are bonded in a di� erent orientation 
than they are in dietary starch. � is 
orientation allows hydrogen bonding 
to occur between neighboring strands, 
resulting in an extremely strong � ber 
that gives strength to plants and trees. 
Cellulose is a major component of cel-
ery, making it di�  cult to chew. � e hu-
man body is not able to digest cel-
lulose, so celery has no nutritional 
value. Instead, it goes through the 
body unharmed as dietary � ber, 
contributing to gut health.

4. Chitin  � e glucose monomers in 
this carbohydrate are linked togeth-
er in the same indigestible manner 
as those of cellulose. However, one 
of the OH groups on each glucose 
monomer is replaced by an acetyl 
amine group (HNCOCH3, shown 
at the bottom of Figure 2.36). � ese 
groups allow for hydrogen bonding 
between chains, giving chitin (pro-

Figure 2.37. A cray� sh, whose strong yet � exible exoskeleton 
is composed of the carbohydrate chitin.

Figure 2.35. Cellulose. Its chemical structure is similar 
to that of starch but di� ers in orientation, thus making 
cellulose indigestible by humans.
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Figure 2.36. Chitin.
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nounced KAI-tin) the ability to form a strong, �exible, two-dimensional sheet. �is makes 
chitin the perfect material for the exoskeleton of insects and crustaceans, as well as the lining 
of some fungi. If you have ever pulled the tail o� a shrimp before eating it, you know what 
chitin feels like. �e outer shell (exoskeleton) of cray�sh such as the one shown in Figure 2.37 
is composed of chitin.

One universal feature of carbohydrates is that the many attached OH groups make them 
polar molecules, in a fashion similar to polarity of the water molecule. As a result, we call carbo-
hydrates hydrophilic (water-loving). Our next class of molecules is just the opposite.

Lipids

�e lipids, otherwise known as fats, is a class of molecules that are hydrophobic (water-fear-
ing). �ese molecules consist mainly of carbon and hydrogen and are nonpolar. �eir electrons 
are shared and distributed evenly around the molecule, so that no partially charged regions are 
created. Water is not able to dissolve molecules in this class. 

�ere are three major types of lipids, described below.

1. Triglycerides  �ese molecules consist of three fatty acids—car-
bon-hydrogen chains depicted in Figure 2.38—attached to a small 
molecule called glycerol, depicted in Figure 2.39. Lipids in the form 
of triglycerides are used in animals to store energy for long-term 
use. In saturated fatty acids, all the carbon-carbon bonds are single 
bonds, such as in the fatty acid shown in Figure 2.38. �is results 
in straight carbon chains that pack tightly together. Because of the 
tight packing, these fats are solids at room temperature. Animal 
fats, such as butter or bits of fat that you may trim from a piece 
of meat, are composed of saturated fats. In unsaturated fats, one 
or more double bonds are present between the carbon atoms in 
the chain, as depicted in Figure 2.40. �e double bonds kink the 
carbon chain so that it bends, preventing the fats from being very 
close to one another. As a result, unsaturated fats tend to be liquids 
at room temperature; those that are are called oils. Unsaturated fats 

Figure 2.38. An example of a fatty acid. The left side consists of a long chain of nonpolar carbon 
and hydrogen. The right end has a polar acid group that attaches to glycerol in order to make a 
triglyceride.
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Figure 2.39. Glycerol, the 
molecule to which three 
fatty acids attach to make a 
triglyceride.
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are o�en plant-derived. Olive oil and vegetable oil used for cook-
ing are examples of unsaturated fats.

2. Phospholipids  Phospholipids consist of only two fatty acids 
bound to a glycerol, with the third spot being taken by a phos-
phate group, as depicted in Figure 2.41. �ese fats have the prop-
erty of being hydrophobic at one end (where the fatty acids are) 
and hydrophilic at the other end (where the phosphate group is). 
�e result is that this molecule can form a lipid bilayer, the major 
component of the cell membrane.

3. Steroids  Steroids are relatively small molecules of fused carbon 
rings. One steroid you have probably heard of is cholesterol, 
shown in Fig 2.42a. Found on the nutrition labels of many foods, 
this molecule is also a component of the cell membrane. Two 
other steroid molecules are testosterone and estrogen, shown in 
Figures 2.42b and 2.42c. �ese are the sex hormones that control 
some of the functions speci�c to males and females.

�e structures of the carbohydrate and lipid molecules we have 
discussed are fairly uniform. Starch is composed of many repeating 
units of identical glucose monomers. Similarly, triglycerides come together via three nonpolar 
fatty acid molecules, and fatty tissue is a collection of similar lipid molecules. In contrast, in the 
next section, we explore two classes of biomolecules in which the monomers are less similar, 
giving rise to greater diversity of both form and function.

2.3.3 Proteins and Nucleic Acids

Proteins

Proteins are a class of biomolecule like no other. �e human body is capable of producing 
some two million di�erent proteins, yet this vast array of molecules is built from an “alpha-
bet” of just 20 di�erent monomers, called amino acids. �e basic structure of the amino acids 

O

OH

Figure 2.40. An example of an unsaturated fatty acid. Unsaturated fatty acids have one or more 
double bonds, making the resulting molecules less tightly packed and more likely to be a liquid at 
room temperature.

example unsaturated fatty acid

Figure 2.41. A phospholipid 
molecule. The phosphate group 
is shown in orange and red.

phospholipid
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CH3

H C3

H C3

CH3

CH3

HO

Fig 2.42a. Cholesterol is a 
steroid that is an important 
component of the cell 
membrane. Note the fused 
carbon rings, an essential part 
of steroid structure.

cholesterol

CH3
OH

O

CH3

Fig 2.42b. Testosterone, a 
steroid that functions as the 
major male sex hormone.

testosterone

CH3
OH

HO
Fig 2.42c. Estrogen. Estradiol, 
pictured here, is the 
predominant form of estrogen 
that is active during a woman’s 
reproductive years.

estradiol



59

Atoms and Molecules

is shown in Figure 2.43. Each amino acid has an identical backbone, 
consisting of a central carbon atom, an NH2 group on one end, and a 
COOH group on the other, so the generic amino acid formula can be 
written R-CH(NH3)COOH.

�e di�erence between the amino acids is the “R” group, also called 
its side chain. Some amino acid side chains are hydrophobic, some hy-
drophilic. Some are small, some are bulky. Some are acidic, some are 
basic. Some are positively charged, some negatively charged. Some can 
even covalently bond with others. All in all, the amino acids have a vast 
array of physical and chemical properties, making them the perfect 
components for producing the proteins needed to perform the huge 
number of functions that occur in the bodies of complex organisms 
such as ourselves. �e structures of the 20 amino acids are shown in 
Figure 2.44.

 Just as the English language has an alphabet of 26 letters that com-
bine to make millions of words, which can be combined to create a 
nearly in�nite number of writings of diverse meanings, the amino acids 
combine in di�erent ways to produce a similarly fantastic array of di-
verse proteins.

We have seen that sugars chain together to create complex carbohydrates. In a similar way, 
proteins are formed by chains of amino acids, connecting the NH2 (amino group) of one amino 
acid to the COOH (carboxyl group) of the next. However, the sequence of the amino acids to be 

Figure 2.44. The 20 amino acids that combine to construct proteins.

Figure 2.43. General 
structure of an amino acid.

amino acid

OH

O
C

H
N

H

H

R

C

side 
chain

amino group carboxyl group

R



60

Chapter 2

Hmm... Interesting. Does Eating Protein Promote Healing?

You may have heard people say that you should eat lots of protein a�er an injury because 
the body needs protein to repair itself. Is this correct? If so, how does this process work? 
It might be tempting to think that our bodies directly take the proteins of beans, cows, or 
chickens and use them to cover our wounds like some sort of molecular band-aid. However, 
the real story is a bit more complicated. It turns out that eating protein does promote heal-
ing, but in a more complex, elegant fashion.

Whenever we ingest animal or plant protein, we chew the food in our mouths to in-
crease the surface area, and then the specialized environment of the stomach takes over. 
In this highly acidic organ, large protein molecules (with tertiary or quaternary structure) 
are �rst denatured1 by the acid, and then cut into smaller polypeptide chains by an enzyme 
called pepsin. As the partially digested food proceeds to the small intestine, the pancreas se-
cretes the enzymes trypsin and chymotrypsin. �ese enzymes digest the polypeptides into 
even smaller pieces by preferentially cutting at speci�c amino acids. At this point, much of 
the protein is degraded into individual amino acids that are absorbed into the bloodstream 
by special cells called enterocytes. �e absorbed amino acids are transported all over the 
body for use by the cells—and they are especially needed at the site of a wound.

When our bodies heal an injury, extra building blocks are needed to replace all the parts 
of cells, as healthy cells divide to replace the damaged tissue. One major need is for amino 
acids to form new proteins according to the instructions in our DNA. �e 20 amino acids 
used to build the proteins are of two types. Some amino acids can be synthesized from 
other molecules in our bodies, and are called nonessential amino acids. In contrast, essential 
amino acids cannot be synthesized by our bodies and must be obtained from our diets.  
Both types of amino acids are needed in the correct proportions to keep protein synthesis 
moving along—and so it is important to be mindful of eating a variety of foods, especially 
when relying on plant-based protein sources. Finally, the body needs a source of nitrogen 
for nucleotide synthesis, such that cells may continue copying DNA as each cell division 
occurs. In other words, healing from an injury is costly in terms of new cell growth and the 
need to synthesize new DNA and new proteins.

�e building blocks supporting tissue growth—amino acids and the nitrogen for bio-
synthesis—only come from dietary protein. If these molecules aren’t supplied from the diet, 
a condition called negative nitrogen balance ensues, where the body breaks down muscle 
tissue in order to supply the necessary amino acids.

Other food sources, such as carbohydrates, fats, and many vegetables are important 
sources of calories, minerals, and vitamins, but only protein supplies the precursors to rapid 
cell division that support the healing of a wound.

In summary, a�er an injury you can enjoy your legumes, omelets, cheese, and steaks 
knowing that these sources of protein are supplying your body with the amino acids and 
nitrogen it needs to synthesize the proteins required for all the new cells used in healing a 
wound. And for you vegetarians out there, eating a varied diet of multiple protein sources 
such as lentils, tofu, nuts, tempeh, and all kinds of beans works just as well.

1 With respect to proteins in biology, denaturing refers to breaking some of the looser 
bonds or hydrogen bonds that give a protein its structure, causing it to untwist and 
become smoother and straighter. Denaturing causes a protein to lose its quaternary, 
tertiary, and secondary structure, only retaining its primary structure.
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joined is very exquisitely designed and controlled. We discuss this process in a later chapter. For 
now, we focus on the major structures and functions of proteins. �e main idea is that a protein’s 
amino acid sequence determines its three-dimensional structure, and its structure determines 
its function.

�e making of a protein molecule begins with a single, straight chain of amino acids known 
as a polypeptide. �e sequence of amino acids present in this single chain de�nes the protein’s 
primary structure. Once a protein has the necessary amino acids, it begins to fold into a 3-D 
structure that gives it machine-like abilities. �e secondary structure refers to some common 3-D 
structures that can occur in parts of a polypeptide chain. Two types of secondary structure are 

Figure 2.45. An alpha helix—a type of secondary protein structure. Two alpha helices of the protein keratin are 
depicted here.

Figure 2.46. Tertiary structure of a protein, showing the 3-D interactions of all the amino acids. Note the 
ribbon indication of alpha helices as well as the �at ribbons representing beta sheets. Underneath the ribbon 
notation, you can see the actual atomic/chemical structure. This protein is called rhodopsin—a protein involved 
in vision under low-light conditions.
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the alpha helix and beta sheet, both 
of which rely on regular patterns 
of hydrogen bonding between the 
groups in the amino acids. Figure 
2.45 shows a model of an alpha 
helix. � e ribbon diagram is su-
perimposed over the atoms in the 
illustration—a common way that 
biochemists indicate the presence 
of an alpha helix in a 3-D protein 
structure.

Tertiary structure describes 
the fully formed 3-D structure of 
a single polypeptide chain. � e � -
nal shape, such as in the example 
shown in Figure 2.46, is the prod-
uct of many di� erent chemical 
interactions. � ese interactions 
include those described in Sec-
tion 2.1.3—covalent bonds, ionic 
bonds, hydrogen bonding, and 
van der Waals interactions.

Finally, quaternary structure is 
reserved for those proteins whose 
functions depend on many indi-
vidual proteins, called subunits, 
interacting with one another to 
perform the � nal function, as il-

lusrated in Figure 2.47. � ese sub-
units o� en associate with one an-
other through hydrogen bonding 
or Van der Waals interactions.

A protein’s 3-D structure, and 
therefore its function in an organ-
ism, is highly sensitive to changes 
in temperature, pH, and salt con-
centration. Without � nely tuned 
conditions, proteins fall apart or 
denature—they lose their 3-D 
shape, resulting in a loss of func-
tion. � is is just one reason why it 
is so important for an organism to 
maintain homeostasis. Otherwise, 
all its molecular machines come 
to a screeching halt! Proteins have 
di� erent temperature or pH re-
quirements, depending on which 
part of the body they reside in or 
which organism they are part of. 

Figure 2.47. Quaternary structure, in which multiple protein 
subunits come together to create a single functional protein. 
Pictured here is hemoglobin, the protein that carries oxygen in red 
blood cells. Hemoglobin has four subunits (separate polypeptide 
chains), bonded to four heme molecules that each carry oxygen. 
The subunits are colored red and blue. The heme molecules are 
shown in green. For clarity, only the ribbon structure is shown for 
most of the protein, and not the underlying atomic structure.

Figure 2.48. A substrate (shown as ball-and-stick molecules) binds 
to an enzyme (shown in ribbon formation). Enzyme-substrate 
interactions are very speci� c, and are often mediated by exactly 
placed hydrogen bonds and Van der Waals interactions.
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For example, the hydrochloric acid in the stomach is extremely acidic, with a pH range of 1.5–
3.5. Enzymes in the stomach that participate in digestion of starches and other molecules are 
perfectly happy to operate in these extreme conditions. In fact, these stomach enzymes are at 
their optimum pH range in the stomach and are unable to function in an environment with a 
more neutral pH. By contrast, proteins that exist in the blood are perfectly suited to form their 
optimum 3-D shape at neutral pH, and are unable to function in other pH ranges. �ink about 
how many of these �nely tuned parameters must govern each and every enzyme in your body 
in order for you to be alive. Now extend that to every enzyme present in every living creature 
on earth. How amazing is our God, who designed and maintains these exacting conditions such 
that life on earth continues to �ourish! 

Now that we have seen how proteins are structured, let’s look at some of the various func-
tions that proteins take on within a cell.

1. Enzymes  An enzyme is a catalyst—a molecule that speeds up a chemical reaction with-
out itself being consumed. Your body is a fantastic chemical factory of many thousands of 
chemical reactions—those that turn food into energy, those that build up tissue, those that 
control growth and development, and many others. In order that these reactions don’t run 
out of control, every chemical reaction has an enzyme that controls it. As illustrated in Figure 
2.48, these enzymes bind to a particular chemical, called a substrate, place it in just the right 
direction to react with another substrate, and then release a newly formed product, ready to 
begin the process again. Without an enzyme to help, most chemical reactions in the body 
would simply take too long, being too energetically unfavorable to occur. Enzymatic control 
of chemical reactions means that every process can be �nely tuned, helping the body to 
maintain homeostasis.

2. Transporters  Many substances must cross cell membranes in order to keep the body running 
smoothly. Proteins act as transporters to facilitate this process. Additionally, red blood cells 
must carry oxygen from your lungs to every cell in the body. �e oxygen is transported by 
the protein hemoglobin, which is present in red blood cells.

3. Signaling  Cell membranes have a number of proteins that relay signals from other cells to 
the interior. Other proteins may form a complex cascade of signaling pathways, such that all 
parts of the body or the cell remain in communication.

4. Cytoskeleton  Proteins are the major components of the structural �laments extending 
throughout the interior of all cells that give cells their shape.

5. Muscle contraction  Your muscles have the ability to move because of some elegant interac-
tions between contractile proteins.

�ese are just a few of the many tasks performed by proteins—the work horses of the body.

Nucleic Acids

�e 4th major class of biomolecules is the nucleic acids. Of these, there are two major types—
DNA and RNA. DNA stands for deoxyribonucleic acid, illustrated in Figure 2.49. RNA stands 
for ribonucleic acid. 

�e monomers present in DNA and RNA are called nucleotides, an example of which is 
illustrated in Figure 2.50. A nucleotide consists of three parts: a phosphate group, a �ve-carbon 
sugar, and a nitrogenous base. In the case of DNA, the sugar is deoxyribose, accounting for part 
of DNA’s long name. �e nucleic part of the name refers to the fact that DNA is located in the 
nucleus of a cell. �e nitrogenous base is one of four molecules: guanine, cytosine, adenine, or 
thymine, o�en referred to by the letters G, C, A, and T. �eir structures are shown in Figure 2.51.
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Figure 2.49. Three-dimensional structure of DNA. Structured 
rather like a spiral staircase, the “handrails” are the red and orange 
molecules on the outer edge. This backbone is composed of 
phosphates and a sugar called deoxyribose. The blue “stairs” stacked 
one on top of the other are composed of four nucleotide bases.

NH2
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N O

O
O

O

OH

OH

HO

H H
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P

sugar

phosphate
base

Figure 2.50. An example of a nucleotide. The base 
shown here is cytosine, but could be replaced 
by any of the other bases. The sugar shown is 
deoxyribose, present only in DNA. In the case of 
RNA, the sugar is ribose, with an additional OH 
group present. The phosphate structure remains 
the same regardless. 

example nucleotide
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�ese four “letters” produce a 
code that stores all the information 
needed to run an organism, in-
cluding all the sequences of all the 
proteins in the body! �is stunning 
structure is one of the most amaz-
ing discoveries of contemporary 
science.

Each nucleotide attaches to an-
other, forming the phosphate-sugar 
backbone shown in Figure 2.49. A 
strand many nucleotides long will 
o�en form—even up to the millions.

�e power of DNA lies in its 
complementarity. You see, there 
isn’t just one strand. �ere are ac-
tually two strands, paired together 
by a very speci�c hydrogen bonding 
pattern. Wherever there is guanine 
on one strand, it pairs (via three hy-
drogen bonds) to a cytosine on the opposite strand, as illustrated in Figure 2.51. Likewise, ade-

Figure 2.52. RNA and DNA have three key di�erences. (1) DNA uses deoxyribose as a sugar, whereas RNA uses 
ribose. (2) In RNA, the base thymine is replaced by uracil. (3) DNA is double-stranded while RNA is single-
stranded.

DNA RNA

adenine (A) thymine (T) guanine (G) cytosine (C) adenine (A) uracil (U) guanine (G) cytosine (C)

ribose (R) phosphate (Ph) sugar-phosphate 
backbone (S)

D
N

A
 d

ou
bl

e 
he

lix

sugar-phosphate 
backbone (S)

complementary
nitrogenous bases

hydrogen bonds

3.4 nm
between base pairs

Figure 2.51. Complementary hydrogen bonding of the four DNA 
bases.

G–C bonding

A–T bondingadenine

thymine

guanine

cytosine
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Hmm... Interesting. DNA as a Wire

DNA is a wondrous molecule. In addition to a host of other properties, it has the cu-
rious ability to behave as an electric wire, conducting electricity. �e DNA base pairs (A, 
T, C, and G) are �at molecules that stack on top of one another or side-by-side, like books 
on a shelf (as shown in the accompanying picture). Recall the cloud-like nature of orbitals 
discussed in Section 2.1.1. �e close stacking of the DNA bases (3.4 nm apart) means that 
the orbitals of their atoms overlap, forming one continuous, giant wire-like orbital where 
electrons reside. �is arrangement means that electrons can freely �ow through these orbit-
als, just as they do in metal wires. �is property of DNA was discovered by Caltech chemist 
Jacqueline Barton and her colleagues in the 1990s. For many years it was an interesting 
phenomenon observed in the laboratory only. However, the question remained, is there any 
biological role for electron transfer through DNA?

More recent studies have shown that there indeed is a biological role for DNA’s cur-
rent-carrying properties. In fact, it may play a central role in the regulation of many 
DNA-related processes in the cell. One such property is DNA repair.

In the normal base-pairing arrangement, A pairs with T, and C pairs with G. However, 
sometimes the copying enzymes make mistakes, just as you might make a spelling mistake 
while typing. Additionally, sometimes molecules called free radicals can damage a DNA 
base, causing it to pair with the wrong partner. In both cases, DNA repair enzymes go back 
and �x the mistakes just as you �x your typos by proofreading. Now, if you are proofread-
ing an essay, there are essentially two ways you can check for mistakes. �e �rst way is to 
re-read your work very carefully, scanning for mistakes as you go. �e second way is to 
run a spell-check or �nd-and-replace to have the process proceed at the speed of electrons 
running through the circuit board of your computer. 

An artist’s rendition of the DNA molecule, with the backbone drawn as a hollow tube. Prominent 
are the �at DNA bases.
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For years it was thought that DNA repair enzymes work in a way similar to a careful 
proofreading, slowly and methodically crawling along the DNA strand searching for dam-
age or mismatches to repair. Recent work by Professor Barton and her colleagues has shown 
that electron transfer through the DNA stack plays a role, allowing the repair process to 
proceed much faster. 

Multiple DNA repair enzymes bond to the DNA at distant sites, sending an electron 
from one to the other (essentially playing a game of catch). If the catch is successful, it 
means that the intervening DNA is healthy and correctly placed. However, if the catch is 
unsuccessful, then the DNA damage has interrupted the electron transfer through the DNA 
base stack, just like a broken circuit would cause the lights to go o� in your house. At that 
point, the repair enzyme is located relatively close to the damage—and can quickly crawl 
towards the o�ending base in order to �x it. 

�is exciting model illustrates how the Cycle of Scienti�c Enterprise works. Sometimes 
interesting discoveries are made in the lab whose far-reaching implications aren’t apparent 
for many years. Decades of repeated testing and well-designed experiments can lead to 
modi�cation of scienti�c models, as was the case with the model describing how DNA 
repair enzymes �nd the damage to repair.

nine pairs with thymine (two hydrogen bonds). Figure 2.51 shows how the structures of the four 
bases are perfectly suited to hydrogen bonding. �is complementarity gives DNA all kinds of 
advantages, including a sort of “extra copy,” so that the genetic code maintains stability over long 
periods of time. �e two strands in the DNA can also brie�y separate so that RNA can “read” the 
code and send its information to other parts of the cell.

RNA is similar to DNA but di�ers in three key ways, illustrated in Figure 2.52. First, the 
sugar in RNA is ribose, making RNA’s full name ribonucleic acid. Ribose is also a 5-carbon sugar, 
having an extra OH group that deoxyribose lacks, hence de– (lacking) oxy– (oxygen). (Using the 
numbering convention we introduce in later Chapter 5, this OH group is attached at position 
2’ on the sugar.) Second, although RNA is based on four bases like DNA, and three of them are 
identical (adenine, guanine, and cytosine), one of them is di�erent—thymine is replaced by 
uracil. Uracil and thymine connect with adenine in the same way through hydrogen bonding. 
�ird, while DNA exists in a stable double strand, RNA is o�en single stranded or folded into 
various 3-D shapes. We explore the roles of DNA and RNA further in Chapter 5.

Chapter 2 Exercises
SECTION 2.1
1. Describe the ancient Greek “four element” theory of matter. In what key ways does this the-

ory di�er from our current understanding of the atom?

2. Reproduce the following table on your paper and �ll in the required information.

Property Proton Neutron Electron
relative mass
(heavy, light)

charge
location in the atom

relative density
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3. Write a paragraph describing how the three subatomic particles are arranged within the 
atom, according to current quantum mechanical theory. Use the information from the table 
you created in question 2 to organize your writing.

4. Reproduce the following table on your paper and �ll in the required information.

number of protons number of neutrons number of electrons
phosphorus-31

Ca2+

carbon
O2–

98Mo6+

F–

F-18

5. Describe the process of radiocarbon dating. How is this process useful for studying living 
things from the past?

6. Describe chemical bonds and intermolecular interactions. How are these interactions simi-
lar to one another? Di�erent from one another?

7. Compare and contrast covalent and polar covalent bonds.

8. What are ionic bonds and how do they form? Give an example, other than the one given in 
the book, of a substance that exhibits ionic bonding.

9. What is hydrogen bonding? What kinds of atoms participate in hydrogen bonding and un-
der what conditions?

10. How do van der Waals interactions occur? What kinds of molecules participate in these 
kinds of interactions? 

SECTION 2.2
11. What is cohesion? Adhesion? Using these two terms, brie�y describe how water �ows up-

ward in trees and other plants against the force of gravity.

12. Explain why water striders are able to walk on water.

13. How does adhesion a�ect the way one takes a volume reading with a graduated cylinder or 
a buret?

14. De�ne speci�c heat capacity. What are two ways that water’s speci�c heat capacity bene�ts 
life (at the organism and ecosystem levels)?

15. Consider a planet having high levels of H2S (hydrogen sul�de) instead of H2O (water). Do 
you think life could exist there? Why or why not? Explain your answer in terms of hydrogen 
bonding and resulting properties. Hint: the electronegativities of hydrogen, oxygen, and sul-
fur are 2.20, 3.44, and 2.58, respectively.

16. Describe how the unique density properties of water support life.

17. Consider a nonpolar substance such as oil. Is water able to dissolve it? Explain, in terms of 
electrostatic interactions, why this is the case.

18. Describe the process by which water dissolves a salt crystal at the molecular level.
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19. Using Figure 2.26 as a guide, arrange the following in order from low pH to high pH: blood, 
saliva, gastric juice (stomach acid). For each one, indicate whether the �uid is a strong acid, 
weak acid, or neutral. Why do you think these �uids might have di�erent pH values, based 
on the roles they play in the body?

20. Describe the process by which the human body maintains homeostasis with regard to blood 
pH.

SECTION 2.3  
21. Why is the element carbon a major component of biological molecules?

22. Describe the chemical structure of a simple sugar.

23. Describe the four major types of carbohydrates. What is the nature of each one’s chemical 
structure? What are the roles of these carbohydrates in biology?

24. Compare and contrast carbohydrates and lipids.

25. Describe the three major classes of lipids in terms of their chemical structures and roles in 
the cell.

26. Describe the chemical structure of an amino acid.

27. Generally speaking, how do amino acids join together to create proteins?

28. Describe �ve major roles for proteins in the cell.

29. Make a table de�ning the four levels of protein structure: primary, secondary, tertiary, and 
quaternary.

30. Describe the basic features of DNA’s structure.

31. Name the four bases found in DNA and indicate how they base-pair with one another.

32. What type of bonding or interaction do DNA bases use to achieve complementary base 
pairing? Why do you think the structures of these bases are suited for this type of bonding?

33. Compare and contrast the structures of DNA and RNA.

REVIEW QUESTIONS
34. Describe three types of microscopes. What types of structures can be visualized with a light 

microscope?

35. Compare and contrast light and electrons as used for visualizing biological specimens.

36. De�ne the terms resolution, magni�cation, and contrast.

37. Are light microscopy or electron microscopy appropriate tools for studying biomolecules? 
Why or why not?
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We say no one lives forever, but these HeLa cells can. In the early 1950s, a woman named Henrietta 
Lacks was diagnosed with cervical cancer at Johns Hopkins Hospital. Through the course of her 
treatment, doctors obtained samples from her of both cancerous and healthy tissue. (These cells were 
taken without her permission, an obvious ethical problem.) The cancerous tissue was transformed 
into the � rst immortal cell line that continues to divide inde� nitely under laboratory conditions. 
Though Lacks died of her illness, her cells continue to be used by thousands of scientists, who have 
made countless discoveries in biology and medicine as a result. (Everyone should read the whole jaw-
dropping story in The Immortal Life of Henrietta Lacks, by Rebecca Skloot.)

The image above was obtained using � uorescence microscopy, in which speci� c glowing tags attach to 
particular parts of the cell, allowing them to be visualized more easily. The long spindly blue and purple 
� bers are elements of the cytoskeleton—microtubules and micro� laments. The round, central red and 
green structures are the cells’ nuclei.

Chapter 3

The Cell
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Objectives for Chapter 3

A�er studying this chapter and completing the exercises, you should be able to do each of the 
following tasks, using supporting terms and principles as necessary.
SECTION 3.1
1. Explain how the microscope drove the discoveries of Hooke and van Leeuwenhoek.

2. Compare and contrast the microscopic observations of Robert Hooke and Antonie van 
Leeuwenhoek.

3. State the contributions of Henri Dutrochet and Barthélemy Dumortier to cell theory. 

4. Summarize the experimental observations and conclusions of Robert Remak.

5. Describe the ideas of Matthias Schleiden and �eodor Schwann and explain how they 
contributed to cell theory.

6. Describe a key correction to Schleiden and Schwann’s theory popularized by Virchow.

7. Explain the meaning of the Latin phrase omnis cellula e cellula.

8. State the three tenets of cell theory and the three modern additions to cell theory.

9. Write paragraphs that compare and contrast the development of biogenic theory with that 
of cell theory.

10. Compare and contrast prokaryotic and eukaryotic cells.
SECTION 3.2
11. Describe the structure and components of the cellular nucleus.

12. Brie�y describe the purpose of the nucleolus and ribosomes in the production of proteins.

13. Describe the structure of the endoplasmic reticulum (ER) and compare and contrast 
smooth and rough ER.

14. Describe the structure of the Golgi apparatus.

15. Compare and contrast the roles and structures of the ER and the Golgi apparatus.

16. Trace the path of a newly forming protein, beginning with the ribosomes.

17. Compare and contrast the structures and functions of vacuoles, vesicles, and lysosomes.

18. Describe the functions of the mitochondria and chloroplasts in the cell.

19. Name the three major components of the cytoskeleton and describe how each one 
functions in maintaining the cell’s shape and movement.

20. Describe the role of the cell wall in maintaining cell shape in plants and prokaryotes.

21. Explain how the extracellular matrix and cell junctions function in multicellular organisms.
SECTION 3.3  
22. Describe the structural components of the plasma membrane, and explain how these 

features make the membrane semipermeable.

23. De�ne and describe passive transport and active transport.

24. Distinguish between simple di�usion, facilitated di�usion, and osmosis.

25. Given appropriate information, predict the direction of the di�usion of solutes or osmosis 
of water molecules across a plasma membrane.

26. Describe endocytosis and exocytosis.
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3.1 Cell Theory

In Chapter 2, we discuss the building blocks of cells in great detail—atoms, molecules, and 
biomolecules. What do you think would happen if we placed the right mixture of biomolecules 
in a test tube? Would it produce a functioning cell? While past scientists believed that cells 
formed spontaneously from their components, it is now known that they do not. Cellular com-
plexity is far greater than the sum of a cell’s parts. Biologists o�en describe this phenomenon 
in terms of emergent properties. An emergent property is a characteristic that is much greater 
than the sum of its components. Each level of biological organization has emergent properties 
not present in the level below it. Cells can cycle matter, achieve energy �ow, and reproduce; a 
simple mixture of biomolecules cannot. Mixing some DNA, proteins, and lipids together can-
not account for the marvelous complexity of a cell—a cell that is precisely arranged to conduct 
thousands of metabolic reactions and to carry out each and every function of life. �e highly 
complex, elegantly designed nature of the cell points to a higher intelligence—the Author of life.

In this chapter, we look at the history of cell theory and take a tour of the parts of the cell.

3.1.1 The History of Cell Theory
Just as the nature of the origin of life was debated 

throughout history, so scientists have sought to discover 
the fundamental unit of life. �e atom is now known to be 
the fundamental unit of matter, and atomic theory devel-
oped over hundreds of years to give us our current quantum 
model of the atom. �e story of the discovery of the cell as 
unit of life—and the history of cell theory—is no less inter-
esting, beginning in the early 1600s when the microscope 
was invented in Holland. �ough the inventor of the mi-
croscope is subject to debate, the instrument undoubtedly 
revolutionized the study of biology.

In 1665, English scientist Robert Hooke (Figure 3.1) ob-
served cork under a crude microscope, depicted in Figure 
3.2. An accom-
plished scientist 
in other realms, 
he worked for 
chemist Sir 
Robert Boyle 
and corre-

sponded extensively with the famous physicist Sir 
Isaac Newton. Hooke observed small chambers in 
a cork sample, shown in Figure 3.3, and noted that 
they resembled the cells of a monastery. �is struc-
ture led him to coin the biological term cell. Hooke 
was probably observing dead, hollowed out cell 
walls of the bottle cork. Observation of living cells 
had yet to occur.

In 1676, a Dutch draper named Antonie van 
Leeuwenhoek (Figure 3.4) designed a more power-
ful microscope with a single spherical lens, shown in 
Figure 3.5. �is instrument allowed him to examine 
the quality of cloth for his business. As he became 

Figure 3.1. English scientist Robert 
Hooke (1635–1703).

Figure 3.2. Microscope used by Robert Hooke, 
from his book Micrographia (1665).
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adept at using the 
many microscopes 
he created, he began 
making observations 
of other entities, such 
as pond water, blood, 
and sperm. Looking 
at these � uids un-
der the microscope, 
he saw tiny, moving 
microorganisms and 
animal cells that he 
called animalcules, 
shown in Figure 3.6. 
Because of these ob-
servations, van Leeu-
wenhoek is known as 
the father of microbi-
ology.

Nearly 150 years 
passed, and the ques-

tion of life’s fundamental building block was still a 
mystery. Two scientists made fundamental discoveries in this realm but are not traditionally 
given credit—Henri Dutrochet and Barthélemy Dumortier.

Henri Dutrochet (Figure 3.7) was an aristocrat who lived 
through the French Revolution. In 1824, he was the � rst to de-
scribe the cell as the fun-
damental unit of structure 
and physiology in plants, 
though later scientists also 
made this claim and are 
o� en the ones to receive 
credit. He read extensive-
ly, including the works of 
Fransico Redi and Antonie 
van Leeuwenhoek. � ough 
a military physician, he 
preferred the countryside 
where he made extensive 
microscopic observations 
of plant tissues, describ-
ing their structure as be-
ing composed of cells, as 
indicated by the drawings 
he made, such as the one 
shown in Figure 3.8. He 
even boiled leaves in ni-
tric acid so as to observe 

Figure 3.3. Hooke’s drawing of 
microscopic cork cells, from 
Micrographia.

Figure 3.4. Dutch draper and scientist Antonie 
van Leeuwenhoek (1632–1723) in a portrait by 
Dutch artist Jan Verkolje.

Figure 3.5. A replica of the 
microscope used by Antonie 
van Leeuwenhoek. Note the tiny 
spherical lens embedded in the 
upper part of the metal casing.

Figure 3.6. Drawing of animalcules observed 
by van Leeuwenhoek in a sample of white 
wine vinegar.
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how the cells broke 
apart into individual 
units.

In 1832, Belgian 
scientist Barthélemy 
Dumortier (Figure 
3.9) made obser-
vations on the silk-
weed plant, showing 
cells at the end of a 
� lament dividing 
into two identical 
cells. � ough Hugo 
von Mohl (Figure 
3.10) made and pub-
lished similar obser-

vations a few years later (gaining wider acceptance), 
Dumortier’s papers predate those of Mohl. Dumortier’s 
writings are signi� cant in that his careful observations 
led him to make the following conclusions:

• New cells are formed by the division of pre-existing 
cells.

• � is cell division accounts for the growth of the en-
tire organism.

Most scientists of the day adhered to the idea that 
cells could arise de novo (newly) from a mixture of sim-
pler parts or decayed matter. Recall that when new observations or experiments are in con� ict 

with prevailing theory, the accepted theory can give way to a 
new theory that ac-
counts for the facts 
more adequately. 
Dumortier carried 
out observations 
showing that new 
cells formed from 
previously existing 
cells, � ndings that 
contradicted the 
prevailing theory.

� ese important 
discoveries ended 
up playing second 
� ddle to those of 
German scientists 
Matthais Schleiden 
and � eodor 
Schwann (Figures 
3.11 and 3.12). Ap-

Figure 3.8. Drawings of cells observed by 
Henri Dutrochet.

Figure 3.9. Belgian scientist Barthélemy 
Dumortier (1797–1878).

Figure 3.10. German scientist Hugo von 
Mohl (1805–1872).

Figure 3.7. French scientist Henri 
Dutrochet (1776–1847).
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parently unaware of 
the previous discover-
ies, in 1838 Schleiden 
declared that all plants 
are made of cells, 
based on his own ob-
servations, illustrated 
in Figure 3.13. Over 
dinner one night, he 
compared notes with 
his friend Schwann, 
who had made similar 
conclusions regard-
ing his own observa-
tions of animal cells, 
illustrated in Figure 
3.14. Together, they 
deduced that all living 
things must be com-
posed of cells. �ese 

�ndings were published in 1839 and gained wide accep-
tance. As a result, Schleiden and Schwann traditionally get credit for the idea that all living 
things have cells as their fundamental unit.

Interestingly, Schleiden and Schwann supported the predominant theory of the day regard-
ing cellular origin, believing that cells could freely and spontaneously form from their com-

ponent parts, according to a crystallization-like process, 
though these ideas were contradicted by the previous 
work of Dumortier. It would take further work for Du-
mortier’s ideas—the beginning of our current cell theo-
ry—to gain scienti�c acceptance.

Figure 3.11. German scientist Matthias 
Schleiden (1804–1881).

Figure 3.13. Plant cells observed by 
Schleiden.

Figure 3.12. German scientist Theodor 
Schwann (1810–1882).

Figure 3.14. Drawing from Schwann’s Microscopic Investigations 
on the Consistency in structure and growth of animals and plants, 
published in 1839.
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In 1852, Polish-German embryologist Robert Re-
mak (Figure 3.15) performed extensive studies on the 
formation of red blood cells in the chick embryo. He 
published his work, concluding that for animal cells to 
generate de novo is just as improbable as microorgan-
isms to form by spontaneous generation. Furthermore, 
Remak proposed that cell division followed by mor-
phological modi�cation was the mechanism by which 
organisms developed, an idea that remains part of cell 
theory today. When Remak published these results, 
they were not well received, but a few subsequent sci-
entists published results supporting Remak’s hypoth-
esis.

Remak’s work did not gain wide acceptance until 
it was popularized by German physician Rudolph Vir-

chow in 1855 
(Figure 3.16). 
Well respected 
in the medical 
world of his 
day, Virchow 
is responsible for coining a long list of medical and an-
atomic terms. �ese accomplishments allowed Virchow 
to popularize a tenet of cell theory that Remak �rst pro-
posed, using the catchy Latin phrase omnis cellula e cel-
lula (all cells come from other cells).

�is Latin phrase should remind you of one stated 
by Francisco Redi, regarding the spontaneous gener-
ation debate, omne vivum ex vivo (all life comes from 
life). �e development of cell theory strongly supports 
biogenic theory. If all cells must come from other cells, 
and cells are the fundamental unit of life, then all life 
must come from other life. Interestingly, as mentioned 
in Chapter 1, the public spontaneous generation debate 
continued to rage well into the 1860s, a�er evidence for 
cell theory had already been established. O�en, public 
acceptance of a scienti�c theory lags behind that of the 
scienti�c community.

3.1.2 The Tenets of Cell Theory
As the discoveries of these scientists from the 1600s to the 1800s were established, three 

major tenets of cell theory emerged. �ese are:

1. All living things are made of cells.

2. �e cell is the fundamental unit of structure and function for living things.

3. Cells arise from pre-existing cells.

In modern times, three additional tenets have been added to cell theory:

4. Energy �ow occurs within cells (Chapter 4).

Figure 3.15. Polish-German embryologist 
Robert Remak (1815–1865).

3.16. German physician Rudolph Virchow 
(1821–1902).
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5. Hereditary information is passed on from cell to cell (Chapter 5).

6. All cells have the same basic chemical composition (Chapter 2).

By 1860, the basics of contemporary cell theory had been established. For the rest of this 
chapter, we explore the fascinating features and amazing capabilities of cells. 

3.1.3 Prokaryotic and Eukaryotic Cells
We begin by distinguish-

ing between the two major cell 
types—prokaryotic cells and 
eukaryotic cells. � e term pro-
karyote comes from the Greek 
pro– (before) and karyon– 
(nucleus). A model of a typical 
prokaryotic cell is shown in 
Figure 3.17. Prokaryotic cells 
do not comprise multi-cellu-
lar organisms; all prokaryotic 
cells are themselves simple, 
single-celled organisms, such 
as bacteria. 

Prokaryotic cells do not 
have a nucleus. Instead, their 
DNA is loosely contained as a 
single chromosome (molecule 
of DNA and associated pro-
teins). � is DNA is not sepa-
rated from the rest of the cell 
by any barrier. � ere are no 
separate membrane-bound organelles. Despite this simplicity, prokaryotic cells still carry out 
all the functions associated with life—cycling matter and energy � ow, passing on hereditary 
information, responding to stimuli, adapting, and growing.

In contrast, eukaryotic cells are much more complex, as illustrated in Figures 3.18 and 3.19. 
� e term eukaryote comes from the Greek eu– (true) and karyon– (nucleus). Eukaryotic cells 
separate their DNA from the rest of the cell within a nucleus, surrounded by a membrane, much 
like the membrane that surrounds the entire cell. Additionally, eukaryotic cells separate out 
many of their functions within other membrane-bound organelles, which we encounter later 
in this chapter. Eukaryotes can be either single-celled organisms (as in the case of protists) or 
multi-cellular organisms (such as fungi, plants, and animals).

All cells share the following four features:

1. All cells contain DNA that contains hereditary information.

2. All cells are enclosed by a plasma membrane.

3. All cells contain a � uid called cytosol.

4. All cells include protein factories called ribosomes.

Recall that DNA consists of a double-stranded structure with a sugar-phosphate backbone, 
and a sequence of complementary base-pairing molecules that are the “letters” spelling out all 
the information the cell needs to carry out its functions. All cells, no matter what kind of organ-
ism they come from, have DNA to give them instructions.

Figure 3.17. Model of a prokaryotic cell.
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� e plasma membrane is 
an amazing structure that sur-
rounds the cell, forming an out-
er barrier. We examine the plas-
ma membrane in more detail 
later in this chapter. For now, 
we simply note that the plasma 
membrane is semipermeable—
it allows passage of some mol-
ecules but not others. 

� e aqueous substance 
inside the cell is called cytosol. 
� is � uid is present to dissolve 
all the molecular building 
blocks cells make use of—
proteins, nucleic acids, their 
monomeric components, and 
ions. � e organelles within the 

cell are suspended in the cyto-
sol. Without the cytosol, the 
dissolved chemical compounds 
would not be able to undergo 
the chemical reactions neces-
sary to cycle matter and achieve 
energy � ow throughout the cell. 
� e region of the cell between 
the plasma membrane and 
the cell nucleus, including the 
suspended organelles, is called 
cytoplasm (the � uid itself is the 
cytosol). Both cytoplasm and 
cytosol are common to prokary-
otic and eukaryotic cells.

Ribosomes are factories that 
produce new proteins, using in-
structions originally encoded in 
the DNA. Constructed mainly from RNA and protein, ribosomes create a space for information 
to be “read” and then translated into the appropriate protein sequence. � ese factories produce 
the proteins cells require in order to carry out their routine functions. 

3.2 Cell Structure and Function

When Hooke and van Leeuwenhoek � rst observed cells under the microscope, I don’t think 
they could have imagined the majestic, complex interplay of the cellular components. Advanc-
es in technology, including the electron microscopy that enables us to visualize the organelles 
within cells, have given us keen insight into the bustling nature of the cell. Rather than the sim-
ple compartments observed by Hooke, cells are much more like schools, cities, or even countries 
in their organization. � ere are multiple compartments with specialized roles that work together 
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Figure 3.18. Generic animal cell.

Figure 3.19. Generic plant cell.
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to carry out all the life functions of the cell. We now embark on a tour of the major parts of 
eukaryotic cells and how they function in organisms. As you progress through this section, I 
encourage all students and instructors to �nd some cell animations on the Internet. It is truly 
astounding to see the complex interactions of the various molecules in motion!1

�roughout this section, we refer to the two generalized diagrams of eukaryotic animal and 
plant cells shown in Figures 3.18 and 3.19. It is important to note that in multicellular organ-
isms, cells specialize. �at is, cells take on di�erent roles and may look somewhat di�erent than 
the generalized cells we present here. Cell specialization is an important feature necessary for 
the survival of more complex organisms. �e cells in your heart steadily contract and relax so 
that blood continuously pumps throughout your body, whereas red blood cells specialize in 
delivering oxygen and nutrients to each and every cell. White blood cells �ght against infection, 
while liver cells detoxify various harmful substances. Meanwhile, neurons are �ring away in 
your brain, making new connections with one another as you read and learn this new material. 
Each cell type has the right combination of organelles to carry out its particular role. �ere are 
over 200 types of cells in the human body and around 30–40 trillion total cells. Nonetheless, 
there are features common to most of these cells (including their basic molecular composition) 
and we examine these features in detail here.

3.2.1 Genetic Expression 

Nucleus, Nucleolus, and Ribosomes

Recall that one of the 
characteristics of life is that 
an organism uses genetic ma-
terial to direct its functions 
and passes that material on 
to its o�spring. Since cells 
are the fundamental units of 
life, they must display all six 
of the characteristics of life 
(Table 1.2). �erefore, cells 
must have a way to store and 
transmit genetic information.

In eukaryotic cells, genet-
ic information is stored in 
DNA molecules. DNA mole-
cules are very long, contain-
ing between 50 million and 
250 million base pairs. Each 
long molecule is wrapped 
around special proteins called 
histones, creating a structure 
called chromatin, illustrated 
in Figure 3.20. �e chromatin is further structured and bundled into chromosomes. Di�erent 
organisms have di�erent numbers of chromosomes in their cells, as we discuss in Chapter 6.

1 Some astonishing computer animations are shown in the short video found in the 2011 
Drew Berry TED Talk. Search YouTube for Drew Berry: Animations of unseeable biology. 
�is video can be viewed again during the study of Chapter 5.

Figure 3.20. Structure of a small segment of chromatin, consisting of 
DNA wrapped around histone proteins. Just as you can package thread 
more tightly by wrapping it around a spool, DNA can �t within the 
nucleus by packaging it as chromatin.
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Almost all the cellular DNA is separated in 
a special compartment called the nucleus, de-
picted in Figure 3.21. � e nucleus is bounded 
by a double membrane, perforated by a num-
ber of protein-lined openings called nuclear 
pores. � e membrane-pore structure is illus-
trated in Figure 3.22. � e double-membrane 
structure allows continuous attachment to the 
membrane of the endoplasmic reticulum, dis-
cussed in the next section. � e protein-lined 
pores allow passage of particular molecules 
into and out of the nucleus. A particularly 
densely packed region of the nucleus is called 
the nucleolus. Ribosomes, the protein-build-
ing factories of the cell, are largely built in the 
nucleolus. � e basic features of a ribosome are 

shown in Figure 3.23. Since the nucleolus is a site for ribosome synthesis, you can think of 

the nucleolus as a factory for factories. Ribosome 
synthesis is a complicated process, beyond the 
scope of this book, and involves DNA, ribosomal 
RNA (rRNA), and proteins (all at play within the 
nucleolus). � ere are also ribosome components 
synthesized in the cytosol and imported back into 
the nucleolus through the nuclear pores.

Ribosomes are composed of RNA and protein. 
� ough they are considered a functional organ-
elle in the cell, it’s important to note that they are 
not bound by a membrane as many other organ-
elles are. A� er being synthesized in the nucleolus, 
ribosomes  exit the nucleus to work either in the 

Figure 3.21. The cellular nucleus.
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cytoplasm or as part of the endoplasmic reticulum. We discuss the biochemistry of protein syn-
thesis in much more detail in a later chapter.

3.2.2 Endomembrane System

Endoplasmic Reticulum, Golgi Apparatus, Vesicles, Lysosomes, and Vacuoles

� e endomembrane system is a network of membranes present throughout the inside of the 
cell: endo– means internal or within. � ese 
membranous structures play roles in the 
synthesis, storage, and transport of many 
types of biomolecules.

� e endoplasmic reticulum (ER) is an 
interconnected network of membranes 
that extends outwards from the nuclear 
membrane, illustrated in Figure 3.24. � e 
name comes from Latin:  endoplasmic
(within the cytoplasm) reticulum (little 
net). � is network of spaces allows for a 
number of separate chemical conditions, 
as required for the synthesis and process-
ing of various biomolecules. As the major 
site for biosynthesis in the cell, the ability 
to create various controlled chemical envi-
ronments is key.

� ere are two types of endoplasmic 
reticulum—rough and smooth. Rough 
ER has numerous ribosomes embedded 
within its membrane. Here, proteins are 
synthesized that may be later secreted or 
bound within a membrane themselves. 
Smooth ER lacks ribosomes, making it the 
site for non-protein biosynthesis. Lipids, 
phospholipids, and steroids are all synthesized there. Additionally, smooth ER is the site for 
detoxi� cation of drugs and other harmful compounds. � e liver is the organ responsible for 

removing toxins from the body; ac-
cordingly, liver cells contain larger 
regions of smooth ER than other 
cells do.

� e ER sits just outside the 
nucleus—for good reason. � e 
nucleus contains the DNA, which 
contains all the instructions for the 
synthesis of the proteins. It makes 
sense that the rough ER is situated 
close by so that it can more easily 
receive copies of the DNA’s instruc-
tions for protein synthesis. 

Once a protein is synthesized by 
a ribosome embedded in the rough 

Figure 3.24. Endoplasmic reticulum. The top, bowl-shaped 
cutaway shows the nucleus with the purple nucleolus 
in the center. Nuclear pores are also visible throughout 
the double nuclear membrane that surrounds the bowl. 
Stemming out from the nuclear membrane is the rough 
ER, indicated by brown dots throughout (representing 
ribosomes). The front, pipe-shaped membranes are 
the smooth ER, where lipids and other molecules are 
synthesized.

Figure 3.25. Golgi apparatus.
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ER, it is transported to another nearby compo-
nent of the endomembrane system, the Golgi 
apparatus, illustrated in Figure 3.25.

�e Golgi apparatus is structured similarly 
to the ER in that it is composed of membranes. 
However, while the inner portion of the ER is 
interconnected and continuous with the nu-
clear membrane (like an extensive maze), the 
Golgi is structured like a stack of completely 
separate membrane compartments, sort of like 
a pile of pita bread. �e purpose of the Golgi 
apparatus is to modify, package, and transport 
proteins.

�e Golgi’s stack of membranes has a re-
ceiving end and a shipping end. When a protein 
is synthesized by ribosomes in the rough ER, it 
is typically released with a membrane enclosing 
it. An enclosed membrane that serves to trans-

port the molecules within it is called a vesicle, shown in Figure 3.25. Vesicles serve as convenient 
packages for shipping molecules from one location to another—the structure of the plasma 
membrane around a vesicle allows it to fuse with other membranes easily. More speci�cally, a 
transport vesicle serves to move proteins from one organelle to another within the cell, as Figure 
3.25 illustrates. A membrane-enclosed protein (transport vesicle) arriving from the ER fuses 
with the receiving membrane of the Golgi and proceeds through each membrane, rather like 
an assembly line. �e enclosed protein may be modi�ed with a chemical “shipping tag” telling 
the cell where it should go, or some other type of chemical modi�cation. Once the modi�ed 
protein reaches the end of the Golgi apparatus, it is enclosed in the membrane of a secretory 
vesicle, as shown in the bottom portion of Figure 3.25. A secretory vesicle is an enclosed mem-

brane that carries proteins or other molecules 
outside the Golgi. �e newly formed vesicle 
emerging from the Golgi apparatus may then 
fuse with the cell membrane, releasing its con-
tents outside the cell, or it may be shipped to 
another part of the cell to carry out its specif-
ic function. Figure 3.26 shows a transmission 
electron micrograph of vesicles being released 
from the Golgi apparatus in human white 
blood cells (leukocytes).

While vesicles are general-purpose stor-
age-transport containers of the cell, each en-
closed by a plasma membrane, there are two 
other types of membrane-bound containers 
within the cell: vacuoles and lysosomes. Vac-
uoles sometimes serve as small storage con-
tainers for water or other small molecules 
in animal cells. However, in plant cells, vac-
uoles have a much more important role. A 
plant cell’s central vacuole takes up most of 
the space in the cell, as illustrated in Figure Figure 3.27. The large white spaces in this plant cell are 

vacuoles.

Figure 3.26. A TEM image of the Golgi apparatus (the 
long, pancake-like structures at the bottom of the 
image) in human leukocyte cells. Above the Golgi, 
vesicles can be seen.
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Hmm... Interesting. The Range of Cellular Sizes

You probably know how to calculate the volume of a solid object, including that of a 
rectangular or cylindrical solid. We can use similar principles to make volume and surface 
area calculations for cells. It turns out that cells, even human cells, have a wide range of 
sizes. A human egg cell has 40,000 times more volume than a red blood cell. Why would 
this be? 

Mathematical measurements are quite useful in understanding the purpose of various 
cell types. Here, we look at four di�erent human cell types and we assume the cells are 
spherical for the sake of simplicity, but this assumption is only a rough approximation.

Oocytes are human egg cells. �e largest cell type in the human body, they are just barely 
visible to the naked eye. Released by females once a month, they do not begin to develop 
unless fertilized by a sperm cell from a male, at which point the newly formed zygote devel-
ops into a new human being.

Adipocytes are fat cells. �eir primary role is the storage of lipids for future energy usage.
Lymphocytes include several subtypes of white blood cells. �ese cells are involved in the 

immune system. Many of them are able to recognize speci�c invaders and target them for 
destruction, using receptors embedded in their cell membranes.

Erythrocytes are red blood cells. �eir primary purpose is to transport O2 gas from the 
lungs to the tissues. �is process occurs by di�usion across the cell membrane.

�ese four cell types are listed in the table below.

Cell Type Diameter 
(D, μm)

Radius
(r, μm)

Volume
(V, μm3)

Surface Area 
(SA, μm2)

SA:V ratio

oocyte 197
adipocyte 105

lymphocyte 7.3
erythrocyte 5.8

To set the stage for some calculations you perform in the exercises, let’s review the for-
mulas for volume and surface area. To calculate the volume of a spherical cell (or one that 
is, at least, assumed to be spherical), you must know the radius of the cell. Recall that the 
radius is equal to half the diameter. With the radius in hand, volume is calculated as:

V = 4
3
πr 3

Units are in terms of a length cubed, in this case μm3 (cubic microns). Volume represents 
the amount of space occupied by all the contents of the cell.

We calculate the surface area as:

SA= 4πr 2

Surface area represents the two-dimensional area covered by the plasma membrane.
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3.27. �is organelle stores water and 
a number of other molecules, ex-
erting pressure on the cell from the 
inside. �is pressure serves to make 
the plant rigid, allowing plants to sup-
port heavy fruits, leaves, or branches 
against the downward pull of gravity. 
You have probably noticed that fresh-
ly bought vegetables (such as celery) 
are crisp and sti�, but a�er a week in 
the refrigerator they start to wilt. �e 
resulting �oppiness results from wa-
ter loss from the central vacuoles of 
the plant’s cells.

�e central vacuole can also store 
toxic molecules. �ese toxic substanc-
es can keep plant-eating predators 
away. Additionally, the vacuole pro-
tects the rest of the cell from coming 

into contact with the toxins. Many plants also store colored pigments in the central vacuole, 
resulting in the amazing array of colors that �ower petals display, illustrated in Figure 3.28.

In animal cells, lysosomes are more important than 
vacuoles. Lysosomes, illustrated in Figure 3.29, are mem-
brane-bound sacs of digestive enzymes, o�en in an acidic 
environment. �ese enzymes serve several purposes. In 
single-celled organisms, the lysosome serves as a sort of 
stomach, breaking apart food particles so that the build-
ing blocks can serve the needs of the cell. In white blood 
cells, lysosomes digest any invading bacteria or viruses 
that these immune-system cells engulf. Most animal cells 
use lysosomes as the clean-up crew, recycling worn-out 
organelles to prevent buildup and so that the molecular 
building blocks can be used again. Because this role is so 
important to the cell, lysosomal storage diseases are debil-

itating to people whose lysosomes don’t function properly.
To summarize, lysosomes, vacuoles, and vesicles are similar in that they are all mem-

brane-bound storage containers. Vesicles are present in both animal and plant cells. Lysosomes 
are primarily animal-cell organelles, carrying out metabolic reactions that break down large 
molecules or other structures. Lysosomes can also fuse with other organelles that need to be 
recycled. Vacuoles are present in all plant cells and some animal cells. �eir major role is in plant 
cells, and they do not carry out metabolic reactions or fuse with other structures.

3.2.3 Energy Production

Chloroplasts and Mitochondria

Just as we cannot function in society without money, the cell cannot carry out its functions 
without energy. Energy drives most of the bustling activity within the cell. In order to be used, the 
energy must be present in a convenient form. In a previous science class, you may have learned 
that energy exists in a number of forms, among them kinetic energy, potential energy, and elec-

Figure 3.28. The colorful display in these pansies results from 
pigment molecules called anthocyanins. These molecules are 
stored in the central vacuoles of plant cells and can vary in 
color based on pH conditions.

Figure 3.29. The lysosome.
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tromagnetic radiation. � e 
cell uses chemical poten-
tial energy (energy stored 
in the chemical bonds of 
molecules) to drive its pro-
cesses. Here we explore 
how the cell obtains this 
energy in the � rst place 
and how the energy gets 
replenished.

� ere are two organ-
elles in the cell involved 
in energy production. � e 
� rst, present only in plant 
cells and in many types of 
algae, is the chloroplast, il-
lustrated in Figure 3.30. Chloroplasts are the solar power plants of the cellular world. � ese 
amazing organelles harness energy (in the form of electromagnetic radiation) from sunlight, 
converting it into chemical potential energy stored in sugar molecules. � is process, called pho-
tosynthesis, is treated in detail in the next chapter. For now, let’s consider the structure and 
function of this fascinating organelle.

� e chloroplast is surrounded by two membranes—the inner and outer membrane. Inside sit 
membrane-bound structures called thylakoids. � ese � attened, sac-like thylakoids are stacked 
into groups called grana (singular granum) � e grana are basically stacks of biological solar 
panels. A single chloroplast may have between 10 and 100 grana. Photosynthesis occurs within 
the membranes of the thylakoids. Surrounding these structures is a thick � uid called stroma, 
containing chloroplast DNA, ribosomes, and enzymes.

Chloroplasts use the energy from sunlight to convert atmospheric carbon dioxide (CO2) into 
the simple sugar glucose. In so doing, electromagnetic radiation is stored in the chemical bonds 
of the glucose molecule, ready to be used by the cell.

However, energy stored in glucose is not in a form the cell can immediately use. As an anal-
ogy, energy stored as glucose is like wealth owned in investments. Shares in various investments 
may be part of a person’s wealth, but this wealth is not easily spent. In order to tap into that 
wealth, a person must convert investments into cash by selling o�  shares. Likewise, the energy 

Figure 3.30. Model of a chloroplast.
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Figure 3.31. Model of a mitochondrion. The highly folded inner membrane increases the surface area 
dramatically, allowing ample space for energy-producing reactions to occur.
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stored in glucose must be transformed into a molecule called adenosine triphosphate (ATP), 
the energy currency of the cell. �is molecule is analogous to cash—immediately available and 
spendable for any needs.

�e process by which the chemical potential energy stored in glucose is transformed into 
ATP is complex, and is discussed in detail later. For now, we note that many of those ener-
gy-converting chemical reactions take place in an organelle called the mitochondrion (plural 
mitochondria), illustrated in Figure 3.31.

Like chloroplasts, mitochondria have two membranes—an inner and an outer. However, 
unlike chloroplasts, the inner membrane of the mitochondrion is highly folded, as shown in the 
�gure. �e folds and crevices of the inner mitochondrial membrane are called cristae. �e folded 
structure greatly increases the available surface area of this membrane, allowing more space for 
the membrane-bound enzymes that carry out the ATP-generating chemical reactions.

�e space inside the inner membrane is called the inner mitochondrial matrix, or simply 
matrix. �e citric acid cycle, an important part of cellular respiration, takes place here. �e space 
between the two membranes is called the intermembrane space.

Chloroplasts are only present in plants and photosynthetic algae, but mitochondria are pres-
ent in most cell types, with only a few exceptions. As with chloroplasts, mitochondria have their 
own DNA. Because egg cells contain mitochondria and sperm cells do not (at least not in the 
part that gets transmitted to the egg), you inherited all your mitochondrial DNA from your 
mother. �is is an important feature in the study of inheritance.

�e presence of DNA in both the chloroplast and the mitochondrion is evidence that sup-
ports the endosymbiont theory. �is theory postulates that at some point in the past, a pro-
karyotic cell became engulfed within another, larger cell, and began to coexist in a symbiotic 
relationship, in which each one bene�tted. �is prokaryotic cell would become the precursor to 
the modern energy-producing organelles—the chloroplast and the mitochondrion.

3.2.4 The Cytoskeleton 

Microtubules, Intermediate Filaments, and Micro�laments

Just as your body is supported by your skele-
ton, the cell is supported by the cytoskeleton. �is 
mini-skeleton is composed of three basic types of 
structural members, all of which are long protein 
�bers that form a mesh-like network across the en-
tire cell. An image highlighting the cytoskeleton is 
shown in Figure 3.32.

�e widest of the cytoskeletal �bers are the mi-
crotubules, around 25 nm thick. �ese �bers are an 
integral part of cell division, forming structures 
called centrioles. A structure called the centrosome
generates microtubules in the cell. Microtubules 
are also responsible for directing the movement of 
external cellular structures, such as cilia (singular 
cilium) and �agella (singular �agellum). Microtu-
bules also form tracks, directing the movement of 
organelles and other components within the cell, a 
sort of internal highway system. Microtubules are 
composed of individual proteins called tubulins, 
depicted in Figure 3.33. In cilia and �agella, micro-

Figure 3.32. Cytoskeleton (microtubules) in 
HeLa cells, visualized in green by �uorescence 
microscopy. Notice how pervasive the �bers are, 
providing support to the entire cell.
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tubules aggregate together, forming a long, hollow 
tube with a characteristic 9 + 2 structure, shown 
in Figure 3.34.

� e medium-width � bers are the intermediate 
� laments, at 10 nm thick. � ese important � bers 
internally support the cell, forming a protective 
cage around the nucleus and supporting the other 
organelles. � is support makes the cell structur-
ally sound. � e molecular structure of an inter-
mediate � lament protein is 
illustrated in Figure 3.35.

With a thickness of 7 nm, 
the narrowest of the three 
cellular � bers are the micro-
� laments. Micro� laments are 
composed of a protein called 
actin, which forms cables that 
coil into small but mighty 
threads. � ese actin � laments 
are depicted in the model 
shown in Figure 3.36. � e na-
ture of micro� laments allows 
for muscle contraction. In the 
case of single-celled amoe-
bas, micro� laments direct the 
blob-like movement of the 
entire organism.

Figure 3.34. A cross section of the � agellum in a 
parasite. Here we clearly see the 9 + 2 pattern of 
microtubule aggregation—nine in the outer ring 
and two in the center. These microtubules help 
control the � agellum’s movement.

Figure 3.35. Model of intermediate � laments. This model shows a 
crystal structure of the vimentin � lament, a protein component of some 
types of intermediate � laments. The red, blue, and yellow dots in this 
depiction represent individual atoms.

Figure 3.36. Model of actin � laments—the major component of micro� laments in the cell.

Figure 3.33. Model of a single microtubule 
� lament, composed of tubulin proteins.
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3.2.5 Extracellular Features

Cell Wall, Extracurricular Matrix, and Junctions

We now turn to features found on the outside of cells, the extracellular features.
Animal cells rely on the cytoskeleton discussed above for structure and strength. In contrast, 

plant and prokaryotic cells incorporate a cell wall, depicted in Figure 3.37.
� e composition of the cell wall varies by biological kingdom (one of the upper levels in 

the taxonomic system used to classify all organisms). In plants, this extracellular structure is 
composed largely 
of the carbohydrate 
cellulose. Fungal cell 
walls are composed 
of chitin. Bacterial 
cell walls are typical-
ly composed of pep-
tidoglycan, a struc-
ture of cross-linked 
carbohydrates and 
proteins. Numerous 
polysaccharides and 
proteins can also be 
embedded in the 
wall. � e cell wall 
keeps the cell from 
swelling to the point 

of bursting. It also protects the cell from outside structural damage. � e cell wall can intercon-
nect with adjacent cells, giving an organism a solid, rigid shape (especially in the case of plants 
and some fungi).

Animal cells do not have a cell wall. � ey do, however, have an extracellular matrix (ECM), 
illustrated in Figure 3.38. � is matrix serves to hold cells together to form tissues in the body 

and protects the cell membrane. 
� e ECM is composed of glyco-
proteins and the protein collagen.

Finally, junctions are special 
protein structures that provide 
structural stability and facilitate 
communication between cells. 
� ere are three types of cell junc-
tions, illustrated in Figure 3.39. 
Tight junctions prevent leaks in 
places such as the intestines. Des-
mosomes hold tough muscle or 
skin tissues together. Gap junc-
tions facilitate rapid communica-
tion between coordinated cells.

Figure 3.38. Model of the extracellular matrix (ECM). The bottom 
layers of this diagram represent the lipid bilayer of the cell 
membrane. Transmembrane proteins shown in green, attach to the 
mesh-like collagen � bers (red) and glycoproteins (blue) of the ECM.

Figure 3.37. Model of the cell wall of a plant.
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3.3 The Cell Membrane

We have brie� y considered the insides and out-
sides of cells. Now we turn to the barrier that sepa-
rates them: the cell membrane. � is amazing struc-
ture controls what enters and exits the cell. Many of 
the properties of the cell membrane apply to mem-
branes surrounding organelles or sub-organelle 
structures as well.

3.3.1 Composition
Recall that the major property of the plasma 

membrane is its semi-permeability—the membrane 
allows passage of speci� c molecules and not others. 
� is discriminating property stems from its struc-
ture. � e plasma membrane is composed of many 
phospholipid molecules lined up side by side in a 
double layer, as depicted in Figures 3.40 and 3.41, in 
a two-dimensional array. Recall from Chapter 2 that 
phospholipids consist of two fatty acids bound to a 
glycerol molecule, with the third spot being taken 
by a phosphate group. � ese fats are hydrophobic at 
the end where the fatty acids are and hydrophilic at 
the end where the phosphate group is. � is struc-
ture enables this 
molecule to form 
a double layer—
the lipid bilay-
er—the major 
component of the 
cell membrane.

� is crowd of 
phospholipids in 
the lipid bilayer is 
sometimes called 

Figure 3.40. Model of the lipid bilayer, showing 
molecular models of the phospholipids. The 
carbons in the hydrophobic tails are shown 
in gray and the oxygens in the hydrophilic 
phosphate groups are shown in red.

Figure 3.41. The structure of the cell membrane.
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Figure 3.39. Three types 
of cell junctions. Tight 
junctions prevent leaks 
in places where � uids are 
abundant, such as the small 
intestine. Desmosomes 
are adhesive junctions, 
gluing cells together in 
tissues that must withstand 
high mechanical stress 
(such as muscle or skin). 
Gap junctions facilitate 
communication and 
transfer of molecules to 
neighboring cells.  
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a �uid-mosaic. �e term �uid is used because the phospholipids are not vibrating in place, as do 
atoms in a solid. Rather, the phospholipid molecules move about throughout the layer (the 2-D 
space of the membrane), just as people in a crowd are free to work their way through to the other 
side, without a�ecting the relatively tight packing in the overall area. �e word mosaic stems 
from the variety of phospholipid types, as well as other molecules and large proteins embedded 
within the membrane, as illustrated in Figure 3.41.

�e peculiar composition of the cell membrane is explained by the solubility of the mole-
cules involved. Recall that polar molecules interact with water and nonpolar molecules (such as 
the fatty acids in lipids) repel water. �e structure of the lipid bilayer makes an e�ective barri-
er between the inside (cytoplasm) and the outside (extracellular environment) of the cell. �e 
polar phosphate groups of the lipids are facing both the inside cytoplasmic and the outside ex-
tracellular sides, where aqueous solutions or suspensions are present. Meanwhile, the nonpolar 
fatty acids face one another in the interior of the bilayer.

Because of this structure, the cell membrane controls which molecules enter or exit the cell. 
Some small, nonpolar molecules can pass directly through the membrane, just as a small child 
is able to traverse quickly through a crowd. Larger or more polar molecules tend to require a 
special protein channel through which to travel. We spend the rest of this section discussing the 
types of transport across the plasma membrane.

3.3.2 Passive Transport
Generally speaking, transport across the cell membrane can occur in either of two modes—

with the use of energy to power the process, or without the use of energy. �is is just like riding 
your bike from one place to another. If you are traveling uphill, energy is required. If you are 
traveling downhill, no energy is required; you can simply coast.

Transport that requires no input energy is passive transport. Coasting down a hill doesn’t 
require energy from you because you are going from an area of high gravitational potential en-
ergy (the hilltop) to low gravitational potential energy. You are going with the �ow, so to speak. 
Likewise, molecules that travel from an area of high concentration to low concentration are also 
going with the �ow and do not require additional energy. In biological terms, we describe this 
phenomenon in terms of a concentration gradient. We encountered the idea of concentration 
gradients before in our discussion of bacterial chemotaxis (Section 1.2.6). Recall that a concen-
tration gradient exists when there is a di�erence in the concentration of a solute between two 
locations. When molecules move in a direction from high concentration to low concentration 
(spreading themselves out), they are said to be moving down the concentration gradient. Just as 
going downhill on your bike requires no energy from you, molecules moving down a concentra-
tion gradient require no energy to do so. �is is the situation with passive transport.

�ere are three types of passive transport—simple di�usion, facilitated di�usion, and osmosis, 
illustrated in Figures 3.42–3.44. Simple di�usion is the process by which small, nonpolar mol-
ecules travel directly though the plasma membrane, as illustrated in Figure 3.42. Gases such as 

oxygen (O2) and carbon dioxide 
(CO2) di�use directly across the 
plasma membrane of red blood 
cells—from areas of high concen-
tration (e.g., your lungs) to low 
concentration (e.g., deoxygenat-
ed blood cells). �ese nonpolar 
molecules are not repelled by the 
nonpolar environment of the lip-
id bilayer and are small enough 

Figure 3.42. Simple di�usion. Here, solute molecules travel across 
a membrane down the concentration gradient to equalize the 
concentration on either side.
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to sneak through the crowd 
of much larger phospholipid 
molecules.

Larger and more polar 
molecules require a shel-
tered passageway through 
the lipid bilayer. � is type 
of transport, when accom-
plished without any energy 
input, is called facilitated 
di� usion, depicted in Fig-
ure 3.43. Ions and polar 
molecules such as glucose 
must travel through special 
protein channels speci� c to 
them. 

Water molecules (H2O) 
are comparable in size to O2
and CO2 but their highly polar nature makes them unsuited for travel across the nonpolar in-
terior of the plasma membrane. Instead, they quickly � ow through membrane-bound protein 
channels called aquaporins. However, because water is the solvent in biological systems rather 
than the solute, it has its own type of passive transport: osmosis—a most important process in 
biology, illustrated in Figure 3.44.

Rather than traveling down its own concentration gradient, water molecules instead seek to 
equalize concentrations of solutes on either side of a membrane. � e blue dots in Figure 3.44 
represent particles of solute. On the le�  side of the membrane, we have a dilute solution; on 
the right side we have a more concentrated one. � is particular membrane is not permeable 
to the solute—only to water. Under these conditions, water � ows toward the right side where 
the higher solute concentration is, thus diluting it until both sides of the membrane have equal 
concentration of that solute. However, because of the net � ow of water, the right side now has a 
larger volume.

� e increased volume on the right side of the membrane means that the pressure on the right 
is also higher. So long as water molecules continue moving across the membrane to the right, this 
pressure continues increasing. Eventually, the pressure on the right side of the membrane be-
comes high enough to prevent additional water molecules from accumulating on the right side of 
the membrane. (Molecules continue moving across the membrane, but they do so in equal rates 
in both directions.) When this condition is reached, the di� erence in pressure between the right 
and le�  sides is called the 
osmotic pressure. Osmot-
ic pressure is the pres-
sure di� erence necessary 
to prevent osmosis from 
occurring. 

Osmosis is a crucial 
concept to understand 
in biology. All organ-
isms are composed of 
cells containing water, 
and all make use of the 

Figure 3.44. Osmosis refers to the net transfer of water across a plasma 
membrane. It works in cases where the membrane is impermeable to the 
solute. Water � ows towards the region of higher solute concentration in an 
attempt to dilute it, making the solute concentration equal on both sides of 
the membrane .

Figure 3.43. Facilitated di� usion also allows for solutes to travel down 
the concentration gradient, but in this case they must travel through 
specialized carrier proteins rather than directly through the lipid bilayer.
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balance between osmosis and osmotic pres-
sure to maintain homeostasis. � ere are three 
terms used to describe the three possibilities 
for relative solute concentrations on the two 
sides of a membrane, such as the inside and 
outside of a cell. Figure 3.45 shows images of 
human blood cells illustrating these three pos-
sibilities. � e three terms make use of pre� xes 
from Greek: iso– (same), hypo– (below), and 
hyper– (above).

In a hypertonic solution, the solute con-
centration in the surrounding � uid is higher 
than the concentration in the cell. In this case, 
water moves out of the cell in an attempt to 
dilute the surrounding solution. � e result is a 
shriveled-up cell.

Isotonic solutions have equal concentra-
tion with respect to one another. If the cells of 
a saltwater species of � sh have the same salt 
concentration as the saltwater the � sh lives 
in, the saltwater is said to be isotonic to the 
cells. When a cell is in an isotonic solution, 
water molecules move back and forth across 
the membrane at equal rates, so there is no net 
change in the amount of water in the cell, no 
change in the size of the cell, and no osmotic 
pressure.

In a hypotonic solution, the solute concen-
tration surrounding the cell is lower than the 
concentration in the cell. When a cell is in a 
hypotonic solution, water rushes into the cell 
until osmotic pressure is reached or the con-
centrations on either side of the membrane 
are equalized. As a result, the cell may over� ll 
with water and burst.

In the human body, blood cells are isotonic 
to the surrounding tissues. In maintaining ho-
meostasis, this concentration balance is active-
ly maintained. If you are an athlete, you know 
that during intense activity you should drink 
a sports drink such as Gatorade rather than 
plain water. Sports drinks contain dissolved 
ions and sugars and are isotonic to the cells of 
your body. During heavy exercise, your body 
sweats, losing some ions (i.e., electrolytes) in 
the process. At these times, it is especially im-
portant to replace the electrolytes, rather than 
further diluting them by drinking only water 
(a hypotonic solution to your cells). In fact, Figure 3.45. Human blood cells in hypertonic (top), 

isotonic (middle), and hypotonic (bottom) solutions.
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drinking too much water too fast can cause 
hyponatremia, a life-threating condition in 
which the sodium ion concentration in your 
blood dips to dangerously low levels, causing 
confusion, seizures, coma, or even death.

3.3.3 Active Transport
Active transport requires energy, just 

as you must pedal your bike to ride uphill. 
When cells must transport molecules against 
the concentration gradient, they spend ener-
gy in the form of ATP. � ere are three ma-
jor types of active transport: primary active 
transport, secondary active transport, and 
bulk transport.

Primary active transport involves an 
ATP-dependent membrane-bound pump. 
One of these—the sodium-potassium 
pump—is illustrated in Figure 3.46. � is 
membrane protein uses ATP to pump sodi-
um ions out of the cell and potassium ions 
in—both against their concentration gra-
dients. Other common ions actively trans-
ported are magnesium and calcium. � ese 
processes play a major role in muscle con-
traction and neuron communication.

In secondary active transport, energy in-
put comes from molecules being transported 
down an electrochemical gradient rather than 
a concentration gradient. An electrochemi-
cal gradient occurs when there is a di� erence 
in charge across a plasma membrane due to 

Figure 3.47. Exocytosis occurs when a vesicle fuses with 
the plasma membrane, exporting its contents to the 
extracellular space.
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Figure 3.48. Endocytosis occurs when a portion of the 
plasma membrane surrounds extracellular � uid or 
particles and pinches o�  into a vesicle, bringing those 
contents to the interior of the cell.
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Figure 3.46. An example of primary active transport 
is the sodium-potassium pump. This ion channel 
pumps the sodium ions out and potassium ions 
in—both against their concentration gradients, 
using ATP in the process.
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the presence of positive or negative ions. � e di� erence in charge enables molecular transport 
to be electrically-powered rather than ATP-powered.

Finally, bulk transport is reserved for structures that are too big or too numerous to use a 
transmembrane protein channel. Bulk transport occurs through the related processes of exo-
cytosis and endocytosis. Both endocytosis and exocytosis exploit the � uid properties of the 
plasma membrane. Because the phospholipids are not covalently bound to one another, mem-
brane-bound vesicles can easily fuse with the plasma membrane, allowing all its phospholipids 
to become part of the outer membrane and releasing its contents in the process. � e fusing of 
a vesicle with the plasma membrane and release of contents to the outside of the cell is called 
exocytosis, using the Greek pre� x exo– (outside). Figure 3.47 depicts a vesicle fusing with the 
plasma membrane and then dumping its molecules into the extracellular space—the membrane 
of the vesicle now part of the outer plasma membrane. � e secretory vesicles described in Sec-
tion 3.2.2 serve to transport modi� ed proteins from the Golgi apparatus and export them to the 
extracellular space through the process of exocytosis.

� e opposite of exocytosis is endocytosis, in which a portion of the plasma membrane pinch-
es o�  into a vesicle, transporting molecules from the outside of the membrane to the inside in 
the process, as illustrated in Figure 3.48. Endocytosis occurs in a number of specialized situa-
tions, illustrated in Figure 3.49. First, phagocytosis occurs when an immune cell or unicellular 
organism completely engulfs a smaller cell. Pinocytosis brings in � uid from the outside the cell. 
Receptor-mediated endocytosis uses signaling molecules on the outside of the cell membrane that 
bind with speci� c ligands—ions or functional groups bound to central metal atoms. � e recep-
tor-ligand complex is brought into the cell and processed through a series of vesicles. Clathrin
proteins form the coated pit on the exterior of the vesicle (interior of the plasma membrane). 
� is process is used to process signals from cells elsewhere in the body.

Chapter 3 Exercises
SECTION 3.1
1. Describe the observations made by Hooke and van Leeuwenhoek with their microscopes.

2. How did the quality of Hooke’s and van Leeuwenhoek’s microscopes a� ect their 
observations?

Figure 3.49. Three types of endocytosis.
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3. Explain how the observations of Dutrochet and Dumortier contributed to cell theory.

4. What conclusions did Schleiden and Schwann make?

5. Write paragraphs comparing the contributions of Dutrochet and Dumortier with those of 
Schleiden and Schwann. Who came �rst? Which scientists were aware of the others? Who 
should receive the most credit for their accomplishments? Why are some of these scientists 
more recognized than others?

6. Discuss the ideas that Virchow popularized. Who originally proposed these ideas? Why is 
Virchow historically given credit?

7. How do the tenets of cell theory support or discredit those of biogenic theory? Explain.

8. What ideas of Schleiden and Schwann were later discredited?

9. Compare and contrast the Latin phrases omnis cellula e cellula and omne vivum ex vivo. 
What do these statements reveal regarding the nature of life?

10. Given what you know about the histories of cell theory and biogenic theory, speculate 
about what each scientist that contributed to cell theory might have thought regarding 

Hmm... Interesting. How Do Antibiotics Work?

You have probably taken an antibiotic more than once in your life. Perhaps you had an 
ear infection or strep throat. How do antibiotics work? Antibiotics only kill bacterial cells 
(not viruses, archaea, protists, or fungi). �is is accomplished by a very speci�c mechanism 
of action that exploits the cellular di�erences between prokaryotic and eukaryotic cells. 
�at way, the medicines you take kill the harmful invading species without killing you!

One class of antibiotics, which includes penicillin, inhibits synthesis of the cell wall. 
Since human eukaryotic cells do not have a cell wall, penicillin and related drugs only tar-
get bacteria with speci�c molecules in their cell walls. If a bacterium cannot make cell wall 
components, it is not protected against excessive osmotic pressure, and the cell swells and 
bursts.

Another class of antibiotics targets the 
ribosome. While both prokaryotic and eu-
karyotic cells have ribosomes, prokaryotic 
ribosomes are di�erent enough that they 
can be speci�cally targeted. Since protein 
synthesis drives nearly every process in the 
cell, if it is inhibited the cell dies.

Another major class inhibits DNA syn-
thesis. DNA must be copied every time a 
cell divides. Bacterial DNA synthesis en-
zymes are di�erent enough from those 
of eukaryotes that this class of antibiotics 
halts the process in its tracks. No DNA syn-

thesis means no cell multiplication, meaning the bacteria no longer make you sick.
Antibiotics are incredibly useful in the treatment of disease, but beware! Overuse of 

them causes bacteria to �nd ways to adapt and avoid being killed. Already, bacterial resis-
tance to antibiotics is a major problem in medicine.
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spontaneous generation. Did they support or oppose it? A�er you have made your 
hypothesis, do some searching on the Internet to see if you were correct.

11. What is an emergent property? Explain how cells possess emergent properties and how this 
fact points toward an intelligent Creator.

12. Make a Venn diagram showing the properties of prokaryotic and eukaryotic cells 
(including those that are shared and those that are not).

SECTION 3.2 
13. Distinguish between the terms cytosol and cytoplasm.

14. Explain how cell specialization supports the needs of complex organisms.

15. Draw and label a diagram showing the nucleus. Indicate both its structure and function. 
Include: nuclear envelope, nuclear pores, DNA/chromatin, nucleolus, and ribosomes.

16. Compare and contrast the composition and roles of the smooth and rough endoplasmic 
reticulum.

17. Describe the structure and role of the Golgi apparatus.

18. Draw a picture or �owchart showing the path taken by a newly formed protein destined for 
secretion, starting with the rough ER and proceeding through the Golgi, vesicle, and then 
exiting the cell. Include as much detail as you can.

19. Compare and contrast the roles of vacuoles and lysosomes.

20. Do an Internet search on lysosomal storage diseases, and choose one not mentioned in the 
book. Describe the symptoms of the disease you chose, and form a hypothesis describing 
how those symptoms might be caused by a malfunction of the lysosome.

21. Compare and contrast the structure and function of the chloroplasts and mitochondria.

22. Most cells have mitochondria, whereas only plant and algae cells have chloroplasts. Given 
this fact, how might non-photosynthetic cells obtain their glucose to convert into ATP?

23. How do chloroplasts and mitochondria di�er from other organelles? Name as many ways 
as you can think of.

24. Reproduce the following table on your own paper and �ll in the required information, 
listing the appropriate details for the three components of the cytoskeleton.

Cytoskeleton Component Microtubules Intermediate Filaments Micro�laments
Type of protein monomer
Width of �ber
Major roles in the cell

25. Compare and contrast the cell walls of bacteria, fungi, and plants.

26. How does the cell wall provide support?

27. Describe the structure and purpose of the extracellular matrix in animal cells.

28. What are junctions and how do they function in cells?
SECTION 3.3  
29. Make a copy of the table in the box �e Range of Cellular Sizes, found in Section 3.2. 

Perform the calculations described in the box to complete the table. �en use your best 
thinking and speculation to address the following questions:
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a. How does the function of the oocyte relate to its surface area-to-volume ratio?

b. Compare the surface area-to-volume ratio of the adipocyte to that of the oocyte. How 
are the functions of these two cells similar and suited to a low surface area-to-volume 
ratio?

c. Discuss the roles of the lymphocyte and the red blood cell. Why is a high surface area-
to-volume ratio essential to carry out these roles?

d. In these calculations, we are assuming all the cells are spherical. In reality, the red blood 
cell is shaped more like a donut, with indentations on both sides. Does this modi�cation 
increase or decrease the surface area? Why are high surface area and low volume 
important for a red blood cell?

e. Consider a cell as large as an oocyte. How easy or di�cult do you think it would be for 
molecules that di�use across the plasma membrane to reach the deep interior of the 
cell?

30. Describe the chemical structure of the plasma membrane. How does this structure make 
the membrane semipermeable?

31. How do active and passive transport di�er?

32. Compare and contrast the three main modes of passive transport.

33. A scientist prepares a beaker with a semipermeable membrane separating two halves. �e 
membrane allows the passage of sucrose. �e scientist places a 3% solution of sucrose on 
the right side and a 1% solution on the le�. What type of passive transport takes place and 
in what direction do the molecules �ow? How do the �nal volumes on either side of the 
membrane compare?

34. Now, imagine the same scenario as presented in question 33, only this time the membrane 
is impermeable to sucrose. What type of passive transport occurs and in which direction do 
the molecules �ow? How do the �nal volumes on either side of the membrane compare?

35. List and describe the three main types of active transport.

36. Draw diagrams showing the mechanisms of exocytosis and endocytosis.

37. Describe the three types of endocytosis.
REVIEW QUESTIONS  
38. List and describe six requirements for life.

39. List and describe the levels of biological organization. What emergent properties to do cells 
possess that biomolecules or organelles do not?

40. Trace the history of biogenic theory and explain how the Cycle of Scienti�c Enterprise was 
at work throughout.

41. Describe orbitals.

42. Compare and contrast intermolecular interactions with intramolecular bonding.

43. Name and describe properties of water that are essential to life.

44. Name the four major classes of biomolecules. For each one, give an example of a particular 
biomolecule and its role in the cell (or a particular organelle), e.g., proteins serve as 
channels in the plasma membrane.
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All life on earth depends on the photosynthesis of plants, algae, and cyanobacteria. This image is color 
coded to indicate where photosynthesis is occurring on earth. In the ocean, oranges and reds indicate 
high levels of chlorophyll, the key molecule for photosynthesis; blues and purples indicate lower 
concentrations. On land, teal green shows the highest density of plant life; yellows and browns show 
lower densities. The Amazon Rainforest stands out as the photosynthetic champion on land, spilling 
out into an oceanic hotspot of photosynthesis where the Amazon River meets the Atlantic Ocean. 
On the � ip side, the Australian Outback, Sahara Desert, and much of the Middle East appear barren. 
What other patterns do you observe in this picture? Can you formulate a generalization as to the most 
favorable places on earth for photosynthesis?

Chapter 4
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Ocean: chlorophyll concentration (mg/m3) Land: vegetation index
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Objectives for Chapter 4

A�er studying this chapter and completing the exercises, you should be able to do each of the 
following tasks, using supporting terms and principles as necessary.
SECTION 4.1
1. Describe seven forms of energy.

2. De�ne chemical reaction, product, reactant, and catalyst.

3. Given a chemical equation, classify it as combustion, redox, or hydrolysis.

4. Explain how the chemical structure of ATP makes it ideally suited for the role of energy 
currency in the cell.

5. Using a reaction pathway diagram, explain the di�erence between exothermic and 
endothermic reactions.

6. De�ne activation energy and relate it to the function of enzymes.

7. Explain how feedback inhibition helps control metabolism in the cell.
SECTION 4.2
8. Describe the overall goal of cellular respiration.  

9. Brie�y summarize the general matter and energy transformations in each stage of 
cellular respiration: glycolysis, the oxidation of pyruvate, the Krebs cycle, and oxidative 
phosphorylation, including where each process occurs.

10. List and describe the roles of four major coenzymes involved in cellular respiration 
(coenzyme A, NADH, FADH2, and coenzyme Q).

11. Draw a skeleton diagram of glycolysis (not including chemical structures), naming the 
inputs, outputs, and their destinations. 

12. Draw a skeleton diagram of the Krebs cycle (not including chemical structures), naming 
the inputs, outputs, and their destinations.

13. Explain how active transport functions in the electron transport chain.

14. Describe the mechanism of action of the ATP synthase.

15. Di�erentiate between aerobic respiration, anaerobic respiration, and fermentation.
SECTION 4.3
16. Explain why chlorophyll is green.

17. Explain how light makes electrons available for the electron transport chain in 
photosynthesis.

18. Describe the process by which ATP is synthesized in the light-dependent pathway.

19. Explain how ATP and NADPH are used in the Calvin cycle.

20. Describe the major inputs and outputs of the Calvin cycle.

21. Describe two photosynthetic strategies some plants use to conserve water in dry, hot 
climates.

22. Compare and contrast the Krebs cycle and the Calvin cycle.

23. Compare and contrast the electron transport chains of cellular respiration and 
photosynthesis.

24. Compare and contrast C3, C4, and CAM photosynthesis.
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4.1 Energy in Chemical Reactions

4.1.1 Energy
Energy is di�cult to de�ne, but it is fundamental to the workings of the universe. Dictionar-

ies usually relate energy to “the ability to do mechanical work,” which does not really get at what 
energy is. Energy is one of the three fundamental components of the universe, the other two 
being matter and intelligence (seen in the mathematical structure of the laws of nature).

We can describe energy as the thing that holds everything together and that enables most 
processes to occur. Without energy, you could not move or think. Yet, even non-living objects—
such as a rock sitting on a mountaintop  —still contain energy in the motions of the molecules of 
which they are composed, in the energy states of the electrons in the atoms, chemical potential 
energy in the bonds holding the molecules together, and gravitational potential energy due to 
being in the gravitational �eld of the earth.

So far as we know, all the energy that exists was created in the �rst moment of the existence of 
the universe. Since that time, all this created energy has obeyed the law of conservation of energy, 
which states that energy can be neither created nor destroyed, only changed in form.

Although energy is di�cult to de�ne, it is not di�cult to understand the di�erent forms in 
which energy exists, some of which are described in Table 4.1. For example, a boulder sitting 
at the edge of a tall cli� contains gravitational potential energy due to the earth’s gravitational 
�eld. If the boulder falls o� the cli�, this energy is converted to kinetic energy as the rock rushes 
toward the ground. Energy conversions—particularly those involving electromagnetic radiation 
and chemical potential energy—are among the most basic processes supporting the life and 
growth of living things.

4.1.2 Chemical Reactions
One of the characteristics of a living thing is that it cycles matter and achieves energy �ow. 

�is is achieved through thousands of chemical reactions, collectively known as metabolism. 
You may or may not have studied chemical reactions previously, but they are so important for 

Energy Type De�nition
kinetic energy �e energy of bodies in motion.
gravitational potential energy Energy contained in the gravitational attraction between two objects.
chemical potential energy Potential energy that is stored in the chemical bonds of molecules.
electrical potential energy Potential energy that is stored in the separation of electric charges.

internal energy
�e sum of the kinetic energies from the motions of individual 
molecules in a substance. �e average kinetic energy of the molecules 
in a substance is proportional to its temperature.

nuclear energy

Energy from nuclear reactions, in which nuclei of atoms are 
rearranged and mass is converted to energy. Ultimately, almost all life 
on earth is powered by nuclear energy released from the sun, where 
hydrogen nuclei fuse together to form helium.

electromagnetic radiation Massless energy that exists in a spectrum of wavelengths. Energy 
from the sun is transferred to earth as electromagnetic radiation.

Table 4.1. Major forms of energy.
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understanding biological processes that here we present some basic concepts associated with 
chemical reactions. 

In a chemical reaction, one or more molecules (reactants) is transformed into one or more 
di�erent molecules (products) by the breaking and forming of chemical bonds. Chemical reac-
tions are represented by chemical equations. �e arrow in a chemical equation is read “yields” 
and indicates the transformation of bonds that is taking place. �ere are many types of chemical 
reactions, several of which are central to biology.

In a combustion reaction, a fuel combines with oxygen gas to yield carbon dioxide and water. 
A common example is the combustion of methane (natural gas), illustrated in Figure 4.1. �e 
reaction is symbolized in the following chemical equation:

CH4 + 2O2 →CO2 + 2H2O

A second important reaction type is the 
oxidation-reduction reaction, o�en called a re-
dox reaction. In redox reactions, electrons are 
transferred from one reactant to another, form-
ing new products in the process. Atoms that 
gain electrons are said to be reduced, while at-
oms that lose electrons are said to be oxidized. 
(Combustion reactions are actually a type of re-
dox reaction, but for our purposes we are con-
sidering them separately.)

A third biologically important reaction type 
is hydrolysis, a term that comes from the Greek hydro– (water) and –lysis (breaking apart). In 
hydrolysis reactions, water serves as a reactant that slices another molecule in two, resulting in 
smaller product molecules.

Besides products and reactants, other molecules, called catalysts or enzymes sometimes facil-
itate a reaction without being transformed themselves. An example of a catalyst is the material 
inside the catalytic converter in automobile exhaust systems. Car exhaust contains pollutants 
such as carbon monoxide (CO) and nitrogen oxides as a result of imperfect combustion. �e 
catalyst causes the nitrogen oxides to react to become nitrogen and water, while the CO is con-
verted to CO2. In the chemical equation describing the reaction, the use of a catalyst is typically 
indicated over the yields arrow.

In a chemical reaction, no atoms are created or destroyed. �e atoms are only rearranged 
to form new molecules with unique chemical bonds. During this process, there is always a net 
gain or loss of chemical potential energy between the reactants and the products. Of the forms 
of energy listed in Table 4.1, the most important form of energy for biology is chemical potential 
energy, energy stored in the chemical bonds of molecules. Each chemical bond stores a di�er-
ent amount of energy. Chemical reactions play a key role in releasing or storing this chemical 
potential energy.

4.1.3 ATP as Energy Currency
Figure 4.2 illustrates a hydrolysis chemical reaction involving the nucleotide molecule ad-

enosine triphosphate (ATP). ATP is composed of the nitrogenous base adenine (the part of the 
molecule including the blue nitrogen atoms), the sugar ribose (the ring in the center), and three 
phosphate groups (each containing an orange phosphorous atom). Phosphate groups have a 
phosphorus atom attached to four oxygen atoms and one or more hydrogen atoms. When de-
tached from the rest of the molecule, biologists call the phosphate group inorganic phosphate, 
denoted as Pi. Since ATP has three phosphate groups, it is called a triphosphate. �e third phos-

Figure 4.1. Molecules involved in the combustion 
of methane (above) and the associated chemical 
equation (below). Reactant molecules are shown on 
the left side (CH4 and O2) and products on the right 
(CO2 and H2O).

CH4 + 2O2 CO2 + 2H2O
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phate group is attached to the rest of the molecule by a high-energy bond that holds a large 
amount of chemical potential energy. Chemical potential energy is analogous to the energy in a 
boulder sitting on a tall cli�. �e boulder contains high gravitational potential energy that can 
be converted into a large amount of kinetic energy by falling o� the cli�. In an analogous fash-
ion, when the third phosphate in the ATP molecule is lost, a lot of energy is released.

For this reason, the ATP molecule serves as the universal energy currency of the cell. When-
ever the outermost phosphate group is lost or transferred, energy is released to drive other re-
actions. In this fashion, ATP hydrolysis supplies the energy for most other processes in the cell. 
�e reactants in Figure 4.2 are ATP and water. �e products are ADP (adenosine diphosphate) 
and Pi.

Chemical reactions that release heat are called exothermic reactions. Exothermic reactions 
release energy into the surroundings or make that energy available for other processes. Chemi-
cal reactions that absorb energy are called endothermic reactions. Endothermic reactions absorb 
energy, storing chemical potential energy in the bonds of the reaction products. �e energy 
driving an endothermic reaction must come from an outside source in order for the reaction to 
proceed. Indeed, the chemical reaction in Figure 4.2 can be reversed, reattaching the phosphate 
to ADP with a net input of energy. �is important and complex process is achieved by cellular 
respiration, our topic in the next section.

�e nature of endothermic and exothermic reactions is illustrated by the graphs shown in 
Figure 4.3. You might think of this graph as a sort of roller-coaster track, with the car proceed-
ing from le� to right. If chemical reactions involved a simple gain or loss of energy, the reaction 
pathway—the track—would be a simple downhill drop (for an exothermic reaction) or an uphill 
climb (for an endothermic reaction). However, this track is a bit more complicated.

In the case of the exothermic reaction pathway, as the car begins it �rst climbs a hill, then 
rushes down to an energy lower than where it begins. Isn’t this how real roller coasters usually 
work? It wouldn’t be much fun to roll down a small hill. �e real thrill comes from the highest 
drop, and sometimes you have to climb to the top to get there. In chemical terms, this initial 
climb in energy is called activation energy, Ea. It represents the amount of energy input required 
to get the chemical reaction started. �e activation energy usually destabilizes the chemical 
bonds of the reactants enough that they can break and re-form in a new con�guration. When a 
person lights a �re with a match, the heat from the match provides the activation energy to begin 
the combustion of the fuel. (�e activation energy for lighting the match is the heat produced by 
friction during the striking of the match.)

Now, let us look at the energy levels of the chemical bonds both before and a�er the reaction 
takes place. In the exothermic reaction pathway, we see that the chemical potential energy in 
the reaction products is lower than the chemical potential energy in the reactants. �us, energy 
is released into the environment as the reactants are transformed into products. In the endo-

Figure 4.2. The hydrolysis reaction of ATP to ADP (adenosine diphosphate) and a phosphate group. In the 
models, black = carbon, white = hydrogen, blue = nitrogen, red = oxygen, and orange = phosphorus.
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phosphate groupsphosphate groups
adenine

ribose

adenosine

ATP ADP

P
i



103

Energy in the Cell

thermic reaction pathway, the � nal energy of the products is higher than that of the reactants, 
indicating a net gain in the energy stored in the chemical bonds of those molecules.

4.1.4 Enzymes
Referring again to Figure 4.3, note that two 

curves are shown for each pathway—a red curve 
and a dotted blue curve. � is is where catalysts 
come into play. Without being used up itself, a cat-
alyst serves to lower the activation energy of a reac-
tion, allowing it to proceed much more readily. � e 
dotted blue curves indicate the lower activation en-
ergy required when a catalyst is present.

Biological catalysts are called enzymes and are 
usually composed of proteins of a very speci� c 
structure. Enzymes interact with one or several re-
actant molecules, perhaps stretching them out or 
orienting them in the right position for a reaction 
to occur.

Figure 4.4 shows the active site of one such en-
zyme. � e active site, shown in blue in the � gure, 
is the speci� c spot in the protein that holds onto 
the reactants, usually through hydrogen bonding 
or other intermolecular interactions. Reactants in 
enzymatic reactions are called substrates. � e ami-
no acids in the enzyme are in just the right sequence
that enables the protein to morph its tertiary struc-
ture to grasp perfectly its substrate, a phenomenon 

Figure 4.4. This � gure depicts the enzyme 
hexokinase, as it binds to two substrates—ATP 
and the sugar xylose. Hexokinase facilitates the 
� rst step in glycolysis, with the sugar glucose. But 
xylose, with a similar shape to glucose, competes 
with glucose and acts as an inhibitor.

ATP xylose

Figure 4.3. Reaction pathway graphs, showing the energy of a chemical reaction as it proceeds. The horizontal 
axis represents time, as the reaction progresses from start to � nish. The vertical axis shows chemical potential 
energy stored in the bonds of the participating molecules. In an exothermic reaction, the chemical potential 
energy in the products is lower than the energy in the reactants; the di� erence is the energy released into 
the environment. In an endothermic reaction, the energy in the products is greater that the energy in the 
reactants; the di� erence is energy absorbed from the environment. The activation energy, Ea, is necessary to 
get the reaction started.
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known as induced �t. �is �gure depicts the enzyme hexokinase, as it binds to two substrates—
ATP and the sugar xylose. Notice how the enzyme encloses around the substrates for a perfect 
�t.

Now that we have seen how catalysts work, let’s revisit the diagram of the chemical reaction 
in Figure 4.2. You might be asking yourself, if it is so easy for ATP to lose a phosphate group 
by a simple reaction with water (which is almost everywhere in the cell by virtue of the aque-
ous cytosol), then why does the cell not spontaneously explode with all the ATPs losing their 
phosphates all at once? �e answer lies with activation energy. Going back to the analogy of the 
boulder sitting on top of a cli�, it’s quite possible that the boulder is relatively stable sitting there. 
Even though it would release a huge amount of kinetic energy if it fell, it would still require a 
bulldozer to push it over the edge. An enzyme is the equivalent of a bulldozer. Even though the 
loss of phosphate is energetically highly favorable (i.e., the reaction proceeds by itself once it gets 
going), it still has an activation energy barrier to overcome. �at barrier cannot be conquered 
without an enzyme.

Here is an amazing thing about cells. Of all the thousands of chemical reactions at play, every 
single one of them requires a speci�c enzyme to proceed. Enzymes are designed to facilitate 
speci�c chemical reactions, with an active site whose amino acids are exactly aligned to grasp 
the reactants and destabilize their bonds so that the chemical reaction can proceed. Without the 
enzyme, the reaction would have such a high activation energy barrier that it would take thou-
sands of years for the reaction to proceed. �at’s how carefully God has designed the metabolism 
of the cells that keeps us alive!

�ese enzymes are precisely controlled in a number of ways. First, their production can be 
increased or decreased in response to an external stimulus. �e activity of enzymes can also be 
inhibited or enhanced by an immediate or downstream product of its chemical reaction. �e 
process of inhibition is called feedback inhibition, and is an important method of preventing 
chemical reactions from making too many product molecules.

Consider this hypothetical series of biochemical reactions: A and B are converted to C in a 
reaction catalyzed by enzyme 1. Next, C joins with D to produce E, in a reaction catalyzed by 
enzyme 2. �e chemical equations for these reactions are:

A + B            C
enzyme 1

C + D            E
enzyme 2

A common pattern is that the E molecule then 
serves to inhibit enzyme 1:

A + B            C
enzyme 1

C + D            E
enzyme 2 I N

H
IB

IT
S

With less active enzyme 1 around, fewer mole-
cules of C and E are produced. Molecule E can do 
this by physically sitting in the active site of enzyme 
1 (blocking its action) or binding to another site in 

Figure 4.5. In metabolism, a series of chemical 
reactions can be thought of as an assembly 
line, just like a group of people lined up to pass 
sandbags from one location to the other. Just as 
too many sandbags may cause the last person 
in line to shout to the �rst “wait a minute!”, 
feedback inhibition occurs when a downstream 
product builds up too much, serving to inhibit 
an earlier step.
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the protein, making its conformation (folding shape) unfavorable for catalyzing the transforma-
tion of A and B into C. 

To understand the phenomenon of feedback inhibition, consider this analogy. Suppose peo-
ple are laying down sandbags in preparation for a possible �ood, as shown in Figure 4.5. To fa-
cilitate this, workers line up and pass sandbags from one to the next. Feedback inhibition is like 
the worker at the end of the line shouting to the �rst person in the line, “Slow down a minute! 
We have too many sandbags!” Interestingly, in other cases where extra products are needed, a 
mechanism similar to feedback inhibition serves to produce the opposite e�ect—a downstream 
molecule actually speeds up its own production.

4.2 Cellular Respiration

We are now ready to consider the complex and fascinating process by which energy is gener-
ated in the cell—cellular respiration. �is section contains a lot of information and terminology. 
Learning this topic cannot be rushed, so take the time to study this section carefully.

4.2.1 Production of ATP
Cells carry out thousands of chemical reactions—collectively termed metabolism. Many of 

these reactions serve to break down macromolecules into usable building blocks. �e general 
word for these processes is catabolism. Other reactions take the building blocks and build up 
macromolecules. �e general term for these is anabolism. Catabolic processes release the energy 
required to drive the anabolic processes. Additionally, active transport, DNA replication, cell 
division, and protein synthesis all require large amounts of energy to proceed. In fact, without a 
continuous supply of energy in the form of ATP a cell could not continue living. We now con-
sider how ATP is generated.

ATP is generated by an incredibly complex process called cellular respiration. �e overall 
goal of cellular respiration is to generate ATP, according to the following simpli�ed chemical 
reaction.

ADP+ phosphate → ATP+H2O (4.1)

Notice that this reaction is the reverse of the one presented in Figure 4.2. As such, the reac-
tion is extremely endothermic (requiring a large energy input in order to proceed). �e two re-
actions form a continuous cycle of energy consumption and energy production, as illustrated in 
Figure 4.6. In simple terms, the energy for the production 
of ATP is supplied by an exothermic chemical reaction:

glucose+O2 →CO2 +H2O (4.2)

In even simpler terms, we can think of Equation (4.2) 
as digested food + oxygen yields exhaled carbon dioxide 
and water. On �rst glance, Equation (4.2) looks a whole 
lot like a combustion reaction. In fact, if you light a 
marshmallow—essentially pure sugar—it burns fantasti-
cally. (Don’t try this at home. Only when roasting marsh-
mallows over a camp�re!) �e activation energy neces-
sary to get the reaction going is the spark of the match. 
But although burning sugar releases a lot of energy, a 
�ame-producing chemical reaction obviously cannot oc-
cur in all 37 trillion cells of your body. �us, cells manage 
Equation (4.2) through a highly controlled, enzyme-me-

ATP

ADP

Pi Pi

energy
for cells

energy
from food

Figure 4.6. The recycling of ATP. Using the 
energy from food, ADP combines with 
inorganic phosphate to make new ATP 
molecules. The ATP molecules then react 
to liberate energy for powering cells, 
producing ADP and inorganic phosphate 
in the process.
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diated series of many chemical reactions. Collectively, these comprise cellular respiration. Many 
of these are redox reactions (Section 4.1.2).

Before cellular respiration can take place, your body must transport fuel and oxygen to each 
cell. �e food you eat is broken down (digested) in the stomach by a number of hydrolytic en-
zymes. �e resulting small molecules are absorbed through the small intestine into the blood-
stream, which delivers them to the cells. �ough many molecules can serve as fuel sources (lip-
ids, proteins, and carbohydrates), we focus on glucose here for simplicity. Broken down products 
of the other types of molecules can all enter into cellular respiration at one point or another.

When you breathe in oxygen gas, it di�uses across your lungs into the red blood cells in your 
bloodstream, where the hemoglobin protein transports it to every cell. �e small nature of the 
O2 molecule allows its passage across membranes by simple di�usion, both in the lungs and at 
the receiving cells. Once the cells have glucose and O2 molecules at hand, cellular respiration 
can commence.

At this point, it would be helpful for you to review the content of Sections 3.1.3 and 3.2.3. 
Since di�erent stages of cellular respiration occur in di�erent cellular locations (including the 
cytosol and the mitochondria), make sure you have refreshed your memory as to the properties 
of these parts of the cell.

4.2.2 The Four Major Stages in the Cellular Respiration Process
�e overall purpose of cellular respiration is to turn food and oxygen into usable energy. 

�is process, illustrated in Figure 4.7, is tightly controlled and occurs in four identi�able stages:

Figure 4.7. The four major stages in cellular respiration.

mitochondrion

cytoplasm
ATP

ATP

ATP

3. Krebs Cycle

electrons
carried via

NADH

electrons
carried via

NADH

1. Glycolysis
glucose        pyruvic acid

2. Oxidation of pyruvate
pyruvic acid        Acetyl CoA

CO2 CO2

4. Oxidative Phosphorylation



107

Energy in the Cell

1. Glycolysis  Literally meaning “sugar breaking,” glycolysis occurs in the cyotosol. �is stage 
breaks 6-carbon glucose molecules into two 3-carbon pyruvic acid molecules,1 while also 
releasing a small amount of ATP and high-energy electrons for future use, carried by the 
electron carrier molecule NADH.

2. Oxidation of pyruvate  A�er moving into the mitochondrial matrix, the pyruvic acid (or 
pyruvate) is converted into a 2-carbon compound called Acetyl coenzyme A (Acetyl CoA). 
A coenzyme is one of a class of molecules called cofactors—molecules that must be present in 
addition to a speci�c enzyme in order to catalyze a particular reaction.

3. Krebs cycle  Taking place in the mitochondria, this cycle takes Acetyl CoA and transforms 
it into various other 4-, 5-, and 6-carbon compounds, releasing NADH and some ATP in 
the process. Carbon dioxide is released as a byproduct. (�e waste CO2 is transported to the 
lungs and exhaled.) �is process is also called the citric acid cycle or the tricarboxylic acid 
(TCA) cycle.

4. Oxidative Phosphorylation  �is process takes place in the mitochondrial matrix. Using the 
energy of electrons stored in carrier molecules such as NADH, an electron transport chain
(ETC) drives a molecular motor called the ATP synthase. �is amazing molecule “charges” 
used-up ADP molecules, converting them back into ATP that the cell can use. �is process 
cannot proceed without oxygen, which serves as the �nal electron acceptor.

If reading those paragraphs makes your head spin, don’t worry. We now walk through the 
process in detail, elaborating on each step. As you grapple with understanding this topic, think 
about each of these reactions occurring in every one of your cells. �e air you breathe and the 
food you eat are powering the amazingly complex mitochondrial machinery, yet God knows ev-
ery molecule and every enzyme and what they are doing in each of your cells, every nanosecond 
of your life. �is process is so essential that if a person’s oxygen supply is cut o� for just a few 
minutes, the person dies. As you study this complex topic, let it be an opportunity to worship 

1 Note that pyruvic acid (CH3COCOOH) also exists in its ionized form, called pyruvate 
(CH3COCOO–). �ese two entities exist in a dynamic mixture, depending on the pH of the 
environment. We use the two terms interchangeably in this text.

Figure 4.8. Schematic representation of the reactions in the glycolysis process. In the glucose, 
intermediate, and pyruvic acid molecules, only the carbon atoms are shown (in gray).
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our great God who knows you in far greater detail than this relatively simple overview can hope 
to communicate.

1. Glycolysis

Figure 4.8 is a schematic illustration of the glycolysis reaction pathway, starting with the 
6-carbon sugar glucose. �is �gure is a simpli�ed representation of a complex series of chemical 
reactions—each one catalyzed by a speci�c enzyme. Glycolysis occurs in the cell cytoplasm and 
converts glucose into pyruvic acid, the compound that enters the mitochondrion.

�e �rst half of glycolysis is called the energy investment phase, using two ATP molecules to 
proceed. �ese ATPs are hydrolyzed to ADP (as Figure 4.2 illustrates), resulting in two 3-carbon 
intermediates.

In the second, energy payo� phase of glycolysis, these 3-carbon intermediates are transformed 
into di�erent 3-carbon intermediates—pyruvic acid—with the net loss of high-energy electrons. 
�ese electrons are transferred to the carrier molecule NAD+, forming the reduced molecule 
NADH, with a net production of two NADH molecules per glucose molecule. Additionally, 
four ATP molecules are generated. Because two ATP molecules are invested in the �rst phase of 
glycolysis and four are produced in the second phase, there is a net gain of two ATP molecules 
per glucose that are immediately available to serve the energy needs of the cell.

We note in passing that the glycolysis process does not require oxygen, and can thus occur 
in energy processes where there is no oxygen. One of these is fermentation, which we consider 
later.

�e process of glycolysis may be summarized as follows:

1. Converts one glucose molecule into two pyruvic acid molecules.

2. Uses two ATP molecules and 
generates four ATP molecules, 
a net production of two ATPs.

3. Generates two NADH mole-
cules (electron transporters).

4. Occurs in the cytoplasm of 
cells.

5. Proceeds in the absence of ox-
ygen.

2. Oxidation of Pyruvate

In the next step, two mole-
cules of pyruvic acid each react 
with a cofactor molecule called 
coenzyme A (CoA), as illustrat-
ed in Figure 4.9. �e products 
of this reaction are Acetyl-CoA, 
NADH, and carbon dioxide. As 
mentioned above, a cofactor is a 
molecule that must be present in 
addition to a speci�c enzyme in 
order to catalyze a particular re-
action. �is type of molecule is 

Figure 4.9. The oxidation of pyruvic acid, resulting in acetyl CoA and 
generating NADH and CO2 in the process. Again, only carbon atoms 
are shown in the representations of the molecules, except for the 
yellow sulfur atom shown in the acetyl CoA product.

pyruvic acid

CO2

NAD+
NADH

CoA—SH

CoA

acetyl CoA

outer membrane

inner membrane

mitochondrion

cytoplasm

REACTION



109

Energy in the Cell

Hmm... Interesting. The Energy Released by ATP Hydrolysis 

When we say that the hydrolysis of ATP releases energy that powers cells, you may won-
der how this works. What form is that energy in? And how is it used to power processes in 
the cell?

When ATP is hydrolyzed into ADP and Pi , the Pi is rarely ever just released by itself. 
Instead, the Pi is almost always transferred to another molecule, activating it for another 
chemical reaction. An organism’s metabolism is a series of interconnected, step-wise chem-
ical reactions, one a�er the other. For example, the glycolysis process shown as two reac-
tions in Figure 4.7 actually consists of a series of at least 10 intermediate steps. A small bit 
of energy is released as heat at each step, but most of the energy is converted into chemical 
potential energy of the next molecule in the series.

�e very �rst step in the glycolysis series, catalyzed by hexokinase (mentioned in Figure 
4.4), converts glucose to a molecule called glucose-6-phosphate, as the �gure below shows. 
�is reaction, called phosphorylation, pulls a phosphate group from ATP and attaches it 
to the glucose to yield glucose-6-phosphate. �e 
glucose-6-phosphate now has more chemical 
potential energy than the glucose did, and can 
successfully undergo the next several reactions 
in the glycolysis pathway. A few steps later, an-
other phosphorylation reaction occurs using 
another molecule of ATP.

All metabolic reactions are just manifesta-
tions of the law of conservation of energy. �e 
ATP molecule is like a roller coaster at the top of 
a hill, with high gravitational potential energy. 
Successive chemical reactions represent lower 
hills on the up-and-down pattern that roller coasters o�en take, only energy is being trans-
ferred into chemical potential energy of di�erent molecules instead of gravitational poten-
tial energy of di�erent hills. At each step, little bits of energy are lost to heat, just as little bits 
of energy on roller coaster are lost to friction. When the roller coaster needs to go up an es-
pecially large hill, an additional source of energy (such as a motor with a chain) is required 
to supply the needed gravitational potential energy. Likewise, an ATP molecule supplies the 
energy via a phosphorylation reaction when the chemical reaction needs an energy boost.

And what about the heat? �e heat lost from metabolism helps maintain body tempera-
ture and is eventually released from the body as infrared electromagnetic radiation. �is is 
how snakes sense rats in the dark and is why we can see other people in the dark via night 
vision goggles.

Another illustration of the way the energy from ATP hydrolysis is used is in the sodi-
um-potassium pump (Figure 3.46). �e pump is a protein embedded in the cell membrane. 
In its normal con�guration, the protein allows sodium ions in the cell to enter the chan-
nel. When a passing ATP molecule phosphorylates a molecule in the protein, the protein’s 
structure becomes unstable and the protein changes its shape to regain stability, ejecting 
the sodium ions outside the cell and allowing potassium ions outside the cell to enter the 
channel. When the phosphate group is removed from the protein, which happens sponta-
neously, the protein’s structure again becomes unstable and it changes back to its original 
shape, opening to the inside of the cell and releasing potassium ions inside the cell.

Amazing? I should say so.

HO

OH

OH

O

OH

HO

3PO 2–

OH

OH

O

O

hexokinase

glucose glucose-6-phosphate

HO HO



110

Chapter 4

called a coenzyme because, like an enzyme, it is not itself consumed in the chemical pathway 
and can therefore be reused. However, it is not composed of protein as enzymes are.

In this reaction, the pyruvic acid molecules are �rst ionized to form pyruvate ions. �en 
the CoA (containing sulfur and hydrogen atoms) attaches to the pyruvate to form acetyl-CoA. 
Notice that pyruvic acid contains 3 carbons, and the acetyl group in acetyl CoA only contains 
2 carbons. �e remaining carbon is released as CO2. Because this process is a redox reaction, 
electrons are transferred to NAD+ to form NADH.

Recall that glycolysis yields two pyruvic acid molecules per glucose. �is means the oxida-
tion of pyruvate generates two NADH molecules and two CO2 molecules per glucose. 

�e major product of this reaction, acetyl-CoA, then feeds into the next step of cellular res-
piration—the Krebs cycle.

3. Krebs Cycle

�e Krebs cycle is a wonder of biochemistry with an inter-
esting history. Preliminary components of the pathway were 
discovered by Hungarian biochemist Albert Szent-Györgyi 
(Figure 4.10), for which he received the Nobel Prize in 1937. 
�e entire pathway was elucidated by German biochemist 
Hans Adolf Krebs (Figure 4.11) in 1937. He won the 1953 No-
bel Prize for this important discovery.

Interestingly, both men were a�ected by their status as 
Jews in Germany. Earlier in his career, Krebs earned repute 
for his groundbreaking work in the discovery of other meta-
bolic pathways. Despite his accomplishments, he was forced 
to �ee Germany in 1933 because of his Jewish heritage. Rec-
ognizing his talent, the University of Cambridge in England 
quickly recruited him, allowing his research to continue.

During WWII, Szent-Györgyi joined the Hungarian resis-
tance movement, helping his Jewish friends escape from the 
Axis-aligned country. In 
1944, he went to Cairo un-
der the guise of a scienti�c 
lecture, but actually was 
there to collaborate with the 

Allies. As a result, Adolf Hitler himself issued a warrant for 
Szent-Györgyi’s arrest. He became a fugitive, eventually emi-
grating to the United States.

Let’s turn now to describing the Krebs cycle. In order to 
be energetically favorable, the Krebs cycle proceeds in a con-
tinuous, cyclic fashion (as cycles do), with carbon-containing 
CO2 molecules leaving the cycle at various points. �e cycle 
is repeated twice for each molecule of glucose that undergoes 
glycolysis.

Each turn through the cycle begins with the reception of 
an Acetyl CoA molecule from the pyruvate oxidation. Imme-
diately, the large CoA coenzyme activates a molecule of ox-
aloacetate to produce citrate (the molecule giving rise to the 
name citric acid cycle). �e CoA then leaves the cycle and be-
comes available to oxidize another molecule of pyruvic acid.

Figure 4.11. German biochemist Hans 
Adolf Krebs (1900–1981).

Figure 4.10. Hungarian biochemist 
Albert Szent-Györgyi (1893–1986).
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Studying Figure 4.12, you see that eight distinct molecules appear at the various stages of the 
cycle. �e diagram is drawn to indicate the number of carbon atoms present in each molecule, 
and you can observe when carbon atoms enter the cycle (at the top) or leave (in the form of 
CO2). �e CO2 molecules return to the blood to be exhaled or to regulate pH in the bicarbonate 
bu�er system in the blood. Each time a CO2 molecule leaves the cycle, the resulting organic 
molecule is one carbon shorter. �us, the organic molecules vary from 6-carbon to 4-carbon.

As the cycle proceeds, several high-energy electron carriers are produced—both NADH and 
its slightly less-energetic cousin, FADH2. �ese molecules transport electrons to the electron 
transport chain in the next phase of cellular respiration.

At the bottom of Figure 4.12, you see that an ATP molecule is produced in addition to the 
high-energy electron carriers. �us two ATPs are produced per glucose molecule, since the cy-
cle turns twice per glucose. �e ATP becomes immediately available for the cell’s energy needs.

�e Krebs cycle may be summarized as follows:

1. Repeats twice per glucose that enters glycolysis.

2. �e double-cycle input molecules are two Acetyl CoA molecules per glucose.

3. �e double-cycle outputs are two ATPs, six NADH, two FADH2, and four CO2.

4. Occurs in the mitochondrial matrix.

Figure 4.12. The Krebs cycle. Each step is catalyzed by an enzyme, and many intermediates may be fed into this 
cycle by other metabolic pathways beyond the scope of this course. This stage of cellular respiration is cyclical, 
repeating twice before a particular glucose molecule is completely broken down into carbon dioxide.
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5. Produces the ATP used for the cell’s energy needs. �e NADH and FADH2 enter the electron 
transport chain and the CO2 is exhaled from the body.

4. Oxidative Phosphorylation

So far, we have walked through glycolysis, the oxidation of pyruvate, and the Krebs cycle in 
detail. For each glucose molecule, we have broken down the 6-carbon glucose molecule into 
carbon dioxide, generated a net of four ATP molecules, and stored high-energy electrons in ten 
NADH carrier molecules and two FADH2 carrier molecules (two electrons per carrier mole-
cule). In the �nal stage of cellular respiration, there is a large payo� in terms of additional ATP 
molecules.

�e purpose of oxidative phosphorylation is to use the energy contained in NADH and 
FADH2 to overcome the high energy cost involved in the chemical reaction that produces ATP, 
Equation (4.1):

ADP+ phosphate → ATP+H2O

�e result is ATP that the cell can use for every process.

Figure 4.13. Oxidative phosphorylation. Multi-enzyme complexes I, II, III and IV comprise the electron transport 
chain. Using the electron carriers (NADH and FADH2) from previous steps, these membrane proteins pass 
electrons from one protein to the next, releasing a controlled amount of energy at each step that drives the 
active transport of H+ ions across the membrane. The �nal electron acceptor is O2, producing water as the 
�nal product. The rightmost enzyme is the ATP synthase, powered by the passive transport of H+ back into the 
mitochondrial matrix. The energy generated by the H+ “waterfall” spins the ATP Synthase, generating ATP.
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�e process of oxidative phosphorylation is illustrated in Figure 4.13. �e process involves 
four separate protein complexes, identi�ed as I–IV, each comprised of proteins, coenzymes, and 
cofactors. �ese types of molecules are able to carry electrons and pass them on to the next mol-
ecule in the chain. NADH and FADH2 donate their electrons to the �rst two complexes in the 
chain; these electrons are then transferred to the next protein, and the next, in stepwise fashion. 
With each pass of an electron, a little bit of energy is released.

To understand this concept better, consider an analogy. Imagine you have a raw egg you wish 
to transport safely from the top of a tall balcony to the ground, without leaving the balcony your-
self. You have plenty of helpers, but no other materials or equipment. You only have two choices: 
(1) drop the egg (which would certainly result in a yolky mess on the ground), or (2) have your 
friends line up on the stairs, and then carefully pass the egg from one person to the next until it 
can be gently set down. Each time the egg is passed to a person standing lower on the stairs, a 
small amount of gravitational potential energy is released into some other form of energy. �e 
latter scenario is analogous to what happens in the electron transport chain (ETC). If NADH 
and FADH2 were to release their electrons to O2 all at once, the result would be an uncontrolled 
explosion of energy that would be disastrous for the cell, just as dropping an egg from a high 
balcony would be disastrous for the egg. �e gentle release of energy as the electrons are sequen-
tially passed to complexes down an energy “hill” allows for a controlled process.

Looking at the ETC in more detail, we begin at complex I, where NADH is oxidized to NAD+

by the loss of two electrons, which are then passed to the next molecule. In the process, the nega-
tive charge of the electrons pulls up hydrogen ions (protons) into the membrane protein. As the 
electrons join with the next electron transport molecule, the H+ are released on the other side of 
the membrane. In this fashion, the passing of electrons down the ETC results in protons being 
actively transported from the inner mitochondrial matrix to the intermembrane space.

At complex II, another mechanism is exploited. Here, FADH2 becomes oxidized, releasing 
its electrons to a coenzyme Q (labeled in Figure 4.13 as Q). An H+ joins as well to neutralize the 
charge. Now, coenzyme Q �oats freely through the membrane. It travels to complex III, where 
the H+ ion is released to the intermembrane space and the electron is passed on to the next mol-
ecule, cytochrome C (cyt c in the �gure). Finally, in complex IV, four molecules of cyt c pass on 
their electrons to molecular oxygen (O2), the �nal electron acceptor in the ETC. In this process, 
H2O is formed, and four H+ ions are pumped across the membrane. Interestingly, the activity of 
the complex IV enzyme (cytochrome C oxidase) is inhibited by both cyanide (CN–) and carbon 
monoxide (CO).

What do think the result is of poisoning by 
either of these compounds? Su�ocation from 
the inside! �e reason we breathe oxygen is 
that O2 serves as the �nal electron acceptor in 
the ETC. Without this process, our cells would 
not have nearly enough ATP to function. In 
the presence of small molecular inhibitors 
CN– or CO, the entire ETC is halted, resulting 
in death.

Let’s continue discussing Figure 4.13. Now 
that the ETC is complete, all the electrons pro-
duced from glycolysis and the citric acid cycle 
have been spent, resulting in a concentration 
gradient of H+ across the membrane. In other 
words, the intermembrane space has a high H+

concentration, while the matrix has a relatively 

Figure 4.14. A hydroelectric power plant harnesses 
energy from the height di�erence in water, just 
as the ATP synthase harnesses energy from the 
concentration di�erence in H+ across the membrane.
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low one. To make a physical analogy, the pumping of H+ out of the matrix is like a water pump 
that transports water up a hill. � e net result is water with a lot of gravitational potential energy 
that can be harnessed if it falls back to the ground. In fact, this is exactly how hydroelectric pow-
er plants work to generate electricity, shown in Figure 4.14. As water falls down through turbines 
in a dam, the turbines spin an electric generator, generating electricity. � us, the falling water 
converts gravitational potential energy into electrical energy.

In the mitochondria, instead of having water with high gravitational potential energy falling 
to an area of lower energy, there is high potential energy stored in a chemical gradient, and the 
H+ ions “fall” from an area of high concentration to one of low concentration. � e chemical 
term for this phenomenon is chemiosmosis. Recall that the force of water across a membrane 
is what drives osmosis. In chemiosmosis, a molecule other than water provides this force. In-

stead of falling through the turbines of a 
hydroelectric power plant, H+ ions pass 
through the ATP synthase. � is molecule 
is the rightmost transmembrane protein 
shown in Figure 4.13, and is also shown 
in the model of Figure 4.15. As protons 
pass through the ATP synthase via facil-
itated passive transport (facilitated di� u-
sion), they interact with portions of the 
protein that resemble a turbine. In fact, 
the force of the H+ ions literally makes the 
ATP synthase spin! As it spins, the ATP 
synthase catalyzes the addition of inor-
ganic phosphate to ADP, forming ATP 
molecules.

� is elegant system produces quite a 
number of ATP molecules. It is di�  cult to 
say exactly how many, due to the numer-
ous chemical reactions involved. � e best 
estimates are 26–28 ATP molecules per 
glucose molecule. In combination with 
ATP formed during glycolysis (two ATP) 
and the citric acid cycle (two ATP), this 
makes for a total production of up to 32 
ATP molecules.

It is amazing that the man-made mechanism for generating electricity—exploiting the prin-
ciples of natural law—should so closely resemble the God-designed mechanism that powers liv-
ing cells. � e laws of nature, including the law of conservation of energy, govern both man-made 
and natural processes. Natural processes provide all that we need for life.

Oxidative phosphorylation may be summarized as follows:

1. Occurs across the inner mitochondrial membrane.

2. Driven by electrons carried by NADH and FADH2 from previous stages.

3. Electrons are passed along ETC, losing energy as they go.

4. Energy from electrons drives active transport of H+ into intermembrane space.

5. O2 is the � nal electron acceptor in the ETC.

Figure 4.15. 3-D molecular structure of the ATP synthase 
(individual atoms shown). The top portion (green/purple) 
sits embedded in the inner mitochondrial membrane. The 
bottom red portion spins as ATP is generated. H+ ions � ow 
through the enzyme, from top to bottom.
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6. H+ ions fall back into the matrix through ATP Synthase (chemiosmosis), driving ATP syn-
thesis.

7. Approximately 26–28 ATPs are formed in this �nal stage of cellular respiration.

4.2.3 Aerobic Respiration, Fermentation, and Anaerobic Respiration
�e cellular respiration process described at length in Section 4.2.2 is only one of three pro-

cesses cells use to generate energy. In this subsection, we distinguish between these three pro-
cesses and brie�y describe the other two.

As we have seen, when oxygen is available, it is the �nal electron acceptor in cellular res-
piration. In this case, cellular respiration is an aerobic process. Aerobic means “requiring air,” 
although it is actually the oxygen in the air that is required. �us, respiration in the presence of 
oxygen is aerobic respiration. Indeed, the role of O2 as �nal electron acceptor in the ETC means 
that the Krebs cycle and oxidative phosphorylation cannot proceed in the absence of oxygen.

�e other two energy processes occur in the absence of oxygen. �e �rst is called fermen-
tation, illustrated in Figure 4.16. �e absence of oxygen is called an anaerobic (“without air”) 
condition. Some tissues, such as muscle, use fermentation as a backup plan for generating ATP 
under anaerobic conditions. Normally, when enough O2 is available, the pyruvate formed in 
glycolysis is oxidized by CoA and then proceeds through the citric acid cycle. However, during 
periods of intense exercise, there may not be enough O2 to keep up with the demands of the cell. 
In this instance, pyruvate goes into an alternate pathway, allowing glycolysis to continue. If the 
alternate pathway did not exist, then NADH could not be recycled into NAD+ that the glycolysis 
pathway needs to continue breaking glucose into smaller organic molecules. In the alternative 
scenario, the way NAD+ is regenerated is by coupling the NAD+ → NADH reaction to the con-
version of pyruvate into a molecule called lactate. In this way, muscle cells can keep generating 
ATP through glycolysis. You may have heard that during intense exercise lactic acid builds up in 
muscle tissue. �is lactic acid is from the lactate generated by fermentation.

As an aside, aerobic exercise is so called because it increases the ability of the cardiovascular 
and respiratory systems to deliver O2 to the cells. �is enables the muscles to work harder and 

Figure 4.16. Fermentation. In the absence of O2, glycolysis continues so long as there is a way to 
recycle NAD+. Yeast accomplish this by converting pyruvate into ethanol. Muscle cells instead convert 
pyruvate to lactate.
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longer without the build-up of 
lactic acid.

In addition to its occur-
rence in muscle tissue, fermen-
tation appears in many other 
natural processes. A number 
of species of bacteria and yeast 
undergo fermentation. In these 
instances, pyruvate is trans-
formed into either lactate or 
ethanol, the primary constit-
uent of alcoholic beverages. 
Beer and wine making involve 
transformation of glucose into 
alcohol by fermentation. Bar-
rels are used to provide the ox-
ygen-free environment for this 
process. Additionally, the yeast 
used in bread-making under-
go a process of fermentation, 

forming CO2 bubbles and ethanol. �ese products cause bread to rise and give bread its charac-
teristically pleasant aroma, as the ethanol is evaporated during baking.

Fermentation is one way species generate ATP in the absence of oxygen. �ere is another 
possibility, used by microorgansims living in environments where there is no oxygen. Such mi-
croorganisms use a di�erent molecule as the �nal electron acceptor in their electron transport 
chains in the process called anaerobic respiration. One such molecule is sulfate (SO4

2–), which is 
reduced into hydrogen sul�de (H2S). Hydrogen sul�de is easily recognized by its characteristic 
odor, generally described as a rotten-egg smell. If you’ve ever been to Yellowstone National Park, 
shown in Figure 4.17, you may have smelled this stinky result of anaerobic respiration.

Finally, we should also note that while prokaryotes (which are all microorganisms) do not 
have mitochondria, they do run the electron transport chain across their plasma membranes.

To recap, there are three types of cellular respiration. Aerobic respiration uses O2 to accept 
electrons through the ETC. Fermentation proceeds in the absence of oxygen through glycolysis 
only, allowing NAD+ regeneration. Ethanol (alcohol) and lactate are possible byproducts. Final-
ly, anaerobic respiration occurs in microorganisms that use other molecules besides O2 to accept 
electrons from their ETC.

4.3 Photosynthesis

Cellular respiration harnesses energy from organic molecules (food) and O2, generating ATP 
for cells to use. Carbon dioxide is a waste product. In a sense, photosynthesis is the reverse pro-
cess. Photosynthesis harnesses sunlight to synthesize sugars out of CO2 and H2O, with oxygen 
as a waste product, as illustrated in Figure 4.18.

�ough only certain types of organisms (plants, algae, and cyanobacteria) undergo photo-
synthesis, the energy they store in sugars powers all life on earth! Non-photosynthetic organ-
isms must consume other organisms to obtain food, whose energy originally came from the 
sun. Furthermore, the waste product of photosynthesis (O2) is necessary for other organisms 
to breathe. Cellular respiration and photosynthesis are two interdependent processes, without 
which no life could exist at all. Once again, this carefully designed, interdependent system dis-

Figure 4.17. The Fountain Paint Pots at Yellowstone National Park 
contain anaerobic bacteria that reduce sulfate rather than oxygen. The 
resulting H2S molecule gives this geologic wonder its characteristic 
smell of rotten eggs.
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Figure 4.18. The interdependence of cellular respiration and photosynthesis. The waste products of 
one process serve to power the other. In this way, all life on earth is powered by energy from the sun. 
Note that although glucose is shown here as the primary sugar produced, simpler sugars are the 
ones directly made by photosynthesis. These are then precursors to synthesis of many biomolecules 
in the cell, including glucose.
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plays God’s intricate care for his creatures, evident in the chemical reactions of molecules, the 
machinery of cells, and in interdependence of di�erent species throughout ecosystems.

4.3.1 Light and the Electromagnetic Spectrum
Understanding photosynthesis requires familiarity with electromagnetic radiation or waves, 

so we begin here. Electromagnetic waves are a form of pure, massless energy that are able to 
travel through empty space. Electromagnetic waves include radio, visible light, and X-rays all 
as part of the electromagnetic spectrum, illustrated in Figure 4.19. �e only characteristic that 
distinguishes one part of the electromagnetic spectrum from another is the wavelength of the 
waves.

In a vacuum, all wavelengths of electromagnetic radiation travel at the same 
speed—300 million meters per second. However, depending on the wavelength, they carry vari-
ous amounts of energy. Lower energy waves have longer wavelengths; higher energy waves have 
shorter wavelengths.

As shown in Figure 4.19, the longest wavelength waves are radio waves. �ese waves trans-
mit signals from radio stations to receiving antennas on AM and FM radios. �e wavelengths 

Hmm... Interesting. Light and Humans

�ough humans cannot undergo photosynthesis, special sensitive cells in our eyes and 
skin do render many of our physiological processes sensitive to light. We humans may not 
be able to make our own food via photosynthesis, but we are sensitive to light!

In addition to the cells in our eyes responsible for vision, we have photosensitive cells 
that detect current levels of light exposure (even through closed eyelids) and send signals to 
the universal timekeeper of our bodies—a region of our brain called the SCN. In low-light 
or dark conditions, the SCN signals for melatonin production. Melatonin is a hormone that 
causes us to feel sleepy. During daylight hours, melatonin production stops. 

Under normal conditions, light exposure leads to a 24-hour sleep/wake cycle (circadi-
an rhythm) that is tied into many other aspects of our physiology, including metabolism, 
mood, learning, and memory. When the time periods of light and dark exposure are dis-
rupted—such as when �ying to another part of the world—the body takes a few days to 
adjust to the new location, causing the body to experience the fatigue and irregular sleep 
patterns of jet-lag. Shi� workers o�en have trouble keeping a consistent circadian rhythm 
when they must sleep during the day and work at night. In far northern regions where win-
ter days are very short, the depressive symptoms of SAD (seasonal a�ective disorder) are a 
common problem. 

Research indicates that short-wave-
length light is especially activating to the 
SCN. Commonly called “blue light,” it 
is a major component of the light emit-
ted from screens such as those on smart 
phones. Perhaps, then, excessive use of 
one’s smart phone right before bed isn’t 
the best way to keep one’s circadian 
rhythm in sync. Lots of light exposure 
during the day (go outside!) and limited 
exposure at night is the pattern that best 
maintains your circadian rhythm.
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of these waves is on the order of meters to kilometers. At the opposite end of the spectrum 
are gamma rays. � ese waves pack so much energy that they only come from highly energetic 
sources, such as nuclear decay of radioactive elements and from high-energy astronomical ob-
jects, such as pulsars and quasars. � is kind of radiation is strong enough to damage human 
tissue (one of several reasons why the use of nuclear weapons is so devastating). On the � ip side, 
doctors have harnessed this type of radiation to treat some cancer patients. In a procedure called 
the “gamma knife,” doctors concentrate gamma rays to deliver a maximum of damage to cancer 
cells with a minimum of damage to surrounding healthy tissues. Gamma rays have a very tiny 
wavelength—smaller than the size of an atom. Because the wavelength of gamma rays rivals 
the size of electrons, protons, and neutrons, gamma rays can travel through matter (remember 
that atoms are mostly empty space!) and cause substantial damage whenever they collide with 
subatomic particles.

� e other regions of the electromagnetic spectrum are shown in Figure 4.19, and have in-
termediate wavelengths between those of radio waves and gamma rays. In the center of the 
spectrum lies visible light, the only part of the electromagnetic spectrum that humans can de-
tect with their eyes. � e visible spectrum can be further divided by speci� c wavelength, each 
wavelength range corresponding to a di� erent color, as shown in Figure 4.20. � ese wavelengths 
range from 700 nm to 400 nm, about the size of small bacteria. � e fact that the wavelength 
range of visible light is on the order of a bacterial length is what makes the light microscope a 
great tool for observing cells (but not organelles!). Speci� c wavelengths of light are important 
for the role of sunlight in photosynthesis, as we see in the next section.

4.3.2 Chlorophyll Molecules
In the � rst step of photosynthesis, electromagnetic radiation (light) is captured and con-

verted into chemical potential energy, a process that occurs in the chloroplasts of cells. As you 
are probably aware, light exhibits both wave-like properties and particle-like properties. When 
discussing the particle-like properties, we refer to the individual, massless particles of light 
as photons. � e real biological solar panels present in the chloroplasts are special photoreac-
tive molecules, whose chemistry allows for photons of light to excite individual electrons into 
high-energy states. In other words, the electrons absorb the energy of the photons and move to 
higher-energy orbitals in the atom. � e energized electrons are then free to fall to lower-energy 
states through an electron transport chain in a fashion very similar to the one used in cellular 
respiration.

Figure 4.21 illustrates the most important of these photoreactive molecules—chlorophyll a. 
� e chemical bonds of this molecule allow its electrons to have only very speci� c energies. Re-
call that electrons in atoms are only allowed certain energies and the orbitals they are in depend 
on the energy they have. One consequence of these speci� c energies is that each electron in an 
atom can only absorb electromagnetic radiation (photons) of a very speci� c wavelength. If the 

Figure 4.20. The visible light portion of the electromagnetic spectrum showing approximate reference 
wavelengths for di� erent colors.
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wavelength of light matches the energy required for an electron to jump to an excited state, the 
electron absorbs the energy of the light and is excited to a higher-energy orbital or freed into an-
other chemical process altogether. If the wavelength of light doesn’t match the energy required 
for the electron to change energy states, the light is re�ected or simply passes through (transmit-
ted). �e re�ected wavelengths of light give objects the colors we see—a�er re�ecting, rays of 
light travel to our eyes where they are detected and interpreted by our brains as particular colors.

�e phenomena of absorption and re�ection explain why plants appear to be green. �e 
absorption spectrum of a molecule is represented by a graph showing the strength of the mole-
cule’s light absorbance versus wavelength. Figure 4.22 shows the absorption spectra of the mol-

ecules chlorophyll a and chlorophyll b. Where 
the curve is high in this graph, light is strongly 
absorbed by the molecule; where the curve is 
low, light is mostly or all re�ected. Notice that 
both molecules absorb strongly in the blue and 
red regions, but they absorb almost nothing in 
the green region of the spectrum. Consequent-
ly, red and blue wavelengths are absorbed and 
green wavelengths are re�ected, causing us to 
see green when we look at the leaves of plants. 
Figure 4.23 shows the chloroplasts in plant 
cells. �e chloroplasts are green because of the 
chlorophyll molecules they contain.

While we are on the subject of the colors of 
leaves, Figure 4.22 also shows the absorption 
spectrum of the carotenoids, one of the many 
pigments in plant leaves. Carotenoids are re-
sponsible for the yellow colors in many di�er-

Figure 4.22. Absorption spectra of chlorophylls a and 
b and the carotenoid pigments.
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ent plants and animals. In plants, 
the yellows of the carotenoids are 
masked by the presence of green 
chlorophyll. In the autumn, they 
provide one of the dominant colors 
in the leaves of deciduous trees. 

Before reading about the process 
of photosynthesis, you may wish to 
review the structure of chloroplasts 
in Section 3.2.3.

4.3.3 The Light-Dependent 
Reactions

By absorbing the energy in sun-
light, the chlorophyll molecules 
power the process of photosynthe-
sis. Figure 4.24 shows a schematic 
overview of this process. �e overall 
purpose of photosynthesis is to con-
vert CO2 into sugars, using energy 
from the sun. �e byproduct of this series of chemical reactions is oxygen. �e chlorophyll 
molecules are embedded in the thylakoid membrane of the chloroplast as part of a large protein 
complex. Here, the �rst phase of photosynthesis—the light-dependent reactions—occurs. �e 
purpose of the light-dependent reactions is to synthesize ATP and NADPH, using energy from 
light and releasing O2 as a waste product. NADPH is an electron carrier molecule similar to 
NADH, di�ering only by the presence of an extra phosphate group.

�e light-dependent reaction can be expressed as follows:

Figure 4.23. Chlorophyll molecules are concentrated in the 
chloroplasts of plant cells. In this light microscope image, you 
can see that only the chloroplast organelles (small green circles) 
appear green, not the other organelles (which appear to be 
transparent). Notice the clearly visible cell walls.

Figure 4.24. A schematic overview of photosynthesis.
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ADP + NADP+ + Pi + H2O
light⎯ →⎯ O2 + ATP + NADPH

As illustrated in Figure 4.25, the light-dependent phase of photosynthesis uses an electron 
transport chain mechanism to drive chemiosmosis of H+ through an ATP synthase, in a manner 
similar to the process that occurs in cellular respiration. � e � rst protein complex embedded in 
the thylakoid membrane, shown on the le�  side of the � gure, is Photosystem II (PS II). (Don’t 
be confused by the name. PS II is so called because it was discovered a� er Photosystem I, even 
though it is the � rst step in the pathway). PS II has chlorophyll and other photoreactive mole-
cules embedded in it. As the electrons of these photoreactive molecules are excited and passed 
down the electron transport chain (the path indicated by the red arrows), electrons are ripped 
from water molecules in order to replace those of the chlorophylls, which are exiting to the elec-
tron transport chain. As the water molecules are ripped apart, they produce molecular oxygen 
(O2, the waste product) and H+ ions.

As electrons proceed down the electron transport chain, complexes PQ and b6f pull H+ ions 
from the stroma and actively transport them into the thylakoid lumen. � e electrons enter Pho-
tosystem I (PS I), another complicated multi-protein complex. � ere they require an extra boost 
of energy in order to proceed. � is boost is provided by light harnessed by chlorophyll and 
other photoreactive molecules. � e � nal step of the ETC results in the reduction of NADP+ to 
NADPH.

Finally, a large concentration gradient of H+ builds up in the thylakoid lumen, due to active 
transport of H+ and as a byproduct of splitting water. � ese H+ ions travel through the ATP syn-
thase out into the stroma, catalyzing the formation of ATP, just as in cellular respiration.

Figure 4.25. The light-dependent phase of photosynthesis.
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With the formation of ATP and NADPH, we now have 
the high-energy molecules needed to carry out the second 
phase of photosynthesis, the Calvin cycle.

4.3.4 The Calvin Cycle
� e second phase of photosynthesis, called the light-in-

dependent phase or Calvin cycle, uses the energy stored in 
ATP and NADPH to run the reaction

CO2 + H2O → sugars

� e Calvin cycle is named for American biochemist 
Melvin Calvin (Figure 4.26), who studied the pathway 
along with colleagues Andrew Benson and James Bassh-
am. � eir technique involved labeling or marking com-
pounds with atoms of carbon-14. � e radioisotope-label-
ing technique allowed Calvin to trace a particular carbon 
atom through the entire pathway. For this work, Calvin 
was awarded the 1961 Nobel Prize in Chemistry.

� e purpose of the Calvin cycle is to synthesize sugars 
out of CO2, using energy supplied by ATP and NADPH 

Figure 4.26. Melvin Calvin (1911–1997).

Figure 4.27. The Calvin cycle.
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from the light-dependent phase of photosynthesis. �e Calvin cycle takes place in the stroma of 
the chloroplast.

Figure 4.27 shows each phase of the Calvin cycle in more detail. In phase 1 (carbon �xation), 
three CO2 molecules from the atmosphere join with three �ve-carbon molecules (RuBP) already 
in the cycle. �is step is catalyzed by an enzyme nicknamed RuBisCO. One CO2 combines with 
one RuBP to form a short-lived six-carbon molecule, which splits into two three-carbon entities, 
called 3-phosphoglycerate (3-PGA), for a total of six molecules. Next, using ATP and NADPH 
from the light-dependent reactions, 3-PGA is reduced into glyceraldehyde 3-phosphate (GA3P). 
GA3P is the primary product of the Calvin cycle. It is the precursor to a number of larger mol-
ecules, including glucose, that the cell synthesizes. Of the six GA3P molecules synthesized, only 
one goes on towards other metabolic pathways. �e remaining �ve are regenerated (through a 
number of steps not shown here) back into RuBP to begin the cycle again. �is regeneration step 
uses three ATP molecules from the light-dependent pathway.

�e Calvin cycle may be summarized as follows:

1. �ree CO2 molecules enter from the environment (cytoplasm and stroma)

2. �ese are converted into the sugar precursor GA3P.

3. Energy for this process comes from 
ATP and NADPH generated by the 
light-dependent photosynthetic reac-
tions.

4.3.5 Adaptations for Arid Climates
 Most plants undergo the regular pho-

tosynthesis described above, which also 
goes by the name of C3 photosynthesis. 
For example, rice, shown in Figure 4.28, a 
major food source for human beings, is a 
C3 plant. However, there are some plants 
in hot, dry climates that must make some 
modi�cations in order for photosynthesis 

Figure 4.28. Rice, a staple crop for many populations, is a 
C3 plant.

Figure 4.29. Stomata, openings in leaves that allow for entrance of CO2 and exit of H2O. The stomata 
open when water is abundant and close when water is scarce.
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to function properly. �ere are two major alternative strategies that we mention here: C4 photo-
synthesis and CAM photosynthesis.

As illustrated in Figure 4.29, leaves in plants have passages, called stomata, that open to allow 
environmental CO2 to enter and H2O molecules to escape, a process known as transpiration. �e 
cells surrounding the stomata—called guard cells—enable them to open when cells have excess 
water (so that the water may evaporate) and close when cell vacuoles do not have enough water 
(to prevent too much water loss).

In hot, dry climates, plants close their stomata to prevent too much water loss. �e side e�ect 
of stomata closure is that not enough CO2 is present for photosynthesis, causing the Calvin cycle 
to use O2 instead of CO2. �is wastes energy but helps keep the plant alive.

C4 plants, such as the corn and sugarcane shown in Figures 4.30 and 4.31, avoid this wasteful 
scenario by separating parts of the Calvin cycle 
into di�erent cell types. In this way, CO2 is col-
lected and stored in one particular cell type at 
high concentration, enabling the Calvin cycle 
to run normally.

Another strategy is utilized by CAM plants, 
such as pineapple, shown in Figure 4.32. CAM 
plants separate the metabolic processes by 
night and day. To prevent excessive water loss, 
the plants open their stomata at night, allow-
ing entrance of CO2, which is stored by reac-
tion with organic carrier molecules. During the 
daytime, the stomata close, but the stored CO2
is still available to run the rest of the Calvin cy-
cle.

Chapter 4 Exercises
SECTION 4.1
1. Given the following chemical reaction, identify the reactants and the products.

C6H12O6 + O2 → CO2 + H2O

2. Explain the role of a catalyst in a chemical reaction.

Figure 4.30. Corn is a C4 plant, separating steps of 
the Calvin cycle into di�erent cell types so as to 
concentrate CO2 while retaining water.

Figure 4.31. Sugarcane, another C4 plant.

Figure 4.32. Pineapple uses another photosynthetic 
strategy, the CAM pathway, in which metabolic 
processes are separated by night and day.
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3. Compare and contrast combustion, redox, and hydrolysis reactions.

4. Classify the following chemical reactions as combustion, redox, or hydrolysis:

a. sucrose + water → glucose + fructose

b. C3H8 + 5O2 → 3CO2 + 4H2O

c. 4Fe + 6O2 → 3Fe2O3

d. CH4 + 2O2 → CO2 + 2H2O

e. triglyceride + base + water → soap

5. Explain why ATP is the ideal energy currency for the cell.

6. Distinguish between endothermic and exothermic chemical reactions.

7. Draw and label two reaction coordinate diagrams: one for an exothermic reaction and one 
for an endothermic one. Make sure to include the pathways with and without an enzyme.

8. Describe in detail how enzymes facilitate biological chemical reactions.

9. Explain the process of feedback inhibition in a series of enzyme-catalyzed chemical 
reactions.

SECTION 4.2
10. What is the overall purpose of cellular respiration?

11. Make a table that lists the inputs, lists the outputs, and describes the overall results for each 
of the four stages of cellular respiration.

12. Using your table from the previous exercise, describe in words how each of the four 
stages of cellular respiration contribute to the overall purpose. (Describe the process and 
intermediate results accomplished by each phase.)

13. During glycolysis, how many ATPs are invested and how many are generated?

14. Describe the role of coenzyme A in cellular respiration. How does this prepare pyruvate for 
entrance into the citric acid cycle?

15. Describe the function of NADH and FADH2 in glycolysis and the citric acid cycle.

16. Name two major scientists who contributed to our understanding of the citric acid cycle 
and describe their �ndings.

17. What happens to the CO2 generated in the citric acid cycle?

18. Where in the cell do glycolysis and the citric acid cycle take place?

19. Write paragraphs that summarize the overall chemical transformations that occur in 
glycolysis and the citric acid cycle.

20. How is active transport used in the electron transport chain?

21. Describe what happens to the potential energy of each electron as it is passed down the 
electron transport chain.

22. Describe the mechanism by which coenzyme Q transmits electrons.

23. What is the �nal electron acceptor of the ETC? What happens to energy production in its 
absence?

24. Describe how poisons such as cyanide and carbon monoxide a�ect cytochrome c oxidase 
(the �nal enzyme in the electron transport chain of cellular respiration).
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25. Compare the chemical gradient of H+ ions across the inner mitochondrial membrane to the 
process by which hydroelectric power is generated.

26. Describe the mechanism of the ATP synthase.

27. Summarize the steps that occur in oxidative phosphorylation. How do these steps 
contribute to the overall goal of oxidative phosphorylation?

28. Compare and contrast aerobic respiration, anaerobic respiration, and fermentation.

SECTION 4.3
29. What is the overall goal of photosynthesis?

30. Explain why photosynthesis and cellular respiration are interdependent.

31. Name the colors of light that are most absorbed by plant pigments such as chlorophyll.

32. Suppose a person decides to grow some plants in a basement under green-light emitting 
lamps. Describe the results one should expect from this project.

33. Some foods, such as carrots and squash, appear to be orange/yellow. Based on what 
you know about absorption and pigment molecules, form a hypothesis as to why these 
vegetables display these colors.

34. How does the arrangement of electrons in atoms relate in general to the spectrum of 
colored light that a particular compound absorbs? How does this arrangement determine 
the color that a compound appears?

35. Brie�y describe how the light-dependent and light-independent phases of photosynthesis 
contribute to its overall goal.

36. Compare and contrast the electron transport chain of photosynthesis to that of cellular 
respiration.

37. Name and describe two mechanisms by which the H+ concentration gradient is created 
during the light-dependent phase of photosynthesis.

38. Brie�y describe the mechanism of the Calvin cycle.

39. Compare and contrast the Krebs cycle and the Calvin cycle.

40. Explain two strategies used by plants in dry climates to minimize water loss during 
photosynthesis.

REVIEW QUESTIONS  
41. Brie�y describe the six requirements for life.

42. How does the capacity to cycle matter and energy (a characteristic of life discussed in this 
chapter in detail) interrelate with the other characteristics of life?

43. Of the classes of biomolecules discussed in Chapter 2 (carbohydrates, lipids, proteins, and 
nucleic acids), which types do you see at play in cellular respiration and photosynthesis? 
Identify as many as you can.

44. List as many cell organelles as you can. Identify the ones involved in photosynthesis and 
those involved in cellular respiration. For those involved in one or the other of these 
processes, describe their roles.

45. De�ne active transport and discuss several ways this can be accomplished across a cell 
membrane. Which of these modes are involved in photosynthesis and cellular respiration?

46. De�ne passive transport and discuss several ways this can be accomplished across a cell 
membrane. Which of these modes are involved in photosynthesis and cellular respiration?
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How do cells grow, divide, and transmit genetic information to the next generation? These stunning 
� uorescence microscope images show a HeLa cell doing just that. (See the opening image for Chapter 
3 for the origin of HeLa cells). The process of cell division, or mitosis, proceeds in distinct stages, shown 
clockwise from the top: prophase, prometaphase, metaphase, anaphase, telophase, cytokinesis, late 
cytokinesis and interphase. In these images, spindle � bers are stained red and the genetic material 
(chromosomes) are � uorescing green. In this chapter, we tell the fascinating tale of how scientists 
discovered that DNA is the molecule of heredity and describe the details of its three-dimensional 
structure. In addition, we consider how DNA determines traits and how cells divide, faithfully passing 
DNA on to daughter cells.

Chapter 5

The Central Dogma and the Cell Cycle
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Objectives for Chapter 5

A�er studying this chapter and completing the exercises, you should be able to do each of the 
following tasks, using supporting terms and principles as necessary.
SECTION 5.1
1. Trace the history leading to the discovery that DNA is the molecule of heredity.

2. State the contribution of Frederich Miescher.  

3. Describe the contributions and experimental methods of �omas Hunt Morgan.

4. Describe the experiment performed by Frederick Gri�th and explain how his results 
support the theory that DNA is the molecule of heredity.

5. Explain how the Avery-MacLeod-McCarty experiment built upon that of Gri�th.

6. Describe Charga� ’s rules and how they disprove the tetranucleotide hypothesis.

7. Describe the Hershey-Chase experiment and how it supports the theory that DNA is the 
genetic material.

8. Describe the evidence that Watson and Crick used to determine the three-dimensional 
structure of DNA.

SECTION 5.2
9. Describe the chemical components of DNA and how they are arranged in 3-D space.

10. Given a DNA sequence, determine the sequence on the complementary strand using base-
pairing rules.

11. Explain how DNA is packaged into chromosomes.

12. Diagram the general �ow of information described by the term “central dogma.”

13. Describe the origin of the terms 3’ and 5’.

14. Explain the purpose of transcription.

15. Distinguish between the coding and template strands of DNA in transcription.

16. Given a coding or a template sequence of DNA, determine an mRNA sequence.

17. Describe three modi�cations that must be made to a primary mRNA transcript before 
translation can take place.

18. Describe the structures of ribosomes, tRNA, and mRNA, and explain how they work 
together to synthesize proteins.

19. Given a sequence of coding mRNA, determine the resulting amino acid sequence.

20. Distinguish between a codon and an anticodon, and describe the role of each.

21. Describe the potential results of mutations a�ecting redundancy or the reading frame.
SECTION 5.3
22. Describe the stages of the cell cycle.

23. List and describe the roles of the enzymes involved in DNA replication.

24. Distinguish between the leading strand and the lagging strand and describe the process and 
direction of replication for each one.

25. Draw, list, and describe the events that occur at each stage of mitosis.
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5.1 The History of Molecular Biology

5.1.1 DNA as the Genetic Material
In Chapters 1 and 3, we discuss the development of theories pertaining to how life arises 

and the origin of cells. Both these theories reached maturity in the latter half of the 1800s. De-
spite these advances, very little was known at that time 
regarding heredity. It was in the 1860s that a monk named 
Gregor Mendel conducted experiments on pea plants that 
helped scientists understand the pattern of how traits are 
passed from one generation to the next (discussed in 
Chapter 6). In the mid-1800s, Charles Darwin published 
his theory of evolution (discussed in Chapter 12).

Although Mendelian inheritance and Darwin’s theory 
of common descent provided a general picture of traits 
being passed from generation to generation, no one had 
any idea how these traits were transmitted. Were they 
contained in some kind of molecule? If so, which one? 
What part of the cell would contain such molecules, and 
how would these molecules determine traits in the �rst 
place?

One early clue came from Swiss biochemist Fredrich 
Miescher (Figure 5.1). Using a series of chemical steps, 
Miescher stripped away the outer layers of cells, leaving 
behind material in the center. He found that this mate-
rial was rich in phosphorus and contained no sulfur. He 
named the unknown substance nuclein—now called nu-
cleic acid—and published his work in 1871. He and his 
successors continued to study the chemical properties of 

this substance, although no one knew its function. �is preliminary groundwork paved the 
way for future discoveries regarding DNA—the primary type of nucleic acid—and its role in 
heredity.

Years passed with little progress, although some evidence from the early 1900s pointed to a 
potential role for chromosomes. Recall that chromosomes consist of DNA and their associated 
proteins, and can be seen at the center of cells with a microscope. (�e opening image of this 
chapter shows chromosomes in green.) �en, in 1911, American biologist �omas Hunt Mor-
gan (Figure 5.2) published strong evidence showing that chromosomes are the vehicle for hered-
ity. Using the fruit �y Drosophila melanogaster as his model, he performed careful experiments 
in selectively mating �ies with di�erent traits and quantifying which traits were more o�en in-

Figure 5.1. Swiss biochemist Fredrich 
Miescher (1844–1895).

Objectives for Chapter 5 (Continued)

26. Di�erentiate between the process of cytokinesis for animal and plant cells.

27. Describe the roles of the three cell-cycle checkpoints, including the consequences of the 
criteria not being met.

28. Describe the cellular malfunctions that lead to cancer.

29. Describe the role of telomeres in the cell. 
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herited together. � ese data allowed him to map the traits 
to a linear order on the chromosome, where genes that sat 
closer on the chromosome tended to be inherited jointly 
more o� en, as illustrated in Figure 5.3.

Morgan’s research represented a huge leap in progress 
toward answering the question of what genes are made of. 
However, many mysteries remained. Although the chro-
mosome was established as the carrier of genes, recall that 
chromosomes contain both proteins and DNA. Most sci-
entists at that time assumed that the genetically important 
part of the chromosome was the protein rather than the 
DNA. A� er all, DNA seemed to be repetitive and uninter-
esting, while proteins have a much wider variety of struc-
tures, and are composed of many more building blocks 
(20 amino acids versus only four bases). Much work re-
mained to be done, and some discoveries were made quite 
serendipitously. 

In 1927, British bacteriologist Frederick Gri�  th (Fig-
ure 5.4) uncovered a mysterious “transforming principle” 
that seemed to change one strain of bacteria into anoth-
er one altogether. Prior to making this discovery, Gri�  th 
took samples from patients su� ering from pneumonia, 
seeking to understand why some patients died and others had a milder version of the disease. He 
knew that the disease was caused by Streptococcus pneumoniae bacteria, but didn’t understand 
why patient outcomes were so di� erent. He hypothesized that some bacteria had a fundamental 
feature that caused the deadly illness, while others lacked this feature. Using di� erent patient 
samples, Gri�  th isolated di� erent strains of S. pneumoniae, noticing that they had di� erent 
appearances on a petri dish. Gri�  th then infected mice with these strains, to determine what 
made some more virulent than others, as illustrated in Figure 5.5.

0.0 13.0 31.0 48.5 54.5 67.0 75.5 104.5

Mutant Type
aa

Wild Type
AA

Figure 5.3. Genetic linkage map, from the fruit-� y research of Thomas Hunt Morgan. The results of these 
experiments gave conclusive evidence that chromosomes contain the genetic material, and that genes are 
arranged in linear order on chromosomes. Traits that are inherited together more often sit closer together on 
the chromosome.

Figure 5.2. American biologist Thomas 
Hunt Morgan (1866–1945).
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Gri�  th called the � rst strain “S” for smooth, a� er the 
appearance of these colonies on a petri dish. It was later 
discovered that their smooth appearance was due to an 
outer polysaccharide capsule that prevented the immune 
system from e� ectively destroying these cells. As as result, 
the S strain of S. pneumoniae was virulent, so when Grif-
� th injected mice with this strain, they all died of pneu-
monia.

In contrast, the “R” strain (named for the rough ap-
pearance of the bacterial colonies) did not cause the mice 
to die. To determine why one strain caused disease and 
the other didn’t, Gri�  th heat-killed the S strain, and in-
jected the bacterial remains into mice. Gri�  th predicted 
that dead bacteria would no longer possess the capability 
of causing illness. As expected, the mice lived.

Finally, Gri�  th tried mixing the harmless R strain and 
the heat-killed S strain together. Gri�  th had hypothe-
sized that this mixture would do no harm, but—amazing-
ly—his results showed otherwise. � e harmless R strain 
mixed with the dead S strain and caused disease, killing 
the mice into which they were injected! How could this 
be?

To solve the mystery, Gri�  th isolated the bacteria 
from the dead mice, and determined that they had the 

appearance of the original disease-causing S strain. He concluded that an unknown “transform-

Figure 5.4. British bacteriologist Frederick 
Gri�  th (1879–1941).

disease-causing
bacteria (S strain)

harmless
bacteria (R strain)

heat-killed
bacteria (S strain)

mixture of heat-killed
S strain and live R strain

mouse dies of pneumonia

mouse dies of pneumonia

mouse lives

mouse lives

live, disease-causing
bacteria (S strain)

Figure 5.5. Gri�  th’s experiments showing a “transforming principle” that could 
transform one strain of bacteria into another.
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ing principle” gave the virulent traits of the S strain to the 
otherwise docile R strain. �e idea that one strain of bac-
teria could be transformed into another by some mysteri-
ous substance modi�ed the previous, simpler theory that 
one type of bacterium causes one type of disease. Since this 
transforming principle caused a trait (ability to cause dis-
ease), could this mysterious substance have been a gene? 
Tragically, Gri�th was killed in the Blitz bombing of Lon-
don during WWII before anyone discovered the answer.

Canadian-American researcher Oswald Avery (Fig-
ure 5.6) took great interest in the results of Gri�th’s ex-
periments and worked to �nd the identity of the so-called 
transforming principle. In 1944, he and his colleagues per-
formed experiments that showed the identity of the trans-
forming principle to be DNA.

 Using the same R and S bacterial strains, Avery mixed 
living R bacteria with an extract of S bacteria. (An ex-
tract pulls out important components of the bacteria but 
destroys the cells.) He then observed the results in a pe-
tri dish, and found that this mixture became virulent (S 
strain).

�e researchers used a series of enzymes that could de-
stroy particular categories of molecules: proteases to degrade proteins, RNAses to destroy RNA, 
and DNAses to disintegrate DNA. Once a particular type of molecule was destroyed from the 
extract of the S strain, the resulting mixture was combined with the R strain to see if transfor-
mation would take place (causing the R strain to become virulent).

As illustrated in Figure 5.7, when enzymes that destroyed protein or RNA were introduced, 
the resulting extract of the S strain was still capable of transforming the R strain into a virulent 
one. Only the DNAse—an enzyme that destroys DNA—removed the so-called transforming 
principle. Avery and his colleagues thus concluded that DNA is the molecule responsible for 
transferring traits from one 
strain of bacteria to another. 
Interestingly, the theory that 
proteins are the information 
carrier was so ingrained at 
the time that further exper-
iments were required before 
the scienti�c community at 
large accepted DNA as the 
genetic molecule. Recall that, 
throughout the histories of 
biogenic theory and of cell 
theory, other scientists expe-
rienced similar resistance to 
widespread acceptance of a 
new idea, despite clear sup-
porting evidence.

One barrier to the ac-
ceptance of the DNA theory 

Figure 5.6. Canadian-American researcher 
Oswald Avery (1877–1955).

Extract of S + R virulent

Extract of S
+

protease
+ R virulent

Extract of S
+

RNAse
+ R virulent

Extract of S
+

DNAse
+ R not virulent

Figure 5.7. Results of the Avery-MacLeod-McCarty experiment, 
conclusively showing that DNA is the genetic material. Despite these 
results, other scientists were hesitant to accept them at the time.
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was that DNA has only four nucleotides, widely believed to repeat monotonously in the same 
sequence of GACT. � is was known as the tetranucleotide hypothesis, proposed by American 
biochemist Phoebus Levene. If DNA wasn’t capable of much variation, how could it hold and 
transmit information? � e experiments of Erwin Charga�  (1905–2002), a naturalized American 
citizen of Austro-Hungarian origin, helped to address this question.

Charga�  analyzed the proportions of the four nucleotide bases present in the DNA of dif-
ferent species. Contrary to the theory of the day, Charga�  found substantial variation in the 
percentages of nucleotides across species, publishing his results in 1950. For example, human 
DNA is made up of about 30% A, 30% T, 20% G, and 20% C. In contrast, the DNA of the parasite 
causing malaria (Plasmodium falciparum) contains about 10% of both G and C, and about 40% 
of both A and T! Results such as these led to what we call Charga� ’s rules. � ese rules state that 
in any given sample of DNA, the amounts of adenine and thymine are equal, and the amounts of 
cytosine and guanine are equal. However, the proportions of A and T versus C and G vary con-
siderably between species. � ese results greatly weakened the tetranucleotide hypothesis that 
was so widely held in the day. A� er all, if the nucleotide amounts vary considerably between 
species, then DNA cannot be a uniform polymer with the endlessly repeating sequence GACT.

Nonetheless, one more experiment was needed to � rm-up the case for DNA as the molecule 
of heredity. In 1952, Alfred Hershey and Martha Chase showed that DNA is the only molecule 
needed to achieve viral (or phage—a virus that infects bacteria) infection of a bacterium. Figure 
5.8 depicts the experiment they performed.

First, Hershey and 
Chase radioactively la-
beled the sulfur atoms 
present in the protein 
coat of the viral capsid
(shown in red). (� e cap-
sid is the outer protein 
layer of a virus). � en, 
they allowed these phag-
es to infect bacteria, and 
analyzed the bacteria for 
evidence of radioactive 
sulfur. None was found, 
showing that no viral 
protein � nds its way into 
the infected bacterium. 
Next, the scientists radio-
actively labeled the phos-
phorus atoms in the viral 
DNA. A� er infection of 

the bacteria, they analyzed the bacteria for radioactivity. Lo and behold, the resulting bacteria 
showed high levels of radioactive phosphorus! � is experiment conclusively showed that DNA 
alone is the molecule responsible for transmission of genetic information. In 1969, Hershey, 
along with phage researchers Max Delbrück and Salvador Luria, won the Nobel Prize “for their 
discoveries concerning the replication mechanism and the genetic structure of viruses.”

5.1.2 Discovery of the Three-Dimensional Structure of DNA
By this time, there was ample evidence showing that DNA is the molecule responsible for 

transmitting traits from one generation to the next. But how does it accomplish this feat? � e 

1 Infection

2 Blending

3 Centrifugation

bacteriophages with
sulfur-labeled protein

bacteriophages with
phosphorus-labeled DNA

no sulfur in cells
after centrifugation

phosphorus in cells
after centrifugation

bacterial
cell

bacterial
chromosome

Figure 5.8. Hershey-Chase experiment, published in 1952.
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answer lies in the details 
of the three-dimension-
al structure of DNA. �e 
general composition of 
DNA was known as hav-
ing four bases, a �ve-car-
bon sugar (deoxyribose), 
and phosphates, but it was 
not known how these mol-
ecules attached together in 
three-dimensional space.

In the early 1950s, the 
explosion of experimental 
evidence described in the 
previous section inspired 
two young scientists, 
James Watson and Francis 
Crick, to seek the answer. 
Watson and Crick are pic-
tured in Figure 5.9, along 
with Maclyn McCarty of 
the Avery-McLeod-Mc-
Carty experiment. 

To �nd the 3-D structure of DNA, Watson and Crick needed evidence from the science of 
X-ray crystallography. �is technique involves bombarding large molecules with X-ray radiation 
and analyzing the resulting di�raction (scattering) patterns on the other side. �is technique is 
somewhat similar to having X-rays taken at 
the dentist’s o�ce. �e hygienist places a �lm 
(nowadays, this �lm is digital) on the inside of 
your mouth, and then aims an X-ray machine 
outside your cheek. �e X-rays travel through 
your tissues, and the �lm picks up a pattern 
on the other side. As a result, the dentist can 
analyze an image of your teeth.

�e major di�erence between the dentist’s 
X-ray and X-ray crystallography is that with 
crystallography the molecules being imaged 
are much smaller than teeth, and the resulting 
image requires a lot of mathematical analysis 
to infer a three-dimensional structure from 
the scatter pattern on the �lm. Nonetheless, 
scientists in the early 1900s worked out the 
speci�cs of this method and made it a power-
ful tool for determining the structures of large 
molecules, one that is still used to this day 
(aided by the use of computer analysis).

�e pioneers of this technique were father 
and son W.H. Bragg and W.L. Bragg, British 
physicists who worked out the methods of 

Figure 5.9. Maclyn McCarty (left, 1911–2005) greets James Watson (back, 
1928–) and Francis Crick (front right, 1916–2004). Watson and Crick 
elucidated the 3-D structure of DNA.

Figure 5.10. Apparatus used by W.H. Bragg and 
W.L. Bragg to pioneer the technique of X-ray 
crystallography for determining the structures of 
complex molecules.
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X-ray crystallography. �e apparatus they used is 
shown in Figure 5.10. �ey won the 1915 Nobel Prize 
for this work.

In 1951, famous American chemist Linus Pauling 
used X-ray crystallography to elucidate the structure 
of the alpha-helix—a common secondary structural 
element of many proteins. (An example of a protein 
containing alpha helices is shown in Figure 2.46.) 
Pauling’s success in this regard encouraged Watson 
and Crick to attempt to create a 3-D model for DNA. 
However, Watson and Crick were not able to do so 
without X-ray data on the DNA molecule.

�rough an unlikely series of events, Watson and 
Crick met with a scientist named Maurice Wilkins, 
who showed them an X-ray image of DNA belong-
ing to Wilkins’ colleague, British scientist Rosalind 
Franklin (Figure 5.11). �ere is evidence that this 
X-ray image was shown to Watson and Crick without 
Franklin’s knowledge or consent. Figure 5.12 roughly 
demonstrates how Franklin’s X-ray data—including 
the famous photograph 51—suggest a double-helical 
structure for DNA, with the bases facing the center 

and the sugar-phosphate backbone on the outside.
With these data in mind, Watson and Crick constructed a physical three-dimensional model 

of DNA out of wood and metal. By pairing adenine with thymine and cytosine with guanine (as 
suggested by Charga� ’s rules), Watson and Crick were able to make the model work.

In 1962, Watson, Crick, and Wilkins shared the Nobel Prize in physiology or medicine for 
the elucidation of the 3-D structure of DNA. Unfortunately, by that time Rosalind Franklin had 
passed away and could not share in the award.

Once the 3-D structure of DNA was known, a revolution in molecular biology began. We 
spend the remainder of this chapter discussing the role of DNA in directing traits and in trans-
mitting information through the process of cell division.

Figure 5.11. British scientist Rosalind Franklin 
(1920–1958).

Figure 5.12. Franklin’s X-ray image (“photo 51”) that Watson and Crick viewed, with a 
schematic showing how X-ray data leads to a 3-D structure.

X-ray laser

strand of DNA stretched
across paperclip

rough representation of
photo 51 appearance
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5.2 DNA Organization and Genetic Expression

5.2.1 DNA Structure
Let’s begin by reviewing what we already know about the structure of DNA. Recall that DNA 

consists of three types of chemical components:

1. four nitrogenous bases (meaning they contain nitrogen)—adenine, thymine, cytosine, and 
guanine

2. deoxyribose sugar 

3. phosphate group

Figure 5.13. DNA structure. The double helix in the top left corner shows the overall anti-parallel 
structure of the DNA molecule. The hydrogen bonding scheme in the lower right corner shows how 
complementary strands stick together, as well as how bases are supported by the sugar-phosphate 
backbone. The bottom molecule (including phosphate, sugar, and base) is called a nucleotide, and is 
the monomer out of which the DNA polymer is composed.
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Figure 5.13 (and also Figure 2.51) shows the four bases, and how they pair with one another. 
Part of the genius of Watson and Crick’s model was �guring out that the bases must pair in this 
way. First, look at the A–T pair shown in Figure 5.13. Adenine has two rings fused together, 
while thymine has only one. A DNA base with two fused rings is called a purine; a base with only 
one ring is called a pyrimidine. Watson and Crick reasoned that a purine must always pair with 
a pyrimidine in order for the width of the DNA helix to match Franklin’s X-ray data. If two py-
rimidines were to pair, the distance across the helix would be too short, and if two purines were 
to pair, then the distance would be too long. �e purine-pyrimidine pairing not only provided a 
uniform distance across the helix, but also matched Charga� ’s rules for equal amounts of A and 
T and equal amounts of G and C.

Now, notice that the A–T base pair is connected by two hydrogen bonds, indicated by the 
dashed lines. In the G–C pair, guanine is the two-ringed purine, and cytosine is the pyrimidine. 
�is base pair is connected by three hydrogen bonds. Just as the polar water molecule forms hy-
drogen bonds with neighboring polar molecules, the partially positive hydrogen atoms in DNA 
form hydrogen bonds with the partially negative oxygen or nitrogen atoms in the complemen-
tary DNA base. In this way, two long DNA strands are connected to each other by hundreds of 
thousands of hydrogen bonds.

�e DNA bases, arranged in a speci�c order, encode genetic information. �e fact that the 
bases in one strand pair with those in a complementary strand suggests a possible way to copy 
information and transmit it to the next generation. We come to that later. For now, we continue 
outlining the basic structure of DNA.

�e next issue to address is how the bases are held together in linear order. �e ordering has 
to do with the sugar-phosphate backbone. Looking again at the top le� of Figure 5.13, you see a 
schematic of the 3-D structure of DNA. If you �ip back to Figure 2.49, you see a model of the full 
3-D DNA structure in all its atomic glory. �e base-pairs, hydrogen-bonded together, are the 
rungs of the ladder in the interior of the structure. �e outer spiraling “handrails” are composed 
of alternating sugars and phosphates, providing uniform structural support. �e sugar-phos-
phate backbone is also evident in Figure 2.52.

As you study these �gures, you are no doubt wondering what the 3’ and 5’ labels are all about. 
�ese designations (pronounced “three prime” and “�ve prime”) indicate the direction of the 
strand. Biochemists are very speci�c about the molecules they study, so they use a numbering 

system for every carbon-containing position on the rings of 
DNA bases. To di�erentiate the carbons on the ring of the 
sugar from those of the base, biochemists call the sugar car-
bons 1’, 2’, 3’ and so on. Figure 5.14 shows the positions on 
the deoxyribose sugar ring and how they are numbered.

�e 3’ position is where a hydroxyl (OH) group is at-
tached, while the 5’ position holds the phosphate group. �e 
DNA bonding Details section of Figure 5.13 shows how the 
5’ phosphate group bonds with the 3’ hydroxyl group of the 
next nucleotide to build a DNA strand. On the le� side, you 
see the 5’ phosphate at the top end. However, notice that the 
complementary strand on the right side runs in the opposite 
direction! Here, the 3’ hydroxyl group is on the top while the 
5’ phosphate group is on the bottom. Because these comple-
mentary DNA strands run in opposite directions, they are 
said to be antiparallel. We use the designations 5’ and 3’ to 
indicate the direction of the DNA strand, much as we dis-
tinguish the east end of a street in a town from the west end.

base

phosphate
O

OH

1’

2’3’

4’

5’

Figure 5.14. Numbering convention for 
the carbons on the deoxyribose sugar 
of DNA. Beginning with the carbon 
attached to the base, we number them 
1’ (one-prime), 2’ (two-prime) and so 
on. The 3’ OH (hydroxyl) group and the 
5’ phosphate group are the attachment 
points for other nucleotides, and 
thus the terms 3’ and 5’ indicate the 
direction of the DNA strand.
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Since this can be di�cult to visualize, 
here is another analogy. One strand of 
DNA is like people standing in line at a 
theme park, as shown in Figure 5.15. �e 5’
end of the line is the �rst person’s front or 
belly. Everyone else stands in line behind 
the �rst person, also facing forward. �e 3’
end of the line is the last person’s back. Just 
as the people in line have a direction, so 
do the bases lined up in a strand of DNA.

 Now, let’s extend the analogy to in-
clude both strands of DNA. If we wanted 
to add a complementary line of people, we 
would have another line standing along-
side the �rst, only with people facing the 
opposite direction. Every person in line 
would have a partner standing next to 
him, only facing the other way.

Now it’s time for an example.

 Example 5.1

One strand of DNA has the following sequence:

5’-ATCAGTCAGGGTCACTT-3’

What is the sequence of its complementary strand?

Notice that we begin our sequence in the 5’ 3’ direction by default. However, due to the 
antiparallel nature of double stranded DNA, the complementary strand runs in the opposite 
direction, 3’ 5’. Also recall the base pairing rules. G pairs with C, while A pairs with T. Using 
this information, our complementary strand is as follows:

3’-TAGTCAGTCCCAGTGAA-5’

We now add to these chemical details of DNA’s structure by considering its larger-scale or-
ganization.

5.2.2 Histones, Nucleosomes, and Chromosomes
�e segments of DNA shown in Figures 2.49 and 5.13 are actually quite short. In order to 

encode the information necessary for life, DNA molecules for each chromosome in the cell run 
into the hundreds of millions of base pairs long! In fact, your total genome of 46 chromosomes 
contains about six billion base pairs of DNA (per cell!). �e genome refers to an organism’s com-
plete set of genetic information. If these molecules were laid out in a straight line, they would be 
about two meters long, about 200 million times longer than the diameter of the average cell. 
Special packaging arrangements enable all the DNA to �t inside the cell.

Just as yarn and thread are packaged in neat wrapped-up spools, so DNA is wrapped around 
special proteins called histones. Figure 5.16 shows the many levels of packaging and organiza-
tion of the DNA, ultimately resulting in chromosomes. A chromosome is a highly packaged, 
supercoiled molecule of DNA and its supporting proteins. �e �gure shows a long strand of 

Figure 5.15. DNA nucleotides line up in order and with 
direction (5’ to 3’), just as the people in line all stand facing 
forward.
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DNA wrapped around many groups of eight-histone proteins. Each cluster of eight histones 
with its surrounding DNA is called a nucleosome core particle, also shown in Figure 3.20. Next, 
multiple nucleosome core particles wind together like beads on a string, forming a thicker �ber. 
Next, with the help of additional sca�olding proteins, these thicker �bers are further coiled and 
joined together to form the chromosome shapes that are visible within a cell’s nucleus during 
cell division. While the molecular details are not completely understood, we do know that the 
same genes consistently map to the same location (locus) on the chromosome, meaning that 
DNA packaging is a highly speci�c, exact process.

�e information on a section of DNA consists of speci�c sequences of nucleotides that code 
for a protein or a part of a protein. Each speci�c sequence is called a gene. Geneticists estimate 
that there are somewhere between 20,000 to 25,000 genes in the human genome. Only 1–2% 
of all the DNA in our cells is responsible for encoding proteins. �ese regions of the genome 
are referred to as coding DNA. �e remaining 98–99% of the DNA is doing something else. �e 
DNA regions that do not code for proteins are called non-coding DNA. 

Finally, the number of chromosomes contained in each cell di�ers from organism to or-
ganism. As examples, the fruit �y has eight, corn plants have 20, and humans have 46. Our 46 

Figure 5.16. How DNA is packaged as chromosomes within the cell.
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chromosomes come as pairs of 23—one of each 
pair inherited from our mother and the other 
from our father. 

5.2.3 Transcription
Collectively, the processes by which the in-

formation in DNA speci�es traits in an organ-
ism are called gene expression. �ese process-
es are divided into two phases—transcription 
and translation, depicted in Figure 5.17. �is 
collective �ow of information from DNA to 
RNA to proteins is sometimes called the central 
dogma of biology, a phrase coined by Francis 
Crick. �e central dogma also includes DNA 
replication. To state it plainly, the so-called cen-
tral dogma of biology is as follows:

The Central Dogma of Biology 

DNA self-replicates. Further, its information 
�ows from DNA to RNA to protein.

As we describe in Section 12.4.2, the claim in 
the central dogma that information �ow be-
gins in DNA and ends in protein is no longer 
regarded as the whole story; there are other in-
formation pathways that have been discovered. We discuss replication 
in Section 5.3. In this section, we explore transcription.

�ink of DNA as a giant library. Its bookshelves are chromosomes, 
and the books are genes. It is written in a language with an alphabet of 
four letters. Now, let’s say the cell needs to access some of that informa-
tion—perhaps the process for building a hemoglobin protein. 

It would not be wise to remove the book with the hemoglobin in-
structions from the library. A�er all, if that book becomes damaged or 
the library patron forgets to return it, that information is forever lost!

Instead of lending out the books, one photocopies the relevant pag-
es, takes the copies home, and uses the instructions to begin building 
the protein. Our cellular DNA is analogous to a library with a sophis-
ticated system for photocopying. �is photocopying process is called 
transcription. However, instead of books and paper, the original in-
formation is carried on DNA (in the cell’s nucleus) and copied onto a 
special kind of RNA called messenger RNA (mRNA for short).

Let’s take a moment to review the di�erences between DNA and 
RNA (depicted in Figure 2.52). DNA (deoxyribonucleic acid) and 
RNA (ribonucleic acid) are both nucleic acids, formed from long 
chains of repeating nucleotides, connected by a phosphate-sugar 
backbone. However, while DNA is double-stranded, RNA is usually 
single-stranded. �e base letters of both DNA and RNA are mostly the 
same, except that RNA replaces thymine with the base uracil. Uracil 
and thymine are nearly identical, except that thymine has one CH3

Figure 5.17. The central dogma of biology states that 
DNA self-replicates, and that its information �ows 
from DNA to RNA to protein.
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group that is not present in uracil, as shown in Figure 5.18. Both uracil and thymine bond with 
adenine by means of hydrogen bonding. Finally, the sugars in RNA contain an extra hydroxyl 
group that is not present in DNA. For this reason, the sugar in RNA is called ribose, and that of 
DNA is called deoxyribose (de-oxy means “lacking the hydroxyl group”).

With these chemical di�erences between DNA and RNA in mind, we now investigate the 
process by which DNA copies its genes into RNA. Figure 5.19 depicts the transcription process. 
Transcription can be broken down into three basic steps: initiation, elongation, and termination. 

1. Initiation  During transcriptional initiation, an enzyme called RNA polymerase binds to the 
DNA. Because transcription is an energetically expensive process, the cell focuses on the 
transcription of needed genes. In front (upstream) of the gene, there is a non-coding region 
of DNA called a promoter. �e RNA polymerase, along with other proteins called transcrip-
tion factors, recognize the promoter and bind to that region of the DNA. 

2. Elongation  Once the RNA polymerase binds, the process of making the mRNA molecule 
begins. At this point, it is important to de�ne the two strands of DNA at play: the coding 
strand and the template strand. �e most important is the template strand, shown in blue in 
Figure 5.19. As the name suggests, the RNA polymerase uses the template strand to direct the 
growing mRNA, moving along from the 3’ end towards the 5’ end. As the RNA polymerase 
moves along the template DNA, it temporarily separates the two strands of DNA, reading the 
hydrogen-bonding sites of the DNA base, and bringing in the corresponding RNA nucleo-
tide triphosphate that pairs with it. �en it catalyzes the formation of a new bond between 
the sugar of the mRNA strand and the phosphate of the new nucleotide, at the 3’ end of the 
growing chain. Recall that enzymes catalyze reactions by lowering the energy requirement 
for a chemical reaction to proceed, but are not themselves used up in the process. �e result 
is an mRNA molecule with a complementary sequence to that of the template strand. �e 

Figure 5.19. Transcription. In the lower right, molecules of ATP, GTP, CTP, and UTP are �oating around near the 
RNA polymerase, ready to be used as building blocks to make the adenine, guanine, cytosine, and uracil bases 
being chained together to form the mRNA strand.
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opposite DNA strand is called the coding strand, depicted as a green ribbon in Figure 5.19. 
�is strand does not participate in transcription, but it has an almost identical sequence to 
the new mRNA transcript (only substituting uracil for thymine). When DNA sequences for 
genes are written, o�en only the coding strand is indicated, so it is important to understand 
the di�erences between the coding strand and the template strand.

3. Termination  When the RNA polymerase reaches the end of the gene, the process is termi-
nated by a particular non-coding sequence called a termination sequence. �en, the RNA 
polymerase detaches from the DNA and releases the new mRNA molecule, called a primary 
transcript. At this point, transcription is complete, but further intermediate steps are needed 
before translation begins.

In eukaryotic cells, before the newly synthesized transcript exits the nucleus, it is modi�ed as 
depicted in Figure 5.20. �ere are three di�erent modi�cations that take place. 

1. Capping  On the 5’ end of the transcript a modi�ed guanine is attached to form a G-cap. �is 
helps to protect the fragile mRNA molecule from being degraded by other enzymes within 
the cell. It is also important in the process of translation. 

2. Polyadenylation  At the 3’ end of the transcript, a series of 20–30 adenines is attached (with 
no template needed to direct this addition). �is modi�cation is called the poly-A tail. Like 
the G-cap, it helps to protect the mRNA molecule. 

3. Splicing  �e �nal change that occurs is a process called splicing. During splicing, certain re-
gions of non-coding DNA found within the gene, called introns, are removed. �e remaining 
coding regions, called exons, are hooked together to form the �nal mature RNA transcript. 
Now the mRNA molecule is ready to leave the nucleus and proceed to the cytoplasm for 
translation.

Below are some examples that illustrate the process of transcription.

Figure 5.20. Post-transcriptional mRNA modi�cations.
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 Example 5.2

A gene begins with the coding-strand sequence 5’-TACGCTGGGTCT-3’. What is the sequence 
of the corresponding mRNA transcript?

Because the mRNA sequence is identical to that of the coding strand with uracil substituted for 
thymine, our mRNA sequence is as follows:

5’-UACGCUGGGUCU-3’

Another way to solve this problem when given a coding-strand sequence of DNA is the method 
used by the RNA polymerase. First, �nd the complementary DNA strand (the template strand 
sequence). Doing this gives:

5’-TACGCTGGGTCT-3’

3’-ATGCGACCCAGA-5’

Now, we have both the coding and the template DNA strand. Using the template strand, we �nd 
its mRNA complement, which is:

5’-UACGCUGGGUCU-3’

 Example 5.3

�e template strand of DNA coding for a particular gene has the sequence 3’-GCTACTGAC-
TAT-5’. What is the sequence of the corresponding mRNA transcript?

Because we are now dealing with the template strand, our mRNA is complementary to this se-
quence, with uracil substituted for thymine:

5’-CGAUGACUGAUA-3’

To summarize, an mRNA sequence is identical to the coding strand, with uracil substituted 
for thymine; an mRNA strand is complementary to the template DNA strand, again, with uracil 
substituted for thymine.

5.2.4 Translation
Once the mRNA molecule has been capped and spliced, it is ready for translation—the pro-

cess of building proteins out of the building-block amino acids speci�ed by the DNA code. �e 
mature mRNA transcript exits the cell’s nucleus, entering the cytoplasm, where the ribosomes 
are. Recall from Chapter 3 that ribosomes are the protein factories of the cell. �ough they are 
considered organelles, they are not bound by a membrane as other organelles are. �e ribo-
somes may be free in the cytoplasm or embedded within the rough endoplasmic reticulum.

Ribosomes are composed of two subunits—a large one and a small one. Both subunits pri-
marily contain RNA called ribosomal RNA (rRNA). �is RNA is intertwined with numerous 
proteins. A model of the large ribosomal subunit of yeast is shown in Figure 5.21. One cannot 
help but be amazed at the sheer number of atoms represented in this ribosome. If you feel like 
uttering a prayer of praise at this point to the One whose creative power knows no limits, go 
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ahead and do so. His designs are complex beyond comprehension, yet are both elegant and 
beautiful.

We know that the mRNA joins with the ribosome and somehow churns out a protein. We 
now consider how this is accomplished. It is relatively straightforward to see how DNA bases 
could hydrogen-bond with RNA nucleotides to direct the formation of mRNA during transcrip-
tion. But RNA bases and amino acids (the building blocks of proteins) do not share this comple-
mentary base pairing relationship. So, how does the mRNA dictate a sequence of amino acids 
to build a protein? It turns out that we need one more type of specialized molecule to make this 
process possible. Figure 5.22 shows a model of this amazing molecule—transfer RNA (tRNA). 

In general, this particular type of single-stranded RNA twists around itself, as a result of 
hydrogen bonds between bases, ultimately forming this L-shaped or “hairpin” structure. At the 
bottom-right of Figure 5.22 reside a series of three bases called the anticodon, depicted in blue. 
�ese bases pair with successive triplets of bases on the mRNA molecule called codons. At the 
top right, an amino acid attaches. Here is the amazing thing—the identity of the anticodon of a 
particular tRNA determines which amino acid sits at the top!

At �rst glance, it seems that the anticodon should have nothing to do with the amino acid 
on a tRNA molecule. A�er all, the two are composed of di�erent types of building blocks and 
are separated in space. However, cells contain specialized enzymes called aminoacyl tRNA syn-
thetases that bond to the tRNA and join the appropriate amino acid to a speci�c anticodon, 

Figure 5.21. Models of the large subunit of a yeast ribosome. RNA is shown in gold, protein is shown in red and 
blue. This image contains two of the large subunits.
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as the model in Figure 5.23 illustrates. �ese 
enzymes operate with very few mistakes so 
as to preserve the genetic code, listed in Fig-
ure 5.24. With a few minor exceptions, this 
code is universal.

While the aminoacyl tRNA synthetases 
are adept at reading anticodons, for the sake 
of simplicity we biologists deal exclusively 
with the codons listed in Figure 5.24. Each 
codon (present both on the mRNA and on 
the coding strand of the DNA) is matched 
with its appropriate amino acid. (Of course, 
the appropriate tRNA contains the antico-
don that is complementary to the codon).

An example helps to clarify.

 Example 5.4

An edited mRNA transcript exits the nucle-
us with the following sequence:

5’-AUGGCUGAUGGUCAUUAUU-

GUUUUUAG-3’

Use Figure 5.24 to determine the amino acid se-
quence of the resulting protein.

Each group of three nucleotides makes a codon, 
read in the 5’ 3’ direction. �e �rst three nucle-
otides in the given transcript are AUG. �is is the 
�rst codon. Looking at Figure 5.24, we begin by 
�nding A on the le�, then U on the top, then G on 
the right. �e amino acid located in this position 
is Methionine. Methionine has the privilege of be-
ing the normal “start” codon. In the same fashion, 
continue moving across the mRNA sequence from 
5’ to 3’ to determine the other amino acids. �e 
codon sequence is:

AUG GCU GAU GGU CAU UAU UGU UUU 
UAG

�is gives the following amino acid sequence:

Met-Ala-Asp-Gly-His-Tyr-Cys-Phe

Figure 5.22. General tRNA structure. The anticodon 
(three bases complementary to a codon on the mRNA) 
sits on the bottom-right; the appropriate amino acid 
attaches at the top right.

Figure 5.23. An aminoacyl tRNA synthetase 
(right) bonds to a particular tRNA (left, in green) 
and joins the appropriate amino acid to it. The 
enzyme recognizes both the anticodon and the 
amino acid. Here, this complex is speci�c for the 
amino acid glutamine.
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�e �nal UAG codon is a STOP codon, signaling the end of translation. It does not result in an 
amino acid being added to the chain.

Note that for the example above, we use a short mRNA sequence to illustrate. An actual pro-
tein typically consists of 300–400 amino acids.

Before we put the entire process of translation together, we must make two important ob-
servations. �e �rst relates to why it is that groups of three nucleotides code for one amino acid. 
Why not two, or one, or four? Let’s answer this question mathematically. If a single nucleotide 
coded for one amino acid, there would be only 41 = 4 possible amino acids speci�ed by the code. 
(We raise 4 to the �rst power because there are four nucleotides, taken in groups of one). Since 
there are 20 amino acids used to build proteins, this scheme cannot work. What about groups 
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Figure 5.24. The genetic code, or codon table. To read it, use the appropriate mRNA codon, and then follow 
the 1st, 2nd, and 3rd base in 5’ 3’ direction to determine the appropriate amino acid.
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of two nucleotides? �e number of possible amino acids that could be speci�ed is 42 = 16, so if 
there were only 16 amino acids this would be a possibility. However, since there are 20, groups 
of two still does not provide enough variation. Now, for groups of three nucleotides: 43 = 64. 
�ere are sixty-four possible combinations of three nucleotides (as indicated in Figure 5.24). 
�is is plenty of variation—more than enough for our 20 amino acids, and enough for some re-
dundancy in the coding scheme. Notice that multiple codons lead to Leucine, Proline, Arginine, 
Alanine, Valine, and others. More than one codon specifying the same amino acid means that 
the genetic code has redundancy. However, for each codon, there is only one possible amino 
acid. CGG codes only for Arginine and nothing else. �is means that there is no ambiguity in 
the code—a speci�c DNA sequence has only one possible amino acid sequence associated with 
it. But because of redundancy, there is more than one DNA sequence leading to a particular 
amino acid sequence.

�e second observation relates to the issue of a reading frame. Because bases are grouped into 
three nucleotides for each codon, we must have the right groupings in order to have the correct 
amino acids. We can readily see this in the example of an English sentence:

THECATSATANDATETHERAT

�is is a sentence written in English with three-letter words. �is is obvious if we put in the 
spaces:

THE CAT SAT AND ATE THE RAT

�e sentence has a speci�c meaning that you can easily understand. Now, let’s shi� the reading 
frame by one letter, causing its letters to be grouped di�erently.

T HECATSATANDATETHERAT

�e letters in the long string form the following “codons”:

HEC ATS ATA NDA TET HER AT

By taking the same letters in the same order, and shi�ing their groupings by one letter, we have 
a jumble of nonsense. Similarly, if the reading frame of an mRNA transcript were o� by one 
nucleotide, the resulting protein would be completely changed.

�e concepts of redundancy in the genetic code and the reading frame are of utmost impor-
tance when discussing DNA mutations. Sometimes, the genetic code of the DNA undergoes a 
permanent change. We discuss DNA mutations in more detail in Chapter 12, but for now we 
note that a single letter in the nucleotide code is sometimes replaced, deleted, or added. Some-
times, even larger stretches of DNA are a�ected.

 Example 5.4

A short DNA (coding) sequence that was originally 5’-ATT-3’ is mutated to be 5’-ATC-3’. For 
both cases, determine the mRNA transcript sequences and the resulting amino acid. Would you 
expect this mutation to a�ect the organism at all? 

�e mRNA transcript for the original DNA sequence is 5’-AUU-3’ and the one for the mutated 
sequence is 5’-AUC-3’. Looking at the genetic code table, we see that both codons result in the 
amino acid Isoleucine. As a result, this mutation is considered to be silent, because it has no 
e�ect on the resulting protein.

Of course, sometimes a mutation does have an e�ect on the organism. For example, the 
inherited disorder sickle cell anemia is caused by a single nucleotide mutation in the hemoglo-
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bin gene, causing a 5’-GAG-3’ codon to be in-
stead 5’-GUG-3’. �is results in an amino acid 
change from Glutamic acid to Valine. �is 
mutation has a devastating e�ect on people in 
whom this gene is expressed. (�is inheritance 
issue is discussed in the next chapter.) Instead 
of the normal red-blood-cell shape shown 
in Figure 5.25, their cells  form the so-called 
sickle shape. Under conditions of stress or in-
fection, sickle-cell patients can experience a 
painful attack, where red blood cells become 
stuck in the capillaries, preventing oxygen 
from reaching the organs.

�e example of sickle cell anemia shows 
that a single substitution mutation can have 
devastating e�ects on a protein. You can easi-
ly imagine the havoc that might ensue if there 
were a mutation that altered the reading frame 
of the mRNA transcript! Such mutations have 
been linked to several genetic diseases.

We now examine the process of transla-
tion. As with transcription, translation can be 
broken down into three steps: initiation, elon-
gation, and termination, as shown schemati-
cally in Figure 5.26. 

1. Initiation �e process begins when the small ribosomal subunit binds to the 5’ capped end of 
the mRNA transcript. Remember that ribosomes are composed of two subunits, a large and a 
small. �e small subunit moves along the mRNA molecule from the 5’ end toward the 3’ end 
until it �nds the starting point to begin translation. �is starting point is marked by the start 
codon AUG, which encodes Methionine (Met). At this point, the large ribosomal subunit 
joins such that the mRNA is sandwiched between the two subunits. Once the start codon 
is centered within the ri-
bosome, a tRNA with an 
anticodon complementa-
ry to AUG brings in me-
thionine. 

2. Elongation  �e ribosome 
moves down to the next 
codon on the mRNA 
molecule in the 5’ 3’
direction, reading the co-
don sequence and pair-
ing it with a tRNA pos-
sessing a complementary 
anticodon. �is process 
happens repeatedly as 

Figure 5.25. Sickle cell anemia causes red blood cells 
to take on an abnormal shape, potentially becoming 
clogged within the capillaries. This condition is 
caused by a GAG GTG mutation in the DNA of 
the hemoglobin gene, resulting in a Glu Val 
substitution in the resulting protein.
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Figure 5.26. The process of translation (protein synthesis).
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Hmm... Interesting. Gene Editing

In the 1990s, a Spanish graduate student by the name of Francisco Mojica made a seem-
ingly mundane discovery. A salt-loving bacterium, Halifax mediterranei, had a mysterious 
sequence of repeating nucleotides in its genome. Chasing this mystery led Mojica on a 
decades-long journey that ultimately led to the discovery of the purpose of these repeats. 
About 50% of bacterial species and 90% of archaeal species have an immune system that 
protects them from phage infection. �is immune system is encoded within the mysteri-
ous set of repeating nucleotides, holding DNA sequences from previous phage infections, 
alongside an enzyme called a nuclease that can cut those sequences. Just as a vaccine teaches 
your immune system to recognize potential invaders and destroy them later on, this elegant 
prokaryotic immune system disables the phage DNA before it can destroy the infected cell. 
�e name of this primitive immune system is “clustered regularly interspaced palindromic 
repeats,” or CRISPR for short. �e name of the nuclease is Cas9, so we commonly refer to 
the entire system as CRISPR/Cas9. �ough this discovery was not immediately embraced 
by the scienti�c community (Mojica’s work was rejected by several journals before being 
accepted), over the years, scientists began to realize potential uses for such a bacterial im-
mune system.

Knowing about this amazing and elegant natural design for targeting and cutting spe-
ci�c sequences of bacterial DNA, scientists eventually wondered if it is possible to engineer 
this system to target and edit speci�c sequences within a eukaryotic genome, or even a 
human genome. �ere was much work to be done, but in 2013 the �rst successful instance 
of engineered CRISPR editing in mouse and human cells was reported.

Since that time, the CRISPR/Cas9 gene editing system has revolutionized molecular 
biology, becoming a relatively straightforward and cost-e�ective way of manipulating DNA 
in the lab. �ough this technique holds promise for the treatment of genetic diseases in 
humans, there are many unanswered questions related to safety and to the ethics of using 
such technology. 

Before we continue our discussion of these provocative questions, we must highlight an 
important distinction between cell types in humans—somatic versus germline cells. Germ-
line cells (germ cells) are the reproductive cells—sperm in males and ova (eggs) in females. 
�e germ cells, once combined and implanted in the womb, begin the journey toward be-
coming a fully developed human being. �e genetic information contained in germline 
cells can become a permanent part of humanity for generations to come. Such genes may 
spread throughout the population unchecked.

In contrast, the somatic cells are all the non-germ cells in a person’s body. �ese include 
the skin cells, blood cells, muscle cells, liver cells, and a host of others, about 200 cell types 
in all. Any mutation in the somatic cells is not passed on to o�spring. Somatic cell genes 
only a�ect the person to whom they belong. �is distinction is crucial.

At the time of writing of this textbook (June 2019), a promising CRISPR/Cas9 clinical 
trial for the treatment of sickle cell anemia is underway. Recall that sickle cell anemia is 
caused by a single base change in the gene for hemoglobin. If both copies of a person’s he-
moglobin contain this mutation, the person has sickle cell disease and experiences painful 
episodes as the abnormally shaped cells clog the person’s arteries. O�en, people a�ected 
with sickle cell disease experience early death.

However, studies on some rare sickle cell patients reveal that their version of the dis-
ease is much milder, despite carrying the mutation on both chromosomes (from father and 
mother). It turns out that humans have another hemoglobin gene, called fetal hemoglobin. 
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As the name suggests, this type of hemoglobin is only expressed during pregnancy and 
shuts o� shortly a�er birth—in most cases. However, in a small minority of people, the fetal 
hemoglobin gene remains turned on. Fetal hemoglobin expression may continue through-
out a person’s life because of a mutation in a gene that normally turns the gene o�.

The CRISPR/Cas9 Gene-editing system. Top: CRISPR RNA (loop-shape) with a speci�c 
sequence that directs the complex to an exact location on the genome through 
complementary base pairing. The Cas9 enzyme cleaves both strands of the DNA in that 
precise location.

Below: Do scientists want to remove or replace the gene? For removal (left), the cell’s 
natural non-homologous end joining (NHEJ) DNA repair mechanism reattaches the DNA 
with error-prone random insertions or deletions, disabling the gene. For replacement 
(right), scientists introduce the improved gene, using homologous sequences on either 
side. The new DNA �nds the homologous sequences, and in a process similar to crossing 
over, the new DNA is introduced at the location of the double strand break, using the 
cell’s natural homology-directed repair (HDR) system.
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To exploit fetal hemoglobin to bene�t patients, doctors must �rst take a blood sample 
from the patient and separate out the hematopoietic stem cells. �ese stem cells are the 
precursors to all the other types of blood cells, including red blood cells. �en, doctors use 
the CRISPR/Cas9 system to target the master mediator gene for shutting o� fetal hemoglo-
bin. �e Cas9 protein must cut the DNA at this speci�c location, disabling the gene. �e 
downstream result is that these cells will continue to express fetal hemoglobin inde�nitely. 
�e gene-edited cells are allowed to proliferate, and then returned to the patient. In clinical 
trials, this technique has shown great success, basically curing patients of their sickle-cell 
symptoms and allowing them to live a normal life! While there are still a few things to work 
out before this treatment is fully approved by the FDA, CRISPR/Cas9-based therapies show 
great promise for healing patients with genetic diseases.

Note that the cells in the sickle-cell case are somatic cells—blood cells—and they only 
a�ect the patient. �e mutations introduced by CRISPR/Cas9 do not a�ect the germ cells 
and cannot be passed to the patient’s o�spring.

What if this technique were to be used in human embryos? Would it be right to edit a 
person’s entire genome without their consent? Could it lead to an explosion of “designer 
babies,” enhanced for good looks, athletic ability, or intelligence? Would such undoubtedly 
expensive treatments widen the expanse between the rich and the poor? Or worse, could 
the mutation go haywire and spread to large portions of the population? Questions such as 
these prompted a group of scientists, led by Nobel-prize winner David Baltimore, to sign 
a statement condemning the use of CRISPR/Cas9 in the germline of human beings. �is 
statement, signed in 2015, states that human embryos modi�ed by CRISPR/Cas9 must be 
for research purposes only and must not be implanted into a mother to result in the birth 
of a baby. �e potential consequences for the human genome—for the entire future of hu-
manity as a species—are too unknown and thus the risk is unacceptable.

Nonetheless, in October 2018, the media exploded over reports of a pair of gene-edited 
Chinese twin girls born to an anonymous couple. In a secret experiment, Chinese scientist 
He Jiankui recruited couples with HIV-positive fathers to his in-vitro fertilization lab. He 
then created embryos from the egg and sperm of one couple, and used CRISPR/Cas9 to 
edit these embryos. �e gene he targeted was one that would potentially make the embryos 
immune to HIV infection. He implanted the gene-edited embryos back into the mother, 
and nine months later, a pair of apparently healthy twin girls was born.

Amidst the media �restorm, He Jiankui was condemned by scientists worldwide for con-
ducting such a reckless experiment, resulting in the birth of live human beings. He Jiankui 
faces potentially serious consequences for his actions from the Chinese government—and 
has prompted worldwide discussion on the ethics of editing the genome. Months a�er the 
initial announcement, articles are being published questioning whether the HIV-immunity 
gene that was edited also has other functions that could lead to premature death for the 
twin girls. 

So, should scientists edit the genome of human beings? At �rst glance, He Jiankui’s mo-
tives seemed good—to make people immune to HIV infection. Is it worth exploring the 
bene�ts of CRISPR/Cas9 therapy for the cure of genetic diseases such as sickle cell anemia, 
or even cancer? Would it be worth the potential pitfalls of CRISPR/Cas9 gone wrong? What 
if the system accidentally edits the wrong gene and then introduces the mutation unchecked 
to be passed down for generations to come? Could we unwittingly wipe out humanity as 
we know it? �ese questions have no easy answers. It will be up to the next generation—the 
generation of students like you—to continue the discussion and make responsible choices 
for the future bene�t of the human race.
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additional amino acids are covalently bonded together to form a lengthening polypeptide 
chain. 

3. Termination  When a stop codon enters into the ribosome, the translation process termi-
nates. �ere is no amino acid that corresponds with the stop codons; the ribosome subunits 
simply release the mRNA transcript and synthesis of the protein is complete.

Recall that ribosomes exist freely in the cytosol or are embedded within the rough endoplas-
mic reticulum. �e reason for these two locations is that proteins may be needed in one place or 
the other. Translation always begins in the cytosol, but may move to the ER for some proteins. 
Cytosolic proteins are synthesized on cytosolic ribosomes, while proteins that are destined to 
be secreted from the cell or those that will become embedded in a membrane complete their 
synthesis on the rough ER. 

One last note before we continue: Just as DNA and RNA have direction indicated by 5’ and 
3’, protein (polypeptide) chains have similar direction. In the case of proteins, we call these the 
amino or N-terminus, and the carboxy or C-terminus (a�er the attachment points of amino ac-
ids). In translation, the N-terminus is the �rst to emerge from the ribosome, and the C-terminus 
is the last.

5.2.5 Post-translational Modification and Regulation
A�er translation, many proteins are further modi�ed. �ey may have di�erent chemical 

groups, such as phosphates, sugars, or lipids attached. Collectively, these are called post-transla-
tional modi�cations. Post-translational modi�cations are important parts of the overall protein 
function.

�e process of gene expression is also heavily regulated. If cells were to transcribe all their 
genes all the time, they would quickly run out of energy. Of course, this raises the question of 
how cells know which genes to express and when. �e answer has to do with the complicated 
issue of gene regulation. Recall that genes have a promoter sequence that lies upstream (in the 5’
direction) of the coding region. Transcription factors must bind to this sequence along with the 
RNA polymerase in order for transcription to begin. If a promoter sequence were to become 
damaged or mutated, then the transcription factor would no longer be able to bind to the pro-
moter region, halting transcription of that particular gene. Likewise, if another repressor protein 
were to sit on the promoter binding site, then the transcription factor would blocked and the 
gene could not be transcribed. Repressor proteins are a class of DNA-binding proteins that pre-
vent expression of certain genes.

In addition to transcription factors and repressors, the entire process of gene regulation has 
other layers of complexity. For example, genes can have associated DNA sequences called en-
hancers that are somewhat distant from the promoter site. �ese can serve to bind proteins that 
work with transcription factors to increase the rate of gene expression. Additionally, many genes 
have a cascade of regulation, much like a domino e�ect. One gene has the power to turn many 
others on or o�, in a complex network of interactions. One example of this type of complex 
network of regulatory genes is that controlled by Hox genes, important in directing development 
from a fertilized egg into an adult organism. We discuss this topic further in Chapter 9 and 12.

5.3 The Cell Cycle

�e processes of transcription and translation occur within individual cells as cells respond 
to needs for particular proteins. However, these processes tell us nothing about how cells grow 
and divide. A�er all, in order for organisms to grow and develop over their lifespans (one of the 
requirements for life), the cells must have a way of copying themselves. We also know from our 
study of cell theory that cells come from preexisting cells.
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In this section, we examine the details of the cell cycle—alternations between periods of pro-
tein synthesis and periods of growth and division. 

5.3.1 Overview of the Cell Cycle
Just as humans live according to a day-

night cycle, alternating sleep and wakefulness, 
the cell has a cycle of its own. �e cell cycle is 
depicted in Figure 5.27. �e cell cycle can be 
divided into two parts: interphase and mitosis, 
shown in the outer circle of the �gure. Most 
of a cell’s life is spent in interphase. �is is 
when the cell carries out its normal functions, 
such as cellular respiration, photosynthesis, 
and gene expression, along with more speci�c 
functions, such as contraction or conduction 
of a nerve impulse.

�ere are three stages of interphase, shown 
in the inner circle of Figure 5.27. �e �rst 
stage is the �rst gap phase, or G1. During G1, 
the cell carries out its normal functions. G1 is 
followed by the synthesis phase, or S. At this 
point, the cell makes a complete copy of its 
entire genome, a process called DNA replica-
tion. �e third phase is the second gap phase, 
or G2. During G2, the cell prepares to divide. 
A�er interphase, the cell enters mitosis and the 
chromosomes are separated so that each new 
cell receives a complete copy of the genome. 
Mitosis ends with the division of the cytoplasm. �is process is called cytokinesis, and the result 
is two daughter cells, each genetically identical to the original cell.

5.3.2 Synthesis (DNA Replication)
In order for a cell to divide, it must �rst make a full copy of its DNA so that each daughter cell 

receives a full set of information. As an analogy, think about what happens if you miss class. You 
may ask a friend for a copy of her notes. It would do neither one of you any good if she gave you 
half of her notes and kept the other half for herself. Both of you would be missing a signi�cant 
amount of information. Rather, you obtain a complete copy of your friend’s notes and she keeps 
the original for herself. Similarly, in order for the cell to function, it must have a full set of DNA.  
�erefore, before the cell divides, it copies its DNA. 

When James Watson and Francis Crick described the structure of DNA, they also recognized 
that the structure of DNA provided a mechanism for it to be replicated. Recall that in DNA, 
guanine always pairs with cytosine and adenine always pairs with thymine. In order to make a 
copy of the DNA, the cell simply makes a new strand by forming a complementary strand with 
the original.

�e process is illustrated in Figure 5.28. As with any process in the cell, DNA replication re-
quires the use of enzymes. �e �rst enzyme needed is called topoisomerase. �e topoisomerase 
unwinds the DNA strands that are twisted around one another, as shown at the right side of the 
�gure. Next, helicase further unwinds the DNA and breaks the hydrogen bonds that hold the 
base pairs of the two strands together, unzipping the DNA. �is process results in a replication 

M
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S
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G1 G0

Figure 5.27. Overview of the cell cycle. Outer 
circle: I = interphase, M = mitosis. Inner circle: 
G1 = gap phase, S = synthesis, G2 = second gap phase, 
M = mitosis. Some cells stop dividing and enter a 
separate phase called G0.
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fork consisting of two single-stranded DNA molecules with their nitrogenous bases exposed. 
Small single-stranded binding proteins come in to help hold the two DNA strands apart while 
DNA replication takes place. Recall that the two DNA molecules run in opposite, antiparallel, 
directions, like the lanes on a two-way highway. �e 3’ 5’ strand of the original DNA mole-
cule is called the leading strand; the 5’ 3’ of the original DNA is the lagging strand.

Let’s take a minute to see why the two strands act di�erently during replication. �e chemical 
reaction connecting the bases together in the DNA strand is represented in Figure 5.29. �is 
reaction is catalyzed by DNA polymerase. �e polymerase brings in a nucleotide triphosphate 
(base, sugar, and three phosphates) that is complementary to the original strand. �en the poly-
merase catalyzes its attachment to the growing chain. Notice that the new nucleotide attaches to 
the 3’ hydroxyl (OH) group of the growing nucleotide chain. Because the nucleotide can only be 
added to the 3’ end of the growing DNA molecule, DNA replication must proceed in the 3’ 5’
direction so that the newly formed strand is forming in the 5’ 3’ direction, keeping the 3’ end 
available for attaching new bases. �us, the DNA polymerase must adopt a di�erent strategy for 
the lagging and leading strands, so that this required direction is preserved.

On the leading strand, the process is fairly straightforward. As helicase moves along the 
DNA molecule, breaking hydrogen bonds, DNA polymerase follows along synthesizing a new 
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Figure 5.29. Reaction joining nucleotide monophosphate to the growing DNA strand.

Figure 5.28. DNA replication.
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daughter strand. �e polymerase proceeds in the 3’ 5’
direction of the leading strand, synthesizing its comple-
mentary strand in the 5’ 3’ direction.

However, the procedure for the lagging strand is more 
complicated because its template is running in the oppo-
site direction to that required for attaching new nucleo-
tide bases. To accommodate this, the DNA polymerase 
attaches to the lagging strand near the replication fork 
and proceeds along the lagging strand from 3’ 5’ (away 
from the overall direction of replication), synthesizing a 
fragment of the new daughter strand being assembled in 
the 5’ 3’ direction. When it gets to the end of that frag-
ment, it stops and releases. In the meantime, a new region 
of DNA has been exposed as the helicase continues to 
move in the overall replication direction (toward the right 

in Figure 5.28). So, the DNA polymerase reattaches near the replication fork and once again syn-
thesizes a new strand in the opposite direction, away from the replication fork. As the process 
repeats itself, the result is multiple fragments of DNA being made on the lagging strand. �ese 
are called Okazaki fragments. To complete the assembly of each section of the lagging strand, the 
Okazaki fragments must be covalently bonded to each other. �is is done by the enzyme ligase
which forms a phosphodiester bond between the sugar group of one fragment and the phosphate 
group of the fragment beside it. �e �nal result of DNA replication is the formation of two new 
DNA molecules, both synthesized from the original strand. Both new double-stranded DNA 
molecules are composed of a single original parent strand and a new daughter strand. �is 
process is called semi-conservative replication because half (semi–) of the DNA strand is kept or 
conserved while the other strand is made new.

During the synthesis stage of interphase, the process of DNA replication takes place on every 
chromosome in the cell until the entire genome has been copied. �e �nal result is duplicat-
ed chromosomes. Figure 5.30 shows the di�erence between a duplicated and an unduplicated 
chromosome. �e unduplicated chromosome looks like a long worm, representing one dou-
ble-stranded DNA molecule supercoiled around many histone proteins. A�er DNA replication, 

the duplicated chromosome consists of two 
double-stranded molecules joined together 
in the center region called the centromere. 
Each of these molecules is called a chroma-
tid. In other words, the duplicated chro-
mosome consists of two sister chromatids 
joined together. �e sister chromatids are 
identical copies of each other, as a result of 
DNA replication.

As we move into cell division (our next 
topic), one must keep track of the number 
of chromosomes present in each cell. �e 
unduplicated chromosome is “one” chro-
mosome. �e duplicated chromosome is 
also “one” chromosome, consisting of two 
sister chromatids. �erefore, the best way to 
keep track of and count chromosomes is to 
count the centromeres.

Figure 5.30. The appearance of 
chromosomes before and after 
duplication. On the right, sister 
chromatids attach at the centromere. 
Sister chromatids are the result of DNA 
replication.

centromere

Figure 5.31. Telomeres are regions at the ends of 
chromosomes that have protective sequences. The 
human chromosomes shown here are gray; the 
telomeres are shown in white.
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Because eukaryotic chromosomes are linear, not circular, DNA polymerases have a special 
challenge when it comes to replicating the ends of chromosomes. �e polymerase needs extra 
bases to hold on to as it replicates, so it is unable to copy the very end of the chromosome. In or-
der to avoid losing any information contained in genes, chromosomes have repeating sequences 
of TTAGGG at their ends, in regions called telomeres. �ese telomeres are shown in Figure 5.31. 
A�er every round of replication and cell division, the telomeres become a bit shorter, giving 
most cells a limit to the number of times they can divide (called the Hay�ick limit). Cells that are 
immortal (sperm, egg, stem, and some cancerous cells) have an enzyme called telomerase that 
extends the telomeres back to their original length.

5.3.3 Mitosis and Cytokinesis
We now consider how the cell separates the chromosomes—the process of mitosis. �e pur-

pose of mitosis is to allocate the chromosomes evenly between two new daughter cells, so that 
each ends up with a complete set of information.  �is is done through a coordinated set of 
movements within the cell. �ese movements are described in �ve major stages, depicted in 
Figure 5.32.

Once mitosis commences, the cell is in prophase. �ere are three key events that take place 
simultaneously during prophase. First, the DNA molecules begin to wrap more tightly around 
proteins, resulting in thick worm-like structures (condensed chromatin). �is makes it easier for 
the cell to separate the sister chromatids in the duplicated chromosomes. Second, the nuclear 
membrane begins to break down, allowing for the movement of the chromosomes as they are 
separated. Finally, microtubules begin to form between structures called centrioles. During the 

Figure 5.32. The stages of mitosis and cytokinesis.
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next stage, prometaphase, the ends of the microtubules move toward the poles of the cell, while 
the microtubules separate in the middle and attach to the centromeres of the chromosomes. 
� e two sister chromatids in a single chromosome become attached to microtubules leading to 
opposite poles of the cell. Once attached, they play a kind of tug-of-war, with the chromosomes 

pulling them back and 
forth until they are lined 
up single-� le down the 
center of the cell. Once the 
chromosomes are lined up 
along the center, we say 
that the cell has entered 
the third stage of mito-
sis, metaphase. Next, the 
cell moves into anaphase. 
During this stage, the mi-
crotubules pull the sister 
chromatids apart and to-
ward opposite ends of the 
cell. As this is happening, 
the cell begins to lengthen 
to put space between the 
two poles. � e � nal phase 
of mitosis, telophase, is a 
reversal of prophase. � e 
nuclear membrane begins 
to reform around the chro-

mosomes, the chromosomes relax and are no longer visible in the cell, and cytokinesis begins.
Cytokinesis takes di� erent forms depending on whether mitosis is occurring in a plant cell 

or in an animal cell, as illustrated in Figure 5.33. Animal cells divide their cytoplasm through a 
pinching-type structure called a cleavage furrow. � e cleavage furrow is formed with the help of 
micro� laments squeezing the plasma membrane until two separate membranes result.

In plant cells, the presence of a cell wall prevents a cleavage furrow from forming. Instead, a 
new cell wall called a cell plate begins to form at the center of the dividing cell. Eventually, the cell 
plate becomes large enough to separate the cytoplasm of the two new daughter cells. 

In both cases, the � nal result of mitosis is two new daughter cells that are genetically identical 
to each other. Both have a full set of chromosomes, now unduplicated. � ese daughter cells enter 
back into interphase to begin their own new cell cycle.

5.3.4 Regulation of the Cell Cycle
� e cell cycle includes a series of built-in checkpoints that must be passed before cell division 

can proceed. � ese are illustrated in Figure 5.34. � e purpose of the checkpoints is to ensure that 
it is safe and appropriate for the cell to undergo division. Are there enough energy and chem-
ical resources? Is the DNA damaged or in need of repair? Does the organism need additional 
cells right now? � ese are the fundamental molecular questions that the cell cycle checkpoints 
address.

� e � rst is the G1 checkpoint—the major point where the cell decides whether to undergo 
division in the � rst place. Here, the cell must receive an external “go-ahead” signal, o� en in the 
form of growth factors secreted by wounded or growing tissue. If the cell does not receive the 
appropriate signal at this point, it enters the nondividing G0 state, also called cellular senescence. 

Figure 5.33. Cytokinesis in animal (left) and plant (right) cells.
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For example, once fully developed, human 
brain and muscle cells remain in the G0
phase, lacking any go-ahead signals from 
surrounding cells. At the G1 checkpoint, 
the cell also checks for DNA damage, suf-
�cient cell size, and su�cient nutrients in 
order to proceed. Once the cell passes the 
G1 checkpoint, it is committed to dividing 
(barring any major catastrophes).

�e next checkpoint is at the G2/M 
boundary. �e major task at this check-
point is to make sure that DNA replication 
is complete and that the DNA is not dam-
aged. If there are any issues, the cell stops 
the cell cycle until the cell �nishes repli-
cating or until it can repair the damaged 
DNA. Cells have a complex network of en-
zymes able to recognize and repair all manner of DNA damage. However, if the DNA damage is 
too great to be repaired, the cell undergoes programmed cell death, or apoptosis, to prevent the 
damage from being transmitted to daughter cells. (Isn’t this remarkable?)

Finally, the M checkpoint occurs at metaphase during mitosis and ensures that all the chro-
mosomes are attached to spindle �bers, before the spindle �bers pull the sister chromatids apart. 
�is step reminds me of the checkpoint that amusement park employees make before a group 
of people takes o� on a roller coaster. �e employee pulls on every person’s safety bar to make 
sure it is properly latched, so that no one falls out of the quickly jerking ride. In a similar way, the 
cell makes sure that the chromosomes are attached to the �bers before the �bers start to move.

If all these “safety checks” are passed, the cell completes mitosis, forming two daughter cells. 
It is fair to ask what happens if any of these safety checks malfunction. O�en, the result is can-
cer, as depicted in Figure 
5.35.

Cancer is a disease 
stemming from cells that 
divide out of control. If 
the dividing cell mass, or 
tumor, is localized to one 
area of the body, doctors 
can usually treat it by 
surgical removal. How-
ever, if the uncontrolled 
cell division has reached 
such epic proportions 
that the cells invade sur-
rounding tissues or even the blood stream, then we say that the person has metastatic cancer. 
In this case, doctors try to induce cell death in the seemingly immortal cancer cells through 
chemotherapy or radiation. Chemotherapy is treatment using chemicals aimed at disrupting 
various steps of DNA replication, nucleotide synthesis, or cell division of rapidly dividing cells. 
�is medical strategy is why many cancer patients su�er unpleasant side e�ects such as vom-
iting or hair loss. �e chemotherapy targets all rapidly dividing cells—including hair follicles 
and the inner lining of the stomach—not just the cancer cells. In contrast, radiation treatment 

Figure 5.34. Cell cycle check points.
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Hmm... Interesting. Lifespans and Telomeres

For centuries, people have tried to circumvent the aging process, looking for the myth-
ical Fountain of Youth to extend their lifespan or perhaps to cheat death altogether. New 

research in telomeres 
reignited the extend-
ed youthfulness hype. 
A simple Google search 
reveals companies that, 
for a fee, will test your 
telomere length and sell 
you supplements that 
supposedly extend your 
telomeres—and your 
lifespan. However, the 
telomere research litera-

ture reveals a much more complex picture.
Recall that in humans, telomeres shorten with each cell division. �e only normal ex-

ceptions are the germ cells (sperm and egg), and stem cells (cells that are undi�erentiated, 
and able to produce any needed cell type). �ese cells must divide inde�nitely in order 
to produce the next generation of humans, or to regenerate wounded tissue, respectively. 
Germ cells and stem cells avoid telomere shortening by expressing the enzyme telomer-
ase, which adds the repeated sequence TTAGGG to keep the telomeres long. Additionally, 
mutations can produce the abnormal condition of cancer, in which cells divide in an out-
of-control fashion, much to the detriment of the a�ected person. Most cancer cells express 
telomerase to keep the telomeres from shortening so the cells can keep on multiplying.

So, does the claim that long telomeres promote long lifespan hold water? One study 
took cells from 60 di�erent mammalian species and tested their ability to divide in culture. 
�ey compared the number of possible cell divisions, the length of the telomeres, and the 
lifespan of each species. �e scientists found no correlation between lifespan and telomere 
length. Another study took blood samples from hundreds of people, measured their telo-
mere lengths, and tried to predict the age of the donors from the data. It turns out that 
telomere length in humans is so varied that it is a poor predictor of age. Many other factors, 
such as lifestyle, diet, and stress also play a role. Finally, another group arti�cially extended 
the telomeres in the nematode worm C. elegans, showing that longer lifespan did result 
from longer telomeres. However, the lifespan extended from the normal 20 days to a mere 
22 or 24 days, and one trial didn’t extend the lifespan at all.

What can we make of these studies? Instead of espousing the long telomeres = long 
lifespan theory, some scientists hypothesize the opposite: that short telomeres = long lifes-
pan. �is idea may explain why humans have a longer lifespan than most other mammals. 
Why? �e tendency of telomeres to shorten a�er each cell division is a protective mecha-
nism against cancer. Our cells live in an environment of constant DNA damage (thanks to 
water and oxygen—molecules that we also need to live). �e longer we live, the more DNA 
damage and mutations we endure—increasing the likelihood of developing cancer. Halting 
cell division a�er a certain number of cell replications reduces the chance of cells dividing 
in an out-of-control fashion, despite DNA damage and mutations. So next time you see 
some Fountain of Youth claim on the Internet, you might remember that cancer cells are 
dangerous precisely because they can live—and replicate—forever.
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aims high-energy radiation or particles (such as protons) towards the cancerous tumor, with the 
goal of inducing enough DNA damage to kill the cancer cells, while minimizing damage to the 
surrounding tissues.

Recent research has also shown that telomeres play a role in the proliferation of cancer. Re-
call that normal cells shorten their telomeres a�er every cell division, giving them a limit in 
total cell divisions. �is limit plays a role in aging (see the accompanying box). In contrast, most 
cancerous cells express the enzyme telomerase, which constantly replenishes the telomeres, ef-
fectively enabling cancer cells to divide inde�nitely.

Chapter 5 Exercises
SECTION 5.1
1. Make a timeline or table showing the important discoveries relevant to discovering DNA as 

the molecule of heredity. Include the scientists, years, and experimental evidence.

2. Using the Cycle of Scienti�c Enterprise as a guide, describe the original theory, hypothesis, 
results, revision, and new theory proposed by Frederick Gri�th.

3. Compare and contrast the Avery-MacLeod-McCarty experiment and the Hershey-Chase 
experiment.

4. Using Figure 5.13 as a guide, draw the four nucleotide bases and show how they engage 
in hydrogen bonding with one another. Label the purines and pyrimidines, as well as the 
names of the four bases.

5. Explain Charga� ’s rules. Why were these so important for Watson and Crick’s 3-D model 
of DNA to work?

6. Whose experimental evidence was needed for Watson and Crick to propose their DNA 
model, and how did Watson and Crick obtain it? What kind of structure did these data 
suggest?

SECTION 5.2
7. What are the three chemical components of DNA and how do they �t together into a three-

dimensional structure?

8. How is direction determined in a DNA strand? Why do we use the designations 3’ and 5’?

9. A strand of DNA has the following sequence: 

5’-ATGCGTCGGGGGTTTCTTACTAAGTAG-3’

Determine the sequence of the complementary strand. 

10. Describe the manner by which DNA molecules are packaged into chromosomes.

11. Scientists estimate that only 1–2% of our DNA codes for proteins. Why do you think so 
much of our DNA is non-coding? Form a hypothesis and then research what some of the 
current theories are. Share your results with your classmates.

12. Draw a diagram illustrating the central dogma of biology.

13. Why is mRNA necessary in the process of gene expression?

14. Compare and contrast the chemical structures of DNA and RNA.

15. List and describe three types of RNA, including each of their roles in gene expression.

16. Write a paragraph describing each of the three stages of transcription.
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17. What three modi�cations must be made to the primary transcript and why are they 
important?

18. A template strand of DNA has the following sequence:

3’-ATGCGTCGGGGGTTTCTTACGAAGATC-5’

Determine the sequence of the corresponding mRNA transcript.

19. A coding strand of DNA has the following sequence:

5’-ATGTCAGGGCGTAAACGCGTACGCCTA-3’

Determine the sequence of the corresponding mRNA transcript.

20. What are the di�erences between the coding and the template strand of DNA?

21. Make a table summarizing the process of translation. Include ribosomes, tRNA, and 
mRNA. Describe the role of each.

22. What is the relationship between the anticodon and the amino acid of a tRNA? How is the 
appropriate amino acid matched to a particular tRNA in the cell?

23. Using the mRNA sequences you obtained in questions 18 and 19, determine the amino 
acid sequences that result. Use Figure 5.24 as a reference.

24. Why is it that codons and anticodons consist of three bases?

25. Explain what a reading frame is. What happens if the reading frame is shi�ed?

26. What is a mutation? Conduct an Internet search to �nd an example of a disease or 
condition caused by a mutation that is not discussed in this chapter. Provide the name of 
the condition, its symptoms, and a description of the mutation that causes it.

27. Examine the following double-stranded DNA sequence:

5’-TACGCAGCCCCCAAAGAATGCTTCTAG-3’

3’-ATGCGTCGGGGGTTTCTTACGAAGATC-5’

A deletion mutation removing the 3rd base pair from the le� results in the following se-
quence:

5’-TAGCAGCCCCCAAAGAATGCTTCTAG-3’

3’-ATCGTCGGGGGTTTCTTACGAAGATC-5’

Determine the before and a�er amino acid sequences. Explain what the e�ect on the organ-
ism might be.

28. Do all mutations result in an illness or changed protein? Why or why not?

29. What happens to proteins a�er they are synthesized? Does the location of their synthesis 
matter?

30. Is every gene in every cell expressed all the time? Why or why not?

31. How are genes turned on and o� in the cell?
SECTION 5.3
32. Give an overview of the phases of the cell cycle, including what happens during each 

phase.

33. Describe the general process of DNA replication. Why is it important for cells to copy their 
DNA?
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34. Compare and contrast leading strand and lagging strand DNA synthesis (draw a simple 
diagram to aid your explanation.)

35. Make a list of all the important enzymes or proteins involved in DNA replication and 
brie�y describe the role of each.

36. Draw a simple diagram that illustrates the concept of semi-conservative DNA replication.

37. What are sister chromatids and by what process are they formed?

38. What are telomeres and why are they important for the cell? How is their role di�erent in 
di�erent cell types?

39. Make a table that lists each stage of mitosis. �en draw a simple sketch of each stage and list 
the major events that occur for each.

40. How is cytokinesis di�erent for animal and plant cells? Why must they have di�erent 
processes?

41. Describe the three cell-cycle checkpoints. What happens at each point if the criteria are not 
met?

42. What is apoptosis and why is this process important for the overall health of an organism?

43. How does cancer form, and what are the features of cancer cells that di�erentiate them 
from normal cells?

REVIEW QUESTIONS
44. ATP is the energy currency of the cell. Review the structure of ATP and compare it to the 

nucleotide triphosphates necessary for both replication and transcription. Are any of them 
identical to one another?

45. When ATP is spent as energy currency, what is the product molecule? How many 
phosphates does it have? When nucleotide triphosphates are used to grow a chain of DNA 
or RNA, what are the product molecules? How many phosphates do they have?

46. Proteins contain sulfur, while DNA contains phosphorus. Using the Periodic Table of the 
Elements, determine the number of protons, neutrons, and electrons for both sulfur and 
phosphorus. Next, determine the same for the isotopes sulfur-35 and phosphorus-32 (the 
radioactive isotopes used in the Hershey-Chase experiment).

47. Brie�y list as many organelles as you can. In which cellular locations do replication, 
transcription, and translation take place?

48. Review the structure/role of microtubules. Explain how the structure helps you better 
understand the role they play in mitosis.

49. �inking about the structure of enzymes/proteins, explain what would happen to a cell in 
terms of its gene expression and replication functions if the temperature were increased.

ANSWERS TO SELECTED EXERCISES
9. 3’-TACGCAGCCCCCAAAGAATGATTCATC-5’
18. 5’-UACGCAGCCCCCAAAGAAUGCUUCUAG-3’
19. 5’-AUGUCAGGGCGUAAACGCGUACGCCUA-3’
23. (a) Tyr-Ala-Ala-Pro-Lys-Glu-Cys-Phe (stop); (b) Met-Ser-Gly-Arg-Lys-Arg-Val-Arg-Leu
27. Before mutation mRNA is: 5’-UACGCAGCCCCCAAAGAAUGCUUCUAG 3’

Before-mutation protein is Tyr-Ala-Ala-Pro-Lys-Glu-Cys-Phe (stop)
Post-mutation mRNA is: 5’-UAGCAGCCCCCAAAGAAUGCUUCAUG 3’
Post-mutation protein is: STOP (it never gets transcribed)
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3’ � ree prime. � e location of a hydroxyl group on the deoxyribose (or ri-
bose) sugar, showing direction in the DNA or RNA strand.

5’ Five prime. � e location of the phosphate on the deoxyribose (or ribose) 
sugar, showing direction in the DNA or RNA strand.

A
A band � e region of muscle sarcomere that is associated with the length of the 

myosin muscle � ber.

abiogenesis A theory regarding the origin of life, stating that the very � rst cell must have 
arisen from non-living materials, and that therea� er cells have arisen from 
other cells.

abiotic (adj.) Non-living.

absorption spectrum � e set of wavelengths of electromagnetic radiation that are absorbed (not 
re� ected) by a particular compound.

acid  Any substance that releases hydrogen ions (H+) ions in solution.

acidity A property determined by the concentration of H+ ions in a solution.

acoelomate An animal that lacks a body cavity.

action potential A nerve impulse that travels down a nerve cell.

activation energy � e amount of energy that must be added to the reactants for a chemical 
reaction to proceed.

active site � e portion of the enzyme that interacts with the reactant molecules of a 
chemical reaction, destabilizing their bonds and correctly orienting them 
for reaction.

active transport � e transport of molecules across a membrane where additional energy in-
put is required.

adaptation � e process by which populations of organisms become suited to chang-
ing environmental conditions as larger numbers of o� spring with desirable 
traits survive to succeeding generations.

adaptive radiation � e process by which many species emerge from a single ancestral popula-
tion over a relatively short period of geologic time.

adenine One of the four bases present in DNA; pairs with thymine.

adenosine diphosphate See ADP.

adenosine triphosphate See ATP.

adhesion � e tendency of one kind of substance to stick to another kind of substance 
due to intermolecular interactions.

adipocyte A fat cell.

ADP  Adenosine diphosphate, the product molecule le� over a� er ATP loses a 
phosphate. � is molecule is necessary to regenerate ATP in the mitochon-
dria.

aerobic (adj.) Requiring oxygen.

aerobic respiration � e type of cellular respiration that proceeds in the presence of oxygen.

agar A gelatinous, nutrient-rich medium made from seaweed, used to grow bac-
terial cells.
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alleles Di�erent versions of a gene.

allelic frequency �e percentage of a particular allele within a given population.

allopatric speciation �e pattern of speciation where some geographic barrier prevents populations 
from interbreeding.

allopolyploidy �e state of having more than two sets of homologous chromosomes that come 
from more than one source.

alpha helix A common helical structure present in proteins.

alteration of generations �e life cycle of plants that consists of a multicellular haploid generation alternat-
ing with a multicellular diploid generation.

alveoli �e small air-�lled sacs at the ends of bronchioles in the lung.

amino acids �e monomers of proteins, of which there are 20 types. �ese join in unique 
con�gurations, depending on the structure and function of the proteins, as deter-
mined by the DNA.

aminoacyl tRNA synthetase Type of enzyme that re-charges tRNA molecules with the appropriate amino ac-
ids a�er translation has already taken place.

amino terminus (N terminus) �e end of a polypeptide chain that has an amino (nitrogen-containing) group 
exposed. Delineates the direction of a polypeptide chain. (Opposite: carboxy ter-
minus).

amylase Digestive enzyme that breaks down starches, produced by the salivary glands and 
the pancreas.

anabolism �e sum of all the metabolic reactions that build up larger molecules.

anaerobic (adj.) Proceeding in the absence of oxygen.

anaerobic respiration �e process by which some bacteria undergo cellular respiration, using other 
molecules besides oxygen as the �nal electron acceptor in oxidative phosphoryla-
tion.

anaphase �e fourth phase of mitosis where the sister chromatids begin to separate towards 
opposite ends of the cell.

angiosperm �e group of organisms containing �owering plants.

angstrom A unit of measure for length, equivalent to 10–10 meters, with the abbreviation Å. 
It is a convenient measurement for chemical bond lengths, as the bond length in 
a water molecule is close to 1 angstrom.

animalcules Name that Antonie van Leeuwenhoek gave to the microorganisms and cells he 
observed under the microscope.

antagonistic pairs A set of muscles that work opposite each other.

anther �e orb-shaped structure found on the stamen of a �ower that contains pollen 
grains.

antibiotics Chemicals that kill or inhibit the growth of bacteria.

antibodies Proteins produced by immune cells in response to a speci�c antigen.

anticodon �e 3-letter RNA sequence at the tip of a tRNA molecule. �is sequence base-
pairs with the mRNA and then places the appropriate amino acid into the grow-
ing protein.

antidiuretic hormone �e hormone produced by the brain in response to concentrated body �uids. It 
acts on the cells in the collecting duct to stimulate the reabsorption of water back 
into the blood.

antigens A speci�c protein, carbohydrate, or other foreign object that elicits an immune 
response.

antiparallel �e con�guration of double stranded DNA, where opposite strands run in oppo-
site directions.

antisense strand �e DNA strand that RNA polymerase uses as a template for transcription.
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aorta �e major artery leaving the heart.

apoptosis �e process of programmed cell death that is necessary to prevent overgrowth of 
cells.

aquaporin A type of transmembrane protein that serves as a channel for water to cross the 
plasma membrane.

archaea �e domain of prokaryotic organisms that live in extreme environments.

archebiosis �e theory, proposed by Bastain, that unicellular organisms can continuously 
form out of non-living materials.

archenteron A cavity formed in the wall of a blastula during gastrulation to form a gastrula 
with an opening into the cavity called a blastopore.

arteriole A small artery.

artery A blood vessel that carries blood away from the heart.

arti�cial selection �e practice of human-directed change in a population of domesticated animals 
or plants. By choosing which organisms to allow to mate, a particular trait may be 
increased within the population. Also called selective breeding.

ascus A sac-shaped structure of ascomycete fungi where spores are produced.

asexual reproduction A type of reproduction in which the o�spring are directly produced from a single 
parent resulting in a genome which is identical to that of the parent.

atom �e fundamental unit of matter, composed of protons, neutrons and electrons. 
�e 118 types of atoms that compose all known matter are cataloged on the peri-
odic table.

atomic mass unit (amu) Unit for measuring the mass of an atom. �e amu is o�cially obsolete and has 
been replaced by the uni�ed atomic mass unit, u, equal to exactly 1/12 the mass 
of a neutral carbon atom, which is approximately the mass of a proton or neutron.

atomic number �e number found on the periodic table for each element, indicating the number 
of protons that element has. Elements are arranged in order of increasing atomic 
number in the periodic table.

ATP Adenosine triphosphate, a molecule with a high-energy bond making it suitable 
to be the universal energy currency of the cell.

ATP synthase �e enzyme that sits at the end of the electron transport chain. It uses energy 
from H+ molecules falling down their concentration gradient to drive synthesis 
of ATP.

atrioventricular node �e region within the heart that receives nerve impulses from the sinoatrial node 
and sends nerve impulses down to the ventricles telling them to contract.

atrioventricular valves �e set of valves located between the atria and the ventricles.

atrium �e receiving chambers of the heart, located in the upper portion of the heart. 
(plural: atria)

autosome An autosomal chromosome; one of the non sex-chromosomes—the �rst 22 pairs 
of chromosomes in a human karyotype.

autotroph An organism capable of making its own food from inorganic material. See also: 
primary producer.

auxin A plant hormone produced in response to light that stimulates cell growth.

axillary bud A bud of a plant that develops o� of the side of the stem.

axon A part of a neuron consisting of a long �ber that connects to the cell body and 
then proceeds away from it.

axon terminal �e points at the end of the neuron where signals are transmitted to other neu-
rons.

B
bacteremia A medical condition in which bacteria are present in the blood.
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bacterium A type of simple, single-celled, prokaryotic organism.

bacteriophage A type of virus that attacks bacterial cells.

ball-and-stick model A type of chemical structure notation where atoms are represented as balls (of 
di�ering colors for di�erent elements) and chemical bonds are denoted by lines 
(or “sticks”) that connect the atoms.

basal taxon A group of organisms at the base or root of a phylogenetic tree.

base Chemistry: A substance that removes hydrogen ions from solution. Biology: One 
of four monomers that comprise DNA, giving rise to its genetic code. �ese bases 
are adenine, thymine, cytosine, and guanine. See also: bases.

bases Ring-shaped molecules that encode information in DNA. �ey include adenine, 
thymine, cytosine, and guanine.

basicity �e measure of how strongly a substance pulls H+ out of solution, o�en expressed 
in the form of pH. Basic compounds have a pH higher than 7 and up to 14, with 
14 being the most basic.

behavioral isolation A type of reproductive isolation (pre-zygotic barrier) that occurs when organisms 
have di�erent mating rituals.

beta decay A type of nuclear decay in which a neutron changes into a proton, changing the 
identity of an element.

bilateral symmetry A body plan in which there is a single imaginary line that divides the two halves 
of an organism into mirror images of each other.

bilaterian A group of animals that exhibit bilateral symmetry and are triploblastic.

bile A chemical produced by the liver that emulsi�es fats.

biogenic theory �e theory that all life must come from other life.

biogeography �e study of the patterns of both fossil and living species over di�erent geograph-
ic regions.

biological species concept �e de�nition, proposed by Ernst Mayr, that a species is a group of organisms that 
can interbreed with one another and produce viable, fertile o�spring in a natural 
setting.

biology �e study of life.

biome A large community consisting of particular �ora and fauna found in a certain 
region.

biomolecule A large molecule made from repeating arrays of small molecules. A building 
block for cells. See also: macromolecule.

biosphere All living things on earth.

biotic (adj.) Relating to living things, especially in ecology.

bladder �e organ that stores urine.

blade �e broad, �at part of leaf.

blastocoel �e large cavity found in a blastula.

blastocyst �e term for the blastula in mammals.

blastopore �e opening into the archenteron of a gastrula.

blastula �e embryonic developmental stage consisting of a hollow ball of cells; called the 
blastocyst in mammals.

Bohr model An atomic model proposed by Niels Bohr, featuring particle-like electrons orbit-
ing the nucleus much like planets orbit the sun.

bolus A wad of chewed up food in the esophagus.

bond �e connection between two atoms as they combine, forming a compound. Con-
sists of shared electrons or an electrostatic attraction due to transferred electrons.

bronchi Two tubes that branch o� of the trachea to each lung.
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bronchioles Smaller tubules that branch o� the bronchi and terminate in alveoli.

bu�er A solution made of molecules that are either weak acids or weak bases and have 
the ability to maintain the pH of a solution within a narrow range, absorbing any 
H+ or OH– that may challenge the system.

bu�ering �e process by which organisms exploit the properties of chemicals that resist 
changes in pH to keep their bodies within tightly controlled pH ranges.

bulbourethral glands Two pea-sized glands in the male reproductive system that produce mucus. Also 
called Cowper’s glands.

bulk transport A type of active transport for very large substances. �is type of transport in-
cludes endocytosis and exocytosis.

buret A piece of tubular-shaped laboratory glassware with a spigot at the bottom, useful 
for measuring the volume of liquid that is dispensed (rather than the volume of 
liquid that is initially present).

C
C4 photosynthesis An adaptation of photosynthesis made by plants in dry environments. It separates 

parts of photosynthesis into two di�erent cell types, building up CO2 so that sto-
mata can be closed more o�en.

calcitonin A hormone produced by the thyroid gland in response to high blood calcium 
levels, acting on bone to stimulate uptake of calcium.

Calvin cycle �e second half of photosynthesis, where ATP drives conversion of CO2 into sug-
ars; also called the light-independent phase of photosynthesis.

CAM photosynthesis An adaptation of photosynthesis made by some plants in dry environments, sep-
arating parts of the photosynthetic process by night and day, allowing stomata to 
remain open at night.

Cambrian explosion �e prehistoric appearance of many types of invertebrates within a relatively 
short period of geologic time.

cancer A disease resulting from uncontrolled cell proliferation.

capillary Small blood vessels connecting arterioles to veins, having a single layer of cells 
that allows for the exchange of gases and nutrients between the blood and the 
surrounding tissues.

capsid �e outer protein coat of a virus.

carbohydrates A type of biomolecule made of repeating units of simple sugars. �ese are in-
volved in metabolism and other processes.

carboxy terminus (C terminus) �e end of a polypeptide chain that has a carboxylic acid group exposed. Delin-
eates the direction of a polypeptide chain. (Opposite: amino terminus).

carpel �e female reproductive structure of the �ower, consisting of the ovary, the style, 
and the stigma.

carrier An individual that is heterozygous for an allele, only having one copy of a dis-
eased allele.

carrying capacity �e maximum population of organisms that a particular environment can sup-
port.

cartilage Flexible connective tissue that helps to protect bones.

catabolism All the metabolic reactions that break down larger molecules into their smaller 
building blocks, harnessing energy.

catalyst A compound that facilitates a chemical reaction by lowering its activation energy, 
without itself being consumed.

catastrophism �e idea that geologic changes happen suddenly as a result of catastrophic events 
(such as �oods or volcanic eruptions).

cell A microscopic, membrane-bound entity that possess genetic material, cycles 
matter and �ows energy, is composed of biomolecules, and contains cytoplasm. 
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It is the basic unit of life and the smallest entity capable of carrying out all the 
requirements for life.

cell body �e main part of the cell which contains the nucleus and the majority of the other 
cell organelles.

cell cycle �e cycle of division, DNA synthesis, and carrying out of normal functions that a 
cell undergoes.

cell junction A structure that connects adjacent cells in animal tissues.

cell plate �e structure that separates plant cells during cytokinesis, extending the cell wall 
to form a barrier between the two new cells.

cell theory �e theory that de�nes cells, stating that 1) all living things are made of cells, 2) 
cells are the fundamental unit of structure and function in living things, and 3) all 
cells come from other cells.

cell wall An exterior network of species-speci�c molecules that protect the cell from burst-
ing due to osmotic pressure. Present in plant and bacterial cells.

cellular respiration �e process by which glucose is broken down and its chemical potential energy is 
stored as ATP.

cellular senescence A cellular state in which the cell can no longer divide. Also called  G0 phase.

cellulose A carbohydrate that is a component of the cell wall of plants.

central canal An opening in the center of the osteon of compact bone, containing the blood 
vessels and nerves.

central dogma �e principle that information �ows from DNA to RNA to protein in the cell.

central vacuole �e water-�lled vacuole in plant cells that takes up most of the cell’s volume. 
�ese regulate internal pressure and store potentially toxic materials separately.

centriole A small organelle, composed of microtubules, that helps the spindle �bers form 
during mitosis.

centromere �e central region of a chromosome that holds the sister chromatids together 
a�er replication.

cephalization �e process by which nerve cell bodies are concentrated in the anterior (head) 
portion of an animal.

cervix �e opening of the vagina into the uterus.

Charga� ’s rules �e principle stating that in a given sample of DNA the amount of G and C must 
be equal and the amount of A and T must be equal.

chemical bond See bond.

chemical digestion �e process by which enzymes and other chemicals break down food.

chemical equation A standard notation for indicating a chemical reaction has taken place, with reac-
tants on the le� side of an arrow and products on the right side.           

chemical gradient A region of increasing or decreasing concentration of any substance, or a situa-
tion where a cell membrane has di�ering concentrations of a substance on either 
side of it. See also: concentration gradient.

chemical reaction �e process by which chemical compounds are transformed into other chemical 
compounds by the breaking and reforming of chemical bonds, conserving the 
numbers and types of atoms in the process.

chemiosmosis �e force of another molecule besides water �owing across a membrane in order 
to equalize a concentration gradient. �is is the process by which H+ drives ATP 
synthase.

chemotherapy A medical treatment for cancer that targets rapidly dividing cells.

chitin A carbohydrate that is a component of the cell wall of fungi and of the exoskele-
tons of some animals.

chlorophyll A type of photoreactive molecule that converts light into energy by excitation of 
its electrons. Comes in two major forms: chlorophyll a and chlorophyll b.
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chloroplast An energy-producing organelle present in plant and algal cells. �is is the organ-
elle that carries out photosynthesis.

choanocyte A specialized cell found in sponges that contains a single �agellum surrounded by 
a collar.

cholesterol A type of steroid molecule that is an important component of the cell membrane.

chromatid A single chromosome. Sister chromatids are the result of DNA replication of a 
single chromosome and remain attached by the centromere until the anaphase 
stage of mitosis.

chromatin �e cellular material containing DNA and its associated proteins.

chromosomal mutation A change in DNA sequence that results in a part of a chromosome being altered 
or moved.

chromosome A single, continuous molecule of DNA wrapped around histone proteins and 
neatly folded into higher levels of structure.

chyme A mixture of food and enzymes found in the stomach and small intestine.

citric acid cycle A series of chemical steps that are part of cellular respiration, forming the chem-
ical bridge between glycolysis and oxidative phosphorylation. Also called Krebs 
cycle or TCA cycle.

clade A group of organisms and their most recent common ancestor.

cladistics A way of classifying organisms based on their most recent common ancestor.

cladogram A branching diagram that shows the evolutionary history of living organisms.

clathrin A type of protein that facilitates receptor-mediated endocytosis.

cleavage �e process of rapid cell division without growth that occurs in the zygote to form 
a blastula.

cleavage furrow �e membranous structure that forms as animal cells separate during cytokinesis, 
ultimately pinching o� the cell membrane around each newly formed cell.

climate �e average of daily weather events over a long period of time (usually 30 years or 
more).

climate change Fluctuations in climate over long periods of time.

climax community A stable community resulting from succession.

cnidarian A group of animals that contains cnidocytes and has radial symmetry.

cnidocil �e stinging portion of a cnidocyte.

cnidocyte �e stinging cell found in cnidarians.

coding DNA �e regions of DNA that contain genes.

coding strand �e DNA strand whose sequence is identical to that of the mRNA strand, only 
with uracil substituted for thymine. �is strand is complementary to the template 
strand.

codominance An inheritance pattern in which heterozygotes express a blending of both alleles.

codon A 3-letter RNA sequence in the mRNA, specifying the order of amino acids (via 
tRNA translators). Codons can be read from a genetic code table.

coelom �e body cavity of an animal.

coelomate An animal that has a body cavity completely lined by mesoderm.

coenzyme A molecule that acts as a catalyst but is not composed of protein.

coenzyme A An organic molecule, obtained in the diet as vitamin B5, that serves to oxidize 
pyruvate into Acetyl-CoA so that it can enter the citric acid cycle. 

Coenzyme Q A molecule present in the electron transport chain.

cofactor A molecule or mineral that helps an enzyme perform its task.
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cohesion �e tendency of molecules of the same kind to stick together due to intermolec-
ular interactions.

cold-blooded (adj.) Animals, such as amphibians and reptiles, that do not regulate their own 
body temperature and must rely on the environment to warm themselves. Also 
referred to as ectotherms.

collecting duct �e portion of the nephron that takes �ltrate from the distal convoluted tubules 
and dumps it into the renal pelvis of the kidney.

colon �e large intestine.

colonies Groups of thousands of bacterial clones that form a visible mass on an agar plate.

combustion A type of exothermic chemical reaction, in which a carbon-containing fuel reacts 
with oxygen, forming carbon dioxide and water.

commensalism A type of symbiotic relationship in which one organism bene�ts while the other 
organism is una�ected.

common ancestry �e principle that all life descended from one type of primitive life form over a 
long period of time. Also called common descent.

common descent See common ancestry.

community A group of multiple species that occupies a particular geographical region.

compact bone A type of hard bone that is dense and provides the skeletal support for the major-
ity of the body.

complementarity A property of DNA in which the sequence of one strand speci�cally hydrogen 
bonds with the bases on the opposite strand, G with C and A with T. 

complete dominance An inheritance pattern in which heterozygotes express the dominant phenotype.

concentration A measure of the number of particles dissolved in a particular volume of solution.

concentration gradient A di�erence in concentration on either side of a plasma membrane. See also: 
chemical gradient.

condensed chromatin �e form of DNA/protein complexes in the nucleus of a cell when distinct chro-
mosomes are visible under a microscope.

conjugation �e process by which bacteria directly transfer DNA from one individual another 
through a structure called a pilus.

connective tissue A type of tissue that holds together other tissue types.

consumer An organism that must obtain its energy by consuming the cells of other organ-
isms.

convergent evolution A pattern of evolution where species that are not closely related to one another 
come to resemble one another through adaptation to similar environments.

copulation �e act of sexual intercourse, in which the male inserts his penis into the female 
vagina.

cotyledon �e primary leaves found in the plant embryo.

covalent bond A type of chemical bond in which an electron pair is shared between two atoms.

Cretaceous-Paleogene extinction event �e event, theorized to be the result of a massive asteroid impact, that caused 
the extinction of the dinosaurs.

cristae �e highly folded portions of the inner mitochondrial membrane where oxida-
tive phosphorylation takes place.

crossing over �e physical exchange of chromosomal genetic information that occurs during 
Prophase I of meiosis.

cuticle �e waxy layer covering the leaf epidermis.

cyanobacteria A group of photosynthetic bacteria.

Cycle of Scienti�c Enterprise �e process of forming a theory to account for a body of facts, formulating test-
able hypotheses from that theory, testing the hypotheses experimentally, and then  
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analyzing the results. If the hypothesis is supported by the experimental result, 
the theory is strengthened, otherwise the theory is weakened.

cytochrome C A molecule that participates in the electron transport chain.

cytokinesis �e process by which cells physically separate, forming two separate cell mem-
branes. �is process occurs a�er all the other stages of mitosis are complete.

cytoplasm �e region between the plasma membrane and the nucleus of a cell, containing 
the �uid cytosol and the organelles that are suspended in it.

cytosine One of the four bases present in DNA; pairs with guanine.

cytoskeleton �e network of protein �bers that supports the cell.

cytosol �e �uid found in cells that contains dissolved biomolecules, ions, and other sol-
utes.

D
dactylozooid �e polyp specialized in defending a colony that contains cnidocytes.

Darwin’s theory of evolution �e theory that all organisms share a common ancestor and change over time by 
a process of natural selection.

de novo A Latin phrase meaning “newly,” forming from its simplest constituent parts.

death phase �e phase of a population curve that exhibits a steady decline in the population.

decomposer An organism that breaks down organic matter.

dehydration reaction A chemical reaction in which two monomers form a chemical bond, releasing a 
water molecule in the process.

deletion �e loss of a single nucleotide or a large stretch of DNA (type of mutation).

denature (v.) To lose 3-D structure and function of a protein, returning to its nonspeci�c 
primary structure. (In the case of DNA: To break apart the hydrogen bonds, be-
coming single-stranded.)

dendrites �e �nger-like extensions coming o� a neuron cell body that receive stimuli .

deoxyribonucleic acid A double-stranded molecule that contains the genetic information in a cell, con-
sisting of a sugar-phosphate backbone, and four complementary base pairs. See 
also: DNA.

deoxyribose A sugar lacking an OH group. �is type of sugar is present in the backbone of 
DNA.

depolarization �e increase in the relative membrane potential of a nerve cell, resulting from an 
in�ux of sodium ions.

desmosome A type of cell junction that adheres cells and strengthens the tissues against me-
chanical stress.

deuterostome A group of animals de�ned by the blastopore developing into the anus.

diastolic pressure �e pressure measured in the arteries when the heart is relaxed.

dicot A type of �owering plant with two cotyledons in the seed.

di�raction �e process by which waves spread out as they pass through a small opening. �is 
process is exploited by X-ray crystallography to determine the 3-D structure of 
large molecules.

di�usion A type of passive transport of small molecules directly through a plasma mem-
brane that equalizes the concentration gradients of these molecules.

dihybrid cross A genetic cross in which the inheritance patterns of two traits are examined si-
multaneously.

dikaryote A cell that contains two distinct haploid nuclei, occurring during the fungal life 
cycle as a result of plasmogamy.

diploblastic A type of animal with two germ layers, ectoderm and endoderm.
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diploid A type of cell containing two copies of every chromosome: 2n.

directional selection A type of natural selection where allele frequencies in a population shi� towards 
one extreme.

disaccharide A molecule comprised of two monosaccharides bonded together.

disruptive selection A type of natural selection where allele frequencies in a population tend towards 
both extreme phenotypes (reducing the intermediate).

dissolution (v. dissolve) �e process by which a solvent disrupts the intermolecular interac-
tions or ionic bonds of another substance (solute), surrounding each particle with 
solvent molecules.

dissociation �e process by which ions in a crystal lattice separate and become surrounded by 
water molecules during dissolution.

distal convoluted tubule �e portion of the nephron that takes �ltrate from the loop of Henle to the distal 
convoluted tubule, found in the renal cortex.

divergent evolution A pattern of evolution where two or more species proceed from a single ancestral 
population.

DNA A double-stranded molecule that contains the genetic information in a cell, con-
sisting of a sugar-phosphate backbone, and four complementary base pairs. See 
also: deoxyribonucleic acid.

DNA polymerase �e enzyme that catalyzes formation of bonds between a new DNA strand and 
additional nucleotides.

DNA repair �e process by which enzymes �nd and replace damaged DNA bases so that the 
genetic information within the cell is faithfully transmitted.

DNA replication �e process by which a cell copies all its DNA in preparation for cell division.

DNAse An enzyme that can destroy DNA.

domain �e highest level of classi�cation of living organisms proposed by Carl Woese.

dominant �e phenotype which is expressed in a heterozygous individual.

double bond A type of covalent bond where two pairs of electrons are shared between two 
atoms. 

double fertilization �e process taking place during the plant life cycle in which two sperm enter the 
plant ovule, one fertilizes the egg to form the zygote and the other fertilizes two 
haploid cells to form the endosperm.

duodenum �e �rst nine inches of the small intestine coming o� the stomach.

E
ecdysis �e process of molting.

ecdysozoan A group of animals that grow by molting.

ecosystem A community of organisms in a particular region that interacts with the sur-
rounding non-living environment.

ectoderm �e outer germ layer in a gastrula that develops into nervous tissue and skin.

ectotherm Animals, such as reptiles and amphibians, that do not regulate their body tem-
perature and must rely on the environment to warm themselves. Also referred to 
as cold-blooded.

electrocardiogram A graph recording the electrical activity measured in the heart.

electromagnetic force One of the four fundamental forces. It acts in many situations, including holding 
electrons to their respective atoms, chemical bonding, and intermolecular inter-
actions, among others.

electromagnetic spectrum �e result of oscillating electric and magnetic �elds, generating pure, massless 
energy at a variety of frequencies. �e spectrum describes the sum total of these 
frequencies. Consists of radio waves, microwaves, infrared, visible, ultraviolet, 
X-rays, and gamma rays.
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electron transport chain �e sequence of redox active molecules that are embedded in the inner mito-
chondrial membrane, that provide energy for the ATP synthase.

electronegativity A measure of the strength with which an atom’s nucleus pulls on its electrons. 

electrons �e negatively charged subatomic particles that are found in orbitals of the atom. 
�e interactions of electrons are what determine an element’s chemistry.

emergent property A property that is much more than the sum of a system’s component parts. For 
example, cells carry out the six necessary functions of life, whereas organelles and 
biomolecules cannot.

emulsi�cation �e process of breaking down large fat globules into small fat droplets.

endocytosis �e process by which extracellular material is brought inside a cell by a portion of 
the plasma membrane surrounding the material and then pinched o� as it travels 
to the interior of the cell. �is process requires energy, making it a type of active 
transport.

endoderm �e inner germ layer in a gastrula that develops into lining of the digestive sys-
tem.

endogenous A process or substance that comes from within the body.

endomembrane system �e interfolding inner-membrane system of the cell, including the ER, the Golgi 
apparatus, vesicles, vacuoles, and lysosomes.

endomysium �e layer of connective tissue covering each individual muscle cell or �ber.

endoplasmic reticulum A network of highly folded membranes where chemical synthesis of many types 
of biomolecules take place. �ere are two types, rough and smooth.

endosperm �e food storage material inside a seed.

endosymbiont theory �e theory that holds that chloroplasts and mitochondria came from prokaryotes 
that once were engulfed by anther cell, forming a symbiotic relationship.

endotherm Animals that regulate their own body temperature, such as mammals and birds. 
Also referred to as warm-blooded.

endothermic A type of chemical reaction whose products have more chemical potential energy 
stored in their bonds than do the reactants.

energy One of the three fundamental ingredients of the universe that allows any process 
to happen.

energy investment phase �e �rst half of glycolysis, when two ATP molecules are used up.

energy payo� phase �e second half of glycolysis, when four ATP molecules are produced.

enhancer A non-coding DNA sequence to which transcription factors can bind, resulting 
in increased production of a protein that is coded for by a downstream, corre-
sponding sequence of DNA.

entropy A measure of the disorder of a system, displayed in the number and organization 
of particles present.

enzyme A protein that catalyzes speci�c chemical reactions in the cell.

epicotyl �e embryonic plant tissue above the cotyledon, forming the �rst leaves.

epidermis �e outer layer of tissue that covers and protects the inner layers.

epididymis �e tubules connecting testes to the vas deferens.

epigenome �e pattern of on/o� switches on DNA that do not a�ect the actual DNA se-
quence.

epiglottis �e �ap of cartilage that closes over the glottis, or opening of the trachea.

epimysium �e layer of connective tissue surrounding the entire muscle.

erythrocyte A red blood cell, responsible for transporting di�used oxygen and carbon dioxide 
throughout the body.

esophagus �e tube connecting the throat to the stomach.
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estrogen �e main female hormone, produced by the ovaries, responsible for the forma-
tion of female sex characteristics as well as the regulation of the female reproduc-
tive system.

ethanol �e type of alcohol found in beverages such as wine and beer. Also a byproduct 
of fermentation.

eubacteria �e domain of prokaryotic organisms that have peptidoglycan in their cell walls, 
the “true” bacteria.

eukaryotic cell A type of cell that has a membrane-bound nucleus and other membrane-bound 
organelles. Living things in domain Eukarya are composed of eukaryotic cells.

eumetazoan An animal that has true tissues.

evaporation �e process by which liquid water is converted into water vapor.

evo-devo See evolutionary developmental biology.

evolution �e process by which changes take place in the traits of organisms over time.

evolutionary developmental biology �e study of genes that control development and how they can a�ect evolutionary 
patterns.

evolutionary theory �e set of explanations for the process by which organisms change over time.

exocytosis �e process by which cellular materials are brought to the surface of a cell in a 
vesicle and released by the vesicle fusing with the plasma membrane. A form of 
active transport.

exogenous A process or substance that comes from outside the body.

exon �e coding sequences in the mRNA that are kept during splicing and then trans-
lated.

exothermic A type of chemical reaction that loses chemical potential energy to the surround-
ings (or makes it available for other purposes).

experiment A scienti�c test of a hypothesis.

exponential phase �e phase of a population curve that exhibits a sudden increase in population 
size.

external fertilization �e joining of sperm and egg outside the animal.

extracellular matrix A network of proteins and carbohydrates that connects the spaces between ani-
mal cells in multicellular organisms.

extract A portion of important components of a cell or other substance, selectively re-
moved with a solvent.

F
facilitated di�usion A type of passive transport in which small molecules cross the plasma membrane 

through a special transmembrane protein channel.

fact A statement, backed up by evidence, that is correct so far as we know.

FADH2 An organic molecule, obtained in the diet as vitamin B2, that serves as an electron 
carrier in cellular respiration.

fatty acid A type of molecule consisting of a nonpolar carbon-hydrogen chain of variable 
length bonded to a carboxylic acid group.

feces �e waste material that exits the digestive system.

feedback inhibition �e process by which downstream products of chemical reactions inhibit the ac-
tion of an enzyme in a previous reaction so as to prevent too much buildup.

fermentation �e process by which glycolysis can continue in the absence of oxygen, generat-
ing either lactate or ethanol as a byproduct.

fertile (adj.) able to reproduce. 

fertilization �e fusing of two haploid nuclei (sperm and egg) to produce a diploid zygote. 
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�brous roots A type of root system composed of networks of roots.

�lament A thin tube-like structure of the stamen, that supports and elevates the anther.

�lter feeding A method of gathering food that consists of capturing small particulates out of 
the water.

�ltrate �e �uid produced in the nephrons of the kidney as a result of absorption of 
�uids, salts, and other ions.

�rst �lial generation �e set of o�spring resulting from cross of two parent individuals, F1.

�rst gap phase (G1) �e portion of the cell cycle where the normal cellular functions take place.

�rst law of thermodynamics Principle stating that energy cannot be created or destroyed, only changed in 
form  (identical to the law of conservation of energy).

�ower �e modi�ed plant leaves of angiosperms that contain reproductive structures.

�uid-mosaic �e type of structure exhibited by the plasma membrane, where adjacent phos-
pholipids are not rigid as in a solid but can freely move, allowing for passage of 
molecules and correct function of transmembrane proteins.

food chain �e linear relationship between organisms in a community from producer to 
consumer to top predator.

food web �e network of interactions between living organisms within an ecosystem.

fossil �e remains, impression, or trace of a prehistoric organism preserved in some 
form.

fossil record �e total of all known fossils

founder e�ect �e type of genetic dri� where a small portion of a population starts a colony in 
a new location, giving the new population altered allele frequencies.

frameshi� mutation A change in DNA sequence that results in the insertion or deletion of multiple 
letters that disrupts the reading frame of translation (altering the identity of all 
amino acids beyond the mutation).

free radical A type of molecule with unpaired electrons that can damage DNA and other mol-
ecules within the cell.

frequency A property of waves that describes how many cycles per second they oscillate.

fructose A type of six-carbon sugar molecule that is found in fruit and honey.

fruit A mature plant ovary that contains seed.

G
gametangia �e gametophyte structure that produces the gametes.

gamete A haploid cell such as an egg or sperm which joins with another haploid cell 
during fertilization.

gametic isolation A type of reproductive isolation (pre-zygotic barrier) that occurs when the repro-
ductive cells of organisms are not compatible and don’t fuse.

gametogenesis �e production of gametes through the process of meiosis.

gametophyte �e multicellular haploid plant generation that produces the gametes.

gap junction A special type of connection between cells that forms a direct connection allow-
ing for the passage of ions and other molecules between the adjacent cells.

gastrozooid A polyp specialized in capturing food for the colony.

gastrula �e stage of embryonic development resulting from the blastula folding in on 
itself resulting in germ layers beginning to form.

gene A speci�c sequence of DNA that codes for a protein, and thus speci�es a trait.

gene expression �e process by which DNA is transcribed to RNA and then translated into pro-
tein.

gene �ow �e movement of alleles from one population to another.
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gene regulation �e process by which speci�c genes are turned on and o� at the appropriate times 
and places.

genetic code �e relationship between codons in DNA to the amino acids they specify—com-
mon across all life.

genetic dri� �e process by which allele frequencies in a population change without natural 
selection (due to random events).

genetic linkage map A representation of genes on a chromosome made from frequencies of genes be-
ing inherited together. �e closer two genes sit on a chromosome, the less likely 
they will be separated by genetic recombination.

genome �e sum total DNA in each cell of an organism.

genotype �e allelic composition of an organism.

genotypic frequency �e percentage of a particular genotype present within a given population.

genotypic ratio �e proportion of each of the genotypes represented in a set of progeny.

geologic column An ordered arrangement of rock layers from oldest to youngest. �e geologic 
column is a concept and does not exist in its entirety at any one place in the earth’s 
crust.

germline cells Reproductive cells such as egg or sperm.

germ tissue layer �e layers of tissue found in the developing embryo that di�erentiate into other 
tissue types.

germ-plasm theory Weismann’s theory that reproductive cells have a component called “germ-plasm” 
that carries genetic information and is the only way for traits to be transmitted 
from one generation to the next.

glomerular capsule �e portion of a nephron that surrounds the ball of capillaries.

glomerulus �e network of capillaries associated with the nephron where �ltration occurs.

glucose �e type of six-carbon sugar molecule that is the principal energy source for ani-
mal cells.

glycerol A molecule consisting of three carbons attached to three OH groups. �is mole-
cule can bond with three fatty acids to make a triglyceride.

glycogen �e carbohydrate that the human body uses to store energy in the muscle and 
liver.

glycolysis �e �rst stage of cellular respiration, in which glucose is broken down to pyru-
vate, generating ATP and NADH.

Golgi apparatus A stack of separate, stacked membrane sacs, through which newly synthesized 
molecules are modi�ed, packaged, and transported.

gonad A type of organ that is used for reproduction, including testes and ovaries. 

gradualism �e idea that evolution proceeds by slow, consistent, and gradual changes over 
time.

Gram stain A staining technique that di�erentiates between Gram-positive and Gram-nega-
tive bacterial cells.

granum A stack of thylakoids within the chloroplast.

greenhouse e�ect �e tendency of certain atmospheric gases (carbon dioxide, methane, and water 
vapor) to trap heat that warms the earth. 

GTP A molecule that is readily converted to ATP, also called guanosine triphosphate.

guanine One of the four bases present in DNA; pairs with cytosine.

guard cells �e cells surrounding the stoma in leaves, controlling the opening and closing of 
the stoma in response to water.

gymnosperm A type of seed-bearing plant that has vascular tissue but lacks �owers and fruit.
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H
H zone �e region of the muscle sarcomere where there is only myosin but no actin, 

resulting in a lighter band.

habitat �e location or home of an animal, plant, or other living organism.

habitat isolation A type of reprodutive isolation (pre-zygotic barrier) that occurs because species 
rarely interact with one another due to di�ering habitat.

half-life �e time it takes for half the quantity of a radioactive element to decay.

halophiles A group of archaea that preferentially live in high-salt environments.

haploid A cell containing a single copy of each chromosome, n.

Hardy-Weinberg equation A mathematical expression describing the relationship of genotypic frequencies 
within a population.

Haversian canal See central canal.

Hay�ick limit An overall limit to the number of times that a particular cell can divide before 
permanently going into G0 phase (cellular senescence).

helicase An enzyme that unwinds and breaks hydrogen bonds, separating the two DNA 
strands during replication.

hemoglobin �e protein present in red blood cells that carries oxygen throughout the body.

herbivore An animal that eats plants.

herd immunity �e status of a population where a signi�cant portion of individuals are vaccinat-
ed such that there is resistance to a disease.

heterotroph An organism that obtains energy by consuming other organisms.

heterozygous genotype A genotype represented by two di�erent alleles.

hexokinase An enzyme that catalyzes the addition of a phosphate group to a six-carbon sugar, 
playing an important role in glycolysis.

high-energy bond A bond that releases substantial energy when it is broken, such as that of the 
terminal phosphate on the ATP molecule.

histones Proteins around which DNA tightly wraps in order to be packaged in chromo-
somes. 

homeostasis A dynamic, continuous stimulus/response pattern that allows an organism to stay 
within a variety of life-sustaining parameters.

homologous chromosomes A pair of chromosomes (maternally and paternally inherited) containing the 
same genes, but potentially di�erent alleles.

homologous structures Anatomic structures that are structurally similar to one another, but may carry 
out di�erent functions, such as a wing and a �ipper. See also: homology.

homology A pattern of similar anatomic structures or similar DNA sequences across spe-
cies.

homozygous genotype A genotype represented by two identical alleles (either dominant or recessive).

horizontal gene transfer In bacteria, a method of transferring bits of genetic material from one organism 
to another, allowing for great genetic diversity.

hormones �e chemical messengers in an organism.

Hox genes �e master regulatory genes that control many other genes involved in the devel-
opment of body parts in multicellular organisms.

hybrid breakdown A type of reproductive isolation (post-zygotic barrier) that occurs when o�spring 
are born and reproduce, but the F2 generation has reduced �tness.

hybrid sterility A type of reproductive isolation (post-zygotic barrier) that occurs when o�spring 
are born but they are not capable of reproducing.
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hydrogen bond A type of intermolecular interaction resulting from the extremely polar bonds 
that can form between hydrogen and highly electronegative elements (such as 
nitrogen, oxygen, and �uorine). 

hydrolysis A type of chemical reaction where a larger molecule is broken in two by reaction 
with water.

hydrophilic A property of polar molecules, meaning “water loving.” Hydrophilic molecules 
are usually soluble in water.

hydrophobic A property of nonpolar molecules, meaning “water hating.” Hydrophobic mole-
cules are insoluble in water.

hypertonic solution A solution that has higher solute concentration than that of a cell placed inside it.

hyphae �e threadlike �laments formed from many fungal cells.

hypocotyl �e embryonic plant tissue located below the cotyledon that develops into roots.

hyponatremia A condition in which a person’s blood concentration of sodium is dangerously 
low, causing serious health consequences, up to and including death.

hypothesis A testable, informed prediction, based on a theory, of what will happen under 
certain circumstances.

hypotonic solution A solution that has lower solute concentration than that of a cell placed inside it.

I
I band �e region of muscle sarcomere where there is only actin and no myosin.

immutability of species �e outdated theory that species are �xed and unchanging and cannot change 
over time.

implantation �e process by which a zygote embeds itself within the uterine wall.

incomplete dominance An inheritance pattern in which heterozygotes express both alleles at the same 
time.

indicator A substance that changes color based on the pH of the solution in which it is 
dissolved.

indivisible A state of being unable to be divided.

induced �t A model for protein-substrate interaction, in which the protein must change its 
conformation in order to accommodate the substrate exactly.

inertia A property of matter that causes it to prefer its current state of motion.

inheritance of acquired traits �e idea that a trait obtained by experience can be transmitted to the next gener-
ation.

inner mitochondrial matrix �e inner part of the mitocondria that is enclosed by the highly folded inner 
membrane; the site where the Krebs cycle occurs.

inorganic phosphate Pi, the product of many biological chemical reactions in which a phosphate group 
is lost; a negatively charged polyatomic ion containing phosphorus, oxygen, and 
hydrogen (the overall charge depends on the pH of the solution). See also: phos-
phate group.

insertion A type of mutation characterized by the addition of a single nucleotide or a large 
stretch of DNA.

intermediate �lament A mid-width component of the cytoskeleton, supporting the organelles and 
forming a protective cage around the nucleus.

intermembrane space �e space between the inner and outer membranes of the mitochondria.

intermolecular force See intermolecular interaction.

intermolecular interaction Weaker electrostatic interactions between molecules that account for the physical 
properties of a substance, including hydrogen bonds and Van der Waals interac-
tions.
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interneuron A special type of neuron that carries messages from sensory neurons to motor 
neurons, generally found within the central nervous system.

internode A region of  a plant stem located between nodes.

interphase A portion of the cell cycle, consisting of all phases except for mitosis. 

intron A non-coding sequence in a primary mRNA transcript that is removed during 
splicing.

involuntary muscle A muscle that does not require conscious thought to contract and is stimulated by 
the autonomic nervous system.

ion An atom that has a net positive or negative charge, acquired by loss or gain of one 
or more electrons.

ionic bond A type of chemical bond wherein one or more electrons are transferred from one 
atom to another. �e resulting positive and negative charges cause these atoms to 
be attracted to one another, o�en forming a crystal lattice structure.

isotonic solution A solution that has equal concentration of solutes on both sides.

isotope An atom that varies in mass from that of a typical element, due to varying num-
bers of neutrons.

K
karyogamy �e cellular state of a dikaryotic fungal cell caused by the fusing of nuclei. 

karyotype �e display of all the chromosomes in an individual, organized largest to smallest 
with the sex chromosomes last.

keystone species �e species that has a disproportionate e�ect on its environment given its pres-
ence in the community.

kidney �e bean-shaped organ that �lters blood and produces urine.

kingdom One of the upper levels in the taxonomic system used to classify all organisms.

Krebs Cycle �e second stage of cellular respiration, in which pyruvate, now converted into 
Acetyl-CoA, undergoes cyclical chemical reactions with other organic molecules, 
generating NADH, FADH2, and ATP.

L
lacunae �e small window-like openings found in bone tissue.

lag phase �e phase of a population curve in which the population is slowly increasing.

lagging strand �e DNA strand that must be replicated in multiple discontinuous spurts, away 
from the direction of the replication fork.

Lamarck’s theory of evolution �e theory that life changes over time (transmutation of species) through di-
rected processes that include phylum-level changes (complexifying force) and 
species/genera-level changes (adaptive force). According to this theory, acquired 
traits can be inherited, and diverse life is interrelated.

Lamarckian inheritance A type of inheritance wherein acquired traits can be passed on.

larva �e immature stage of animal development.

larynx �e voice box.

lateral line An organ found in many �sh that allows them to sense subtle pressure changes in 
the surrounding water.

law of conservation of energy �e principle stating that energy cannot be created or destroyed, only changed in 
form.

law of dominance �e pattern of dominant traits appearing and recessive traits not appearing in the 
F1 generation of o�spring from true-breeding parents.

law of independent assortment �e principle stating that chromosomes and most traits are inherited inde-
pendently of each other; that is, inheritance of one trait does not in�uence inher-
itance of a second trait.
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law of segregation �e principle stating that homologous chromosomes separate during meiosis.

laws of nature �e orderly and very mathematical system of rules that objects in nature obey; a 
manifestation of the intelligence in nature that points to the Creator.

leading strand �e DNA strand that may be replicated in one long sequence, in the direction of 
the replication fork.

level of biological organization Part of the hierarchy that includes all living things that is contained within the 
level above it, and displays emergent properties with respect to the level below it. 

lichen An organism resulting from the symbiotic relationship between fungal and algal 
cells.

life A quality characterized by a high level of organization, the ability to cycle matter 
& energy, the ability to pass on genetic information, and the ability to grow, re-
spond, and adapt.

ligand A protein or other molecule that binds to a receptor on a cell.

ligase An enzyme that closes the gaps between Okazaki fragments a�er DNA replica-
tion on the lagging strand.

light microscope An instrument that bends light so as to visualize microscopic structures on the 
cellular level.

light-dependent reaction �e �rst half of photosynthesis, where light energy excites electrons that go 
through an electron transport chain, generating ATP through chemiosmosis.

light independent phase See Calvin cycle.

line diagram A type of chemical structure notation where carbon atoms are omitted and as-
sumed to be at points where lines intersect. Lines represent chemical bonds.

lipid A type of biomolecule made of various monomers that cannot dissolve in water. 
�ese biomolecules are involved in metabolism, signaling, and compose the cell 
membrane.

lipid bilayer �e structure of the cell membrane, in which two layers of phospholipids congre-
gate, with hydrophobic tails pointed inward and hydrophilic phosphate groups 
pointed outward.

locus �e location on a chromosome where a gene lies.

loop of Henle �e region of a kidney nephron connecting the proximal convoluted tubule with 
the distal convoluted tubule, descending into the renal medulla.

lophophore A ciliated tentacle structure used for feeding.

lophotrochozoan A group of bilaterians that have lophophore or trochophore larvae.

lymphocyte An  immune cell found in the blood or lymph; also called white blood cell. 

lysosome A membrane-bound organelle that maintains hydrolytic enzymes in an acidic 
environment, for the purpose of breaking down and recycling materials.

M
macroevolution �e process by which genetic changes are generated at levels higher than that of 

the species level.

macromolecule A large, carbon-based molecule composed of repeating smaller units. Also called 
biomolecule.

macroscopic (adj.) Visible to the human eye without the aid of a microscope.

mantle A layer of tissue that covers the body of a mollusc, secreting the shell.

mantle cavity �e space underneath the mollusc mantle, where water circulates.

mass �e measure of an object’s inertia, or resistance to a change in motion.

mass number �e number of protons plus the number of neutrons present in the nucleus of a 
typical atom, equal to the atomic mass rounded to the nearest whole number.

matrix See inner mitochondrial matrix.
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matter Anything that has mass and takes up space.

mechanical digestion �e process by which food is broken down using teeth or other physical means. 

mechanical isolation A type of reproductive isolation (pre-zygotic barrier) that occurs when the repro-
ductive structures of animals are not compatible with one another.

medium Material that must be present in order for mechanical waves to propagate. 

medusa A cnidarian body plan resembling an umbrella.

meiosis �e type cell division resulting in a reduced number of chromosomes.

melatonin A hormone that is released in the absence of light, stimulating sleep.

membrane A quasi-�uid substance that surrounds cells or organelles, allowing the passage of 
some molecules but not others.

meniscus �e upward-curved portion of water in a graduated cylinder or other container, 
formed by adhesion between the water molecules and those of the container. A 
volume reading on a graduated cylinder must be taken at the bottom of the me-
niscus.

meristemic tissue �e plant tissue located at the tips of the stem or root where cell division occurs.

mesoderm �e middle germ layer in a gastrula that develops into muscle, bone, and blood.

mesohyl �e non-living gelatinous layer between the ectoderm and endoderm of sponges 
and cnidarians.

mesophyll �e inner tissue of a leaf that contains many chloroplasts.

messenger RNA (mRNA) �e type of RNA that serves to bring a copy of the DNA sequence to the ribosome 
for translation into protein.

metabolism �e sum total of all the chemical reactions in a cell or organism.

metallic bonds A type of chemical bond that occurs in elemental solid metals characterized by 
electrons occupying orbitals of more than one atom simultaneously.

metaphase �e third phase of mitosis where the chromosomes line up along the mid-line of 
the cell, guided by the microtubules.

metastatic cancer A disease characterized by uncontrolled cellular proliferation that has invaded 
more than one organ in the body. 

metazoan �e clade that includes all animals.

methanogens A group of Archaea that produce methane gas as a byproduct of their metabo-
lism.

microevolution �e process by which allele frequencies change in a population over time. 

micro�lament A component of the cytoskeleton that is composed of actin and is involved in 
muscle contraction and other movement. 

microorganism An organism that is too small to be seen without the aid of a microscope.

micron A unit of measure for length, equivalent to 10–6 meters, with the abbreviation μm 
(micrometer) or simply μ. A convenient measurement for cells, as the width of a 
typical bacterial cell is 1 micron.

microscopic (adj.) Too small to be seen without the aid of a microscope.

microscope An instrument used to visualize entities that are too small to be seen.

microtubule Part of the cytoskeleton that is composed of tubulin protein and is involved in cell 
structure and in the movement of �agella and cilia.

microvilli �e microscopic extensions of the cellular membrane of cells lining the small 
intestine that increase surface area for food absorption.

Milankovitch theory �e theory that explains how earth’s climate has changed repeatedly over its his-
tory due to �uctuations in earth’s orbit, axis tilt, and axis direction.

minerals Dietary inorganic nutrients that serve to enhance the activity of speci�c enzymes.

missense mutation A change in DNA sequence that results in a di�erent amino acid sequence.
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mitochondrion �e organelle where ATP synthesis occurs.

mitosis �e part of the cell cycle during which the cell divides, making two faithful copies 
of itself.

modern synthesis �e evolutionary theory that combined Darwin’s theory (of descent with modi�-
cation) and the theory of genetic inheritance through chromosomes.

mole A measure of a number of particles, de�ned as being equal to approximately 
6.02 × 1023 particles.

molecular homology Characteristic displayed when two or more species have similar DNA sequences. 
See homology.

molecule A combination of atoms that are chemically bonded to create an entity with 
unique properties.

Monera �e name of a former Kingdom used to describe the prokaryotes, that is now 
described by the two domains of Bacteria and Archaea.

monocot A type of �owering plant with one cotyledon in the seed.

monohybrid cross A genetic cross in which the inheritance pattern of a single trait is examined.

monomer A small molecule that can be bonded to many other similar or identical mono-
mers, forming a macromolecule.

monosaccharide A single sugar molecule. See also: simple sugar.

morphological species concept A de�nition of species for asexually reproducing microorganisms that groups in-
dividuals of similar shape and other properties as members of the same species.

motor neuron A special type of neuron that stimulates muscles, glands, or other e�ector organs.

multicellular organism A type of organism made up of multiple cells.

multiple alleles A genetic trait that has three or more variants.

mutagenic (adj.) Able to cause DNA damage that may result in mutations.

mutation A permanent change in the DNA sequence of an organism.

mutualism A symbiotic relationships in which both organisms bene�t.

mycelium A network of hyphae making up the fungal body.

mycorrhizae A type of fungi that has a mutualistic relationship with plant roots.

mycoses A group of fungal diseases that a�ect animals.

myelin sheath A lipid-rich layer that covers the axon of many nerves, increasing the speed of the 
nerve impulse.

myo�brils �e long, contractile units that make up muscle cells.

myosin �e protein �lament involved in muscle contraction.

N
NADH An organic molecule, obtained in the diet as vitamin B3, that serves as an electron 

carrier in cellular respiration.

natural selection �e process by which organisms with the most favorable traits for a particular 
environment survive and reproduce in the greatest numbers, causing those traits 
to increase in future generations of that population.

nephron �e functional unit of the kidney, composed of a sequence of tubules.

neuron A brain or nerve cell.

neurotransmitters �e chemical messengers carrying signals from one axon to another axon across 
the synapse.

neutral (adj.) Physics: Having equal numbers of protons and electrons such that electrical 
charge is canceled out. Chemistry: Having a pH of 7 such that a solution is neither 
acidic nor basic.
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neutrons �e neutral subatomic particle that is found in the nucleus of an atom. �e num-
ber of neutrons in an element can vary, producing isotopes.

nitrogen �xation �e process by which nitrogen gas is converted into ammonia.

nitrogenous (adj.) Containing nitrogen, such as the DNA bases.

node �e point on a plant’s stem where branches are attached.

node of Ranvier Regions of the axon that are not insulated by myelin sheaths.

non-coding DNA Regions of DNA that do not contain genes, but may contain regulatory sequenc-
es, introns, or other DNA.

nondisjunction �e failure of the homologous chromosomes or the sister chromatids to separate 
properly during cell division.

nonpolar covalent bond See covalent bond. 

nonpolar molecule A group of covalently bonded atoms in which the electron density is evenly dis-
tributed throughout.

nonsense mutation A change in DNA sequence that results in a STOP codon within a coding se-
quence of DNA.

normal �ora �e communities of microorganisms that normally live in and on a healthy per-
son.

nuclear decay �e process by which the nucleus of an atom changes its number of protons, 
emitting radiation and transforming into a di�erent element.

nuclear pores �e protein-lined passageways in the double membrane of the nuclear envelope 
that allows passage of molecules.

nucleic acid A type of biomolecule that o�en resides in the nucleus of a cell, including both 
DNA and RNA.

nuclein A phosphorus-rich substance discovered in cells by Fredrich Miescher (now 
known to be DNA).

nucleolus A densely staining region of the nucleus, important in the synthesis of ribosomes.

nucleosome core particle A group of eight histone proteins and the DNA that wraps around it.

nucleotide �e monomeric component of DNA and RNA, consisting of a base, sugar, and 
one or more phosphate groups.

nucleus Physics: �e center of an atom, consisting of densely packed protons and neu-
trons. Biology: �e central organelle of the cell, bound by a perforated double 
membrane, and containing DNA, the nucleolus, and ribosomes.

O
obligatory symbiont �e organism within a symbiotic relationship that is dependent on its interaction 

with the other organism.

octet rule �e principle that atoms are especially energetically stable when their outermost 
shell has eight electrons.

oil Unsaturated fats that are liquids at room temperature.

Okazaki fragment �e newly formed DNA fragments, complementary to the lagging strand, that are 
formed discontinuously during DNA replication.

omne vivum ex vivo Latin phrase meaning “all life comes from other life.”

omnis cellua e cellua Latin phrase meaning “all cells come from other cells.”

ontogeny �e process of embryonic development.

oocyte An egg cell.

oogenesis �e production of an egg cell as a result of meiosis.

Oparin-Haldane hypothesis An origin-of-life theory proposing that a lightning strike within the right mix of 
chemicals could have formed the �rst self-replicating molecule.
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orbital A region of space within an atom where an electron is most likely to be found. 
Can hold up to two electrons and has size and shape dependent on the energy of 
the electron in contains.

organ A functional unit in an organism that carries out a particular role, made of cells 
that coordinate their functions.

organelle A small part of the cell that carries out a speci�c function.

organism An individual living thing, composed of one or many cells.

osculum �e large opening in a sponge where water exits.

osmosis �e passive transport of water through a membrane in instances where that 
membrane is impermeable to the solute, resulting in equal concentration but un-
equal volume on either side of the membrane.

osmotic pressure �e measure of the force per area that water exerts on a cell due to unequal solute 
concentrations on either side of the cell membrane.

osteoblast Bone cells that lay down new bone tissue.

osteoclast Bone cells that break down bone tissue.

osteon A type of cell that comprises the basic structural unit of bone tissue.

ostia Small pores in the body wall of a sponge where water enters.

ovary �e female gonad, containing ova (egg cells). 

oviduct �e tube that carries the egg from the ovary to the uterus.

ovulate cone �e larger cone with wood-like scales produced by conifers that produces the 
ovule; the female cone.

ovum �e female gamete; egg cell.

oxidative phosphorylatioin �e process by which NADH and FADH2 molecules are oxidized in an electron 
transport chain whose energy drives the phosphorylation of ADP into ATP.

oxidative stress A chemical condition in cells that can cause DNA to be damaged.

oxidize When an atom loses one or more electrons.

P
palisade mesophyll �e upper layer of mesophyll plant cells within the leaf, where cells are arranged 

neatly in columns. See also: mesophyll.

parasite A organism that lives in or on another organism, causing harm to that organism 
for its own bene�t.

parasitism A symbiotic relationship in which one organism bene�ts at the cost of the other 
organism.

parathyroid hormone A hormone produced by the parathyroid gland in response to low blood calcium 
levels, stimulating bone to break down.

parental generation �e two parents used in a genetic cross.

passive transport �e transport of molecules across a membrane where additional energy input is 
not required.

pathogen A disease-causing organism.

pedigree A graphical chart depicting the relationships between parents and children and 
their phenotypes for a particular trait.

pepsin A digestive enzyme secreted by the stomach that breaks down proteins.

peptidoglycan A biomolecule containing protein and carbohydrate that forms the cell wall of 
bacteria.

perimysium A layer of connective tissue that surrounds a bundle or fascicle of muscle �bers.

periodic table A table that systematically categorizes all 118 elements (types of atoms) that make 
up all known ordinary matter in the universe.
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peristalsis �e involuntary, wave-like contractions of smooth muscles lining the esophagus 
and intestines.

petals Brightly colored modi�ed leaves found on a �ower.

petiole �e stem that attaches a leaf to the rest of the plant.

pH A scale measuring how acidic or basic a substance is. �e scale runs from 0 to 14, 
7 being neutral. �e farther below 7 the pH is, the more acidic the substance. �e 
farther above 7 the pH is, the more basic the substance.

phage A virus that infects bacteria.

phagocytosis A type of endocytosis wherein a large particle or cell is engulfed and digested.

pharynx �e throat.

phenotype �e physical appearance or expression of a genetic trait.

phenotypic ratio �e proportion of each phenotype represented in a set of progeny.

phloem �e plant vascular tissue that carries organic nutrients throughout the plant.

phosphate group A chemical group—consisting of phosphorus, four oxygens, and hydrogen—that 
is a component of ATP and o�en transferred as ATP’s energy is released. When 
hydrolyzed and released from an organic molecule, it is called inorganic phos-
phate, denoted by the symbol Pi.

phospholipids A type of lipid containing a negatively charged phosphate group on one end, and 
two nonpolar hydrocarbon chains on the other. �e principal component of the 
plasma membrane.

phosphodiester bond �e type of covalent bond formed when nucleotides join a growing DNA or RNA 
strand.

photon An individual, massless particle of light.

photosynthesis �e process by which some organisms synthesize sugar molecules, driven by the 
power of the sun.

phototropism �e ability of plants to grow towards light. 

phylogenetic tree See cladogram.

phylogeny �e evolutionary history of an organism or group of organisms.

pilus �e structure through which bacteria transmit DNA during conjugation.

pinocytosis A type of endocytosis wherein extracellular �uid is brought into the cell.

pistil A structure of a �ower consisting of many carpels fused together.

plasma membrane �e structure, composed of two layers of phospholipids, that surrounds cells and 
eukaryotic organelles. See also: lipid bilayer.

plasmogamy �e fusing of cytoplasm of two fungal cells, forming a dikaryotic cell.

platyhelminthe �e group of organisms that includes �atworms.

pleiotropy �e inheritance pattern in which one gene results in multiple phenotypes.

pluripotent �e type of cells that can di�erentiate into most, but not any, type of other cells.

point mutation A single-letter change to the DNA sequence.

polar body A small haploid cell formed during the normal process of oogenesis as a result of 
unequal division of the cytoplasm.

polar covalent bond A type of chemical bond in which an electron pair is shared unequally between 
two atoms of di�ering electronegativities.

polarity A property of molecules in which partial positive and partial negative charges 
are formed. �is property stems from polar covalent bonding, in which electron 
pairs are unequally shared.

pollen A grain produced by a plant, containing sperm that is used in the fertilization of 
an ovum.
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pollen cone In conifers, a small cone containing pollens; the male cone.

pollination �e transfer of pollen from one plant to another.

poly-A-tail A sequence of 20–30 adenines that are added to the 3’ end of an mRNA a�er 
transcription.

polygenic trait A phenotype controlled by multiple genes..

polymer A group of monomers bonded together in a repeating pattern.

polyp A cnidarian body plan that has the tentacles pointing upwards.

polypeptide A group of amino acids bonded together in a chain.

polyploidy �e state of an organism that has more than two sets of homologous chromo-
somes. 

polysaccharide A molecule consisting of multiple monosaccharides.

population A single species living in a particular geographical region at the same time.

population bottleneck A type of genetic dri� where a large part of a population suddenly dies, leaving 
altered allele frequencies in the surviving population.

population genetics �e study of the movement of genes into and out of a population.

post-translational modi�cations Changes that are made to newly synthesized proteins, o�en by the addition of one 
or more chemical groups such as phosphates, sugars, or lipids.

post-zygotic barrier A cause of reproductive isolation that occurs a�er formation of a new zygote.

pre-zygotic barriers A cause of reproductive isolation that occurs before the formation of a new zy-
gote.

precipitation Any form of water that falls from the sky, whether liquid or frozen.

predation A relationship between organisms in which one organism eats or consumes the 
other.

predator An organism that ordinarily eats other organisms.

prey An organism that serves as a food source for another organism.

primary active transport Mode of active transport carried out by protein pumps powered by ATP.

primary consumer An animal that eats plants.

primary immune response �e initial response of the immune system to a pathogen.

primary producer A group of organisms that carries out photosynthesis serves as a food source for 
other organisms.

primary structure A type of protein structure that speci�es only the polypeptide sequence of amino 
acids present.

primary succession A set of gradual changes that transforms an ecosystem from barren environment 
to one teeming with life.

primary transcript �e immediate mRNA product of transcription, prior to end-capping and splic-
ing.

principle of fossil succession �e principle stating that fossils found in lower strata are generally older than 
those found in higher strata.

producer An organism that is able to store energy within molecules using energy from the 
sun through the process of photosynthesis.

product A compound that is the result of a chemical reaction (shown on the right side of 
the arrow in chemical equations).

product rule Mathematical principle that the probability of two events occurring together is 
the product of their individual probabilities.

progesterone �e female hormone responsible for the release of the egg from the ovary; helps 
to maintain the lining of the uterus.
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proglottids �e repeating segments of a tapeworm that each contain full reproductive struc-
tures.

prokaryote A single-celled organism made of a very simple cell (not containing organelles or 
a nucleus). Living things in domains Archaea and Bacteria are prokaryotes. Also 
called prokaryotic cell.

prokaryotic cell See prokaryote.

prometaphase �e second phase of mitosis where microtubules align with the poles of the cell 
(along with the centrioles). �e microtubules then attach to the centromeres of 
the chromosomes.

promoter A sequence of DNA upstream of a gene that tells the RNA polymerase to begin 
transcription.

prophase �e �rst phase of mitosis when the chromosomes condense, the nuclear mem-
brane breaks down, and the microtubules appear.

prostate gland A gland in male reproductive system found surrounding the urethra between the 
bladder and the penis, that secretes the alkaline �uid that makes up the semen.

protease An enzyme that can destroy proteins.

protein complex A group of proteins and associated cofactors that work together to accomplish a 
goal.

proteins A type of biomolecule made of repeating units called amino acids (of which there 
are 20). Proteins carry out many cellular functions. �e sequence of amino acids 
forming the protein is determined by the information encoded in DNA.

prothallus �e gametophyte generation of a fern.

protist A type of organism that is composed of a single eukaryotic cell.

protonephridia �e tubular structure found in �atworms responsible for removing nitrogenous 
waste; a primitive kidney.

proton �e positively charged subatomic particle found in the nucleus of an atom. �e 
number of protons in an atom determines its identity.

protostome �e group of animals de�ned by the blastopore developing into a mouth.

protozoans �e group of eukaryotic, mostly unicellular, organisms that are not plants, ani-
mals, or fungi.

proximal convoluted tubule �e portion of a nephron carrying �ltrate from the glomerular capsule to the loop 
of Henle, found in the renal cortex.

pseudocoelomate An animal with a body cavity lined only on one side with mesoderm.

pseudopodia An extension of cytoplasm used by cells to move and eat.

pulmonary artery �e major blood vessel carrying blood from the heart to the lungs.

pulmonary vein �e major blood vessel carrying blood from the lungs to the heart.

punctuated equilibrium �e pattern of evolution where the fossil record shows long periods of little 
change coupled with several short periods containing rapid change.

Punnett square A graphical tool used to depict the possible progeny resulting from a genetic 
cross.

purine A type of DNA base with two fused carbon rings. Adenine and guanine are two 
usual purines.

Purkinje �bers �e network of nerves extending around the ventricles of the heart to stimulate 
ventricle contraction.

pyloric sphincter �e circular muscle found at the junction between the stomach and the small 
intestine, that controls the release of chyme from the stomach into the small in-
testine.

pyrimidine A type of DNA base with one carbon ring. �ymine, uracil, and cytosine are the 
usual pyrimidines.
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pyruvate �e ionized form of pyruvic acid, the end product of glycolysis.

pyruvic acid �e end product of glycolysis, a three-carbon compound.

Q
quantum model of the atom �e currently accepted atomic model, featuring wave-like electrons existing in 

orbitals that represent the probability of �nding an electron in a particular region 
of space.  

quaternary structure A type of protein structure, consisting of multiple protein subunits that associate 
with one another to carry out its function.

R
radial symmetry A type of body plan in which there are multiple imaginary lines passing through 

the center of the animal that divide the animal into two mirror images.

radiation High-energy electromagnetic radiation that may be used as a treatment for can-
cer. 

radicle �e embryonic root tip found within a plant seed that forms at the base of the 
hypocotyl.

radioactive isotope An element that naturally decays into another element, releasing high-energy 
electromagnetic radiation in the process.

radiocarbon dating A method for measuring the amount of time that has elapsed since an organism 
died that uses decay of the radioactive carbon-14 isotope.

radula A scraping or rasping tongue structure found in molluscs.

random mutation �e idea that genetic change leading to evolution proceeds from a number of 
changes to DNA that accumulate over time.

reactant An element or compound that participates in a chemical reaction (shown on the 
le� side of the arrow in a chemical equation).

reading frame A set of groupings of three-letter codons that results in particular amino acids 
being translated.

recapitulation theory �e idea Ernst Haeckel proposed stating  that evolution proceeds by adding addi-
tional steps to the end of an organism’s developmental process.

receptor A protein found on the outer surface of the cell that receives signals.

receptor-mediated endocytosis A type of endocytosis in which a speci�c molecule recognizes a protein target on 
the cell membrane, causing both to be brought into the cell in a vesicle.

recessive A type of gene that leads to a phenotype that is masked in a heterozygous individ-
ual.

recombination See crossing over.

red bone marrow �e semi-solid tissue found in the open spaces of spongy bone, where blood cell 
production occurs.

redox A type of chemical reaction in which electrons are transferred from one reactant 
to the other.

reduce When an atom gains one or more electrons.

redundancy �e fact that more than one codon can specify the same amino acid.

refractory period �e phase of the nerve impulse in which sodium ions and potassium ions are 
restored to their proper side of the nerve cell membrane, during which time no 
nerve impulse can be generated.

regulation �e process that controls which genes are expressed and which are not.

renal cortex �e outer region of the kidney.

renal medulla �e middle region of the kidney.
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renal pelvis �e innermost region of the kidney, which receives �ltrate from the collecting 
ducts and empties it into the ureters.

replication �e process of a cell duplicating its DNA to produce a duplicate set of chromo-
somes. Each original chromosome and the one resulting from duplication are 
called sister chromatids and are joined at the centromere.

replication fork �e area of the DNA double helix that has just been separated into single strands 
during DNA replication.

repolarization �e return of a nerve membrane potential to its resting state, resulting from the 
movement of potassium ions into the nerve cell.

reproductive isolation �e state of populations who no longer interbreed with one another.

resting potential �e relative membrane potential of a nerve cell that is not conducting a nerve 
impulse.

retrovirus A virus that has RNA instead of DNA.

reverse transcriptase �e enzyme that reverse transcribes RNA into DNA, particularly in retroviruses.

reverse transcription �e process of transcribing RNA into DNA, particularly in retroviruses.

rhizoids �e root-like structures of nonvascular plants that anchor the plant to the ground.

ribonucleic acid A type of nucleic acid comprised of ribose as its sugar, and with uracil as one of its 
bases in place of thymine. RNA is usually single-stranded, and serves to transmit 
the DNA’s information to the ribosome, where it can be synthesized into a pro-
tein. Other types of RNA function in protein synthesis. See also: RNA.

ribose A �ve-carbon sugar that is part of the backbone of RNA.

ribosomal RNA (rRNA) RNA that comprises the ribosome.

ribosome A structure made of RNA and protein that synthesizes proteins based on speci�c 
instructions given by the DNA.

rigor mortis �e sti�ening of muscle cells that occurs a few hours a�er death, resulting from a 
lack of ATP in the muscle cells.

ring A carbon-containing structure that connects to itself in a closed loop. DNA bases 
are composed of one or two rings.

riparian zone A speci�c type of habitat that is directly adjacent to a stream or river.

RNA Ribonucleic acid. A type of biomolecule made of repeating units that carries in-
formation from DNA to ribosomes and also carries out other functions within 
the cell.

RNA polymerase �e enzyme that uses a DNA template to synthesize a complementary RNA 
strand.

RNAse An enzyme that can destroy RNA.

root A plant organ that anchors the plant to the ground and draws up water and nutri-
ents.

root hairs Structures that are cellular extensions o� of plant roots, increasing the surface 
area of the root and increasing absorption of water and nutrients.

root system �e organ system of a plant found under the ground.

rough ER A type of endoplasmic reticulum with numerous ribosomes embedded in the 
membrane for the purpose of protein synthesis.

S
saltatory conduction �e type of movement of a nerve impulse on a myelinated axon as it jumps from 

node to node.

sarcolemma �e plasma membrane of a muscle cell.

sarcomere �e repeating unit of a muscle cell.

sarcoplasmic reticulum �e endoplasmic reticulum of a muscle cell.
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saturated fat A type of lipid, composed of hydrocarbon chains containing single bonds, result-
ing in higher melting points and solid con�guration at room temperature.

scanning electron microscope An instrument that uses beams of electrons to visualizes entities on the cell and 
organelle level. In this technique, a sample is coated with metal, and a stunning 
three-dimensional image is obtained.

Schwann cell A type of nerve cell that has a myelin sheath surrounding the axon, found in the 
peripheral nervous system.

scolex �e head-like structure of a tapeworm containing hooks or suckers.

second �lial generation �e set of o�spring resulting from the cross of two F1 individuals; F2.

second law of thermodynamics �e principle stating that in any process the entropy of the universe always in-
creases.

secondary active transport A mode of active transport carried out by an electrochemical gradient being cou-
pled with a concentration gradient.

secondary immune response �e response of the immune system upon encountering a pathogen a second 
time, resulting in a stronger, faster response.

secondary structure A type of protein structure that speci�es regions of alpha helices or beta sheets.

secondary succession A series of gradual changes in an ecosystem occurring to an environment that has 
been disrupted.

second gap phase (G2) �e portion of the cell cycle where normal cellular functions take place, just prior 
to mitosis.

seed coat �e thin, outer covering of the seed.

selective breeding See arti�cial selection.

semen �e sperm-containing �uid secreted from the penis during copulation.

semi-conservative replication �e process by which DNA is copied, resulting in two double stranded helices, 
each containing a parental strand and a newly synthesized strand.

semilunar valve �e pair of valves in the heart controlling the movement of blood from the ven-
tricles into the main arteries exiting the heart.

seminal vesicle �e gland of male reproductive system that is found above the prostate and that 
secretes a sugar-containing �uid into the semen.

semipermeable membrane A barrier, usually surrounding cells or organelles, that only allows the passage of 
certain molecules and not others.

sensory neurons A specialized type of neuron that receives stimuli from the environment.

sepal A leaf-like structure that encloses the �ower bud.

septa �e chitinous divisions between fungal cells.

sessile (adj.) Non-moving, remaining in one place.

sex chromosomes �e pair of chromosomes that determines the sex of an organism.

sex-linked A genetic trait resulting from a gene found on one of the sex chromosomes, usu-
ally the X chromosome.

sexual reproduction A type of reproduction in which two haploid cells join together to form a diploid 
zygote which is genetically di�erent from the two parents.

sexual selection A type of natural selection where traits are favored that increase the chance of the 
o�spring successfully mating.

shoot system �e organ system of the plant above the ground, including the stem and leaves.

side chain �e part of an amino acid that di�ers by type. �e side chain may have various 
chemical properties, such as acidity/basicity, polar/nonpolar, or small/bulky.

silent mutation  A change in DNA that has no e�ect on the resulting protein sequence due to 
redundancy in the genetic code.
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simple di�usion A type of passive transport in which small molecules directly traverse the plasma 
membrane.

simple sugar A single sugar molecule. See also: monosaccharide.

single bond A type of covalent bond where one pair of electrons is shared between two atoms. 

single stranded binding proteins A type of protein that stabilizes the single stranded portions of DNA during rep-
lication.

sinoatrial node A region within the right atrium of the heart that propagates a nerve impulse and 
sends it to the AV node.

sister taxa Two taxa that share a recent common ancestor.

smooth ER A type of endoplasmic reticulum without ribosomes wherein lipid biosynthesis 
takes place (including synthesis of the plasma membrane).

solubility A property that describes how readily one substance dissolves another.

solute A solid, liquid, or gas that is to be dissolved into a �uid.

solution A homogeneous mixture that is formed when one substance (the solvent) dis-
solves another substance (the solute).

solvent A �uid into which a solute is dissolved.

soma �e non-reproductive cells of the body.

somatic cell A non-sex cell.

sori A small, round structure on the underside of fern fronds that contains the spores.

speciation �e process by which new species emerge by allele frequency changes from an 
original species, to the extent that the new species become reproductively isolated 
from one another.

species A group of individuals who are able to interbreed with one another and produce 
viable, fertile o�spring in a natural setting.

speci�c heat capacity �e amount of heat required to heat 1 gram of a substance by 1 degree Celsius.

spermatogenesis �e production of sperm as a result of meiosis.

spicule �e skeletal components found in the wall of a sponge.

splicing �e process by which intron (non-coding) sequences are cut out of an mRNA, 
leaving behind the exons (coding sequences).

spongy bone �e bony tissue containing many holes and openings that are �lled with vascular 
tissue.

spongy mesophyll �e lower layer of mesophyll plant cells in the leaf, organized in a open fashion 
like a sponge. See also: mesophyll.

spontaneous generation �e outdated theory that living things, including multicellular organisms, could 
suddenly arise from non-living materials.

sporangia �e sporophyte structure where the spores are produced.

sporophyte �e multicellular diploid plant generation that produces the spores by meiosis.

spring overturn �e process by which nutrients in a lake are cycled from bottom to top as the ice 
melts in the spring.

stabilizing selection A type of natural selection where allele frequencies in a population tend towards 
the intermediate phenotype (rather than towards extremes).

stamen �e male reproductive structure of �owers, composed of the �lament and the 
anther.

staminate cone See pollen cone.

starch A type of carbohydrate found in rice, potatoes, and other foods.

start codon �e codon that speci�es methionine, AUG, which signals the beginning of trans-
lation.
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stationary phase �e phase of a population curve in which birth rates and death rates are relatively 
stable and the population is remaining constant, usually around the carrying ca-
pacity.

steady state model �e idea that the earth and universe have always existed in their current form.

steroid A type of lipid made of characteristic fused carbon rings. Important steroids in-
clude cholesterol and the sex hormones.

stigma A part of the carpel of a �ower; the sticky tip of the style that receives the pollen.

stimulus Any event that evokes a reaction from an organism.

stoma See stomata.

stomata �e openings on the underside of leaves that open or close, depending on the 
water pressure inside the cells of the leaf. When open, the leaf transpires the water 
and allows intake of CO2. (singular: stoma)

striated muscle Muscle tissue that has a striped appearance due to the presence of sarcomeres.

stroma �e interior �uid of a chloroplast, containing DNA, ribosomes, and enzymes.

strong acid An acid that completely dissociates into H+ and a negative ion in solution.

strong force One of the four fundamental forces; holds protons together in the nuclei of atoms.

style �e part of the carpel that extends up from the ovary of a �ower.

subatomic particles �e components of the atom, including protons, neutrons, and electrons.

substrate A reactant molecule that sits in the active site of an enzyme.

subunit A single covalently-bonded protein molecule, folded into its tertiary structure, 
that associates with other protein molecules to perform its �nal function. 

succession �e process by which an ecosystem gradually changes over time.

sum rule �e mathematical principle stating that the probability of either one or another 
event occurring is the sum of their individual probabilities.

surface tension �e tendency of molecules at the surface of a sample of liquid to stick together 
(due to intermolecular interactions).

survival of the �ttest See natural selection.

survivorship curve A graphical representation of the rates in which organisms in a particular popu-
lation die over time.

symbiont An organism within a symbiotic relationship.

symbiosis A relationship of two organisms living together in close proximity, whether mu-
tualistic, commensalistic, or parasitic.

sympatric speciation A pattern of speciation where populations are not geographically separated, but 
some other barrier keeps them from interbreeding.

synapse �e space between two adjacent nerve cells.

synthesis phase �e portion of the cell cycle where DNA replication takes place.

systolic pressure �e measure of the blood pressure in the arteries when the heart is contracting.

T
tap root �e main root that extends straight down to anchor the plant.

taxon A group of organisms such as a species, class, or phylum. (plural: taxa)

taxonomy �e science of naming and classifying organisms based on physical characteris-
tics.

telomerase �e enzyme that lengthens the telomeres back to their original length, only ex-
pressed in germ cells, stem cells, and cancer cells.

telomere �e end regions of the chromosome that shorten with each round of DNA repli-
cation.
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telophase �e �nal phase of mitosis, where the nuclear membranes begin to re-form around 
the chromosomes in preparation for cytokinesis.

template strand �e DNA strand that RNA polymerase uses as a template for transcription. See
also: antisense strand.

temporal isolation A type of reproductive isolation (pre-zygotic barrier) that occurs when organisms 
mate at di�erent times.

terminal bud �e bud that forms at the tip of the plant.

termination sequence A sequence of DNA at the end of the gene that signals the RNA polymerase to 
stop transcribing.

tertiary structure A type of protein structure that includes the complete three-dimensional rela-
tionships of a polypeptide.

testes Male gonads that produce sperm and testosterone.

testosterone �e male sex hormone, responsible for sperm production and male characteris-
tics.

tetranucleotide hypothesis A now-discredited theory claiming that all DNA is an endless repeat of the se-
quence GACT.

theory �e best model or explanation we have at present for a body of facts, providing 
the means for producing new hypotheses. 

theory of evolution Any scienti�c theory that attempts to explain all the facts we have regarding life 
and how it changes over time.

thermodynamics �e study of energy transformations in chemistry.

thermophiles A group of Archaea that preferentially live in high-heat environments.

thylakoid A small, membrane-bound sac within the chloroplast where photosynthesis oc-
curs.

thymine One of the four bases present in DNA; pairs with adenine.

tight junction A type of cell junction that prevents �uid leakage.

tissue A group of cells of the same type that work together to perform a speci�c func-
tion.

top predator An animal at the top or end of a food chain.

topoisomerase An enzyme that functions to unwind the DNA helix during DNA replication.

torsion A developmental process in many gastropods in which the body rotates 180 de-
grees.

totipotent cell A type of cell that can di�erentiate into any other type of cell.

trabeculae �e microscopic latticework found within spongy bone.

trachea �e windpipe, through which air travels to the lungs.

transcription �e process of copying genes from DNA into RNA.

transcription factors �e proteins that work with the RNA polymerase to �nd the promoter sequence 
to begin transcription of a gene.

transduction A type of horizontal gene transfer that is mediated by a virus.

transfer RNA (tRNA) A type of RNA molecule that matches a three-nucleotide anticodon with the ap-
propriate amino acid for translation.

transformation A type of horizontal gene transfer in which bacteria take in pieces of DNA from 
the environment.

transforming principle As discovered by Frederick Gri�th, a substance that converted one strain of bac-
teria into another. Now known to be DNA.

translocation A type of mutation that results when two di�erent chromosomes exchange genet-
ic material.
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transmission electron microscope An instrument that uses beams of electrons to produce images of entities on the 
cell and organelle level. A very thin sample is observed, allowing organelles to be 
resolved with great clarity.

transmutation of species �e theory that species can gradually change their traits over time.

transpiration �e process by which water moves through plants (from roots to stomata) as a 
result of evaporation and the cohesive and adhesive properties of water.

transpirational pull �e force responsible for transpiration, depending upon the cohesion and adhe-
sion of water to overcome the downward pull of gravity.

tricarboxylic acid cycle See Krebs cycle.

triglycerides A type of lipid that is the principle molecule of energy storage in fat cells.

triphosphate A series of three phosphate groups covalently bonded to one another, and o�en to 
another organic molecule as well. An important component of energy production 
(ATP), replication (nucleotide triphosphates are added to newly growing strand), 
and transcription.

triple bond A type of covalent bond where three pairs of electrons are shared between two 
atoms.

triplet A group of three. Speci�cally, codons are triplets of nucleotides.

triploblastic A type of animal that has three germ layers during development.

trochophore A larval stage characterized by a band of cilia around the middle and a tu� of 
cilia.

trophic level A hierarchical level within a food chain denoting who eats whom.

tropism �e growth of an organism toward a stimulus.

tropomyosin A thin two-stranded protein �lament that wraps around actin within the muscle.

troponin A globular protein attached to tropomyosin, that moves tropomyosin when 
bound to calcium ions.

true breeding A homozygous organism that can only give one possible allele.

truth �e way things really are; the whole of reality.

tumor A mass of uncontrolled cell division that is localized to one tissue in the body.

U
unicellular (adj.) Consisting of a single cell.

uni�ed atomic mass unit (u) Equal to exactly 1/12 the mass of a neutral atom of carbon-12.

uniformitarianism �e idea that geologic changes happen very slowly over long periods of time and 
that the same forces at work in the present explain those of the past.

universal solvent �e nickname given to water, indicating that it dissolves a wide variety of polar 
and ionic compounds.

unsaturated A type of fat containing hydrocarbon chains with one or more double bonds, 
resulting in lower melting points and liquid phase at room temperature.

unstriated muscle Smooth muscle that lacks a striped appearance.

upstream A direction with respect to a gene on DNA—in the 5’ direction with respect to a 
gene.

uracil A pyrimidine base similar to thymine that is used in RNA.

ureters �e tubules connecting the kidneys to the bladder.

urethra �e tube connecting the bladder to the outside of the body.

urinalysis A series of tests performed on a sample of urine.

use and disuse �e idea that structures that are used more o�en tend to increase in size and those 
that are not used tend to shrink, and that these modi�ed traits can be passed to 
the next generation.
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uterus A muscular organ within the female that houses a developing baby.

V
vacuole An organelle that serves as a storage container. In plant cells, the central vacuole 

takes up most of the volume of the cell and regulates internal pressure.

vagina �e female organ that receives the penis during copulation.

valence electrons �e outermost electrons of an atom, available for bonding with other atoms or 
ionization.

Van der Waals force A weaker type of intermolecular interaction, stemming from a momentary po-
larized charge distribution on a normally nonpolar or slightly polar molecule. 
�is momentary partial charge can induce another partial charge in its neighbor, 
resulting in an electrostatic attraction.

vas deferens �e tubules that connect the testes to the urethra.

veins �e vascular tissue involved in transport, found in both plants and animals. Plant 
veins are composed of xylem and phloem. Animal veins are blood vessels that 
carry blood away from the body, back towards the heart.

vena cava �e major blood vessel returning blood to the heart.

ventricle �e two contractile chambers of the heart.

vesicle A membrane-bound organelle that transports molecules from one part of the 
cell to another, and is capable of fusing with other membranes in the process of 
exocytosis or Golgi processing.

viable  (adj.) Able to survive, live.

villi �e �nger-like extensions of intestinal cells that extend into the space of the small 
intestine, increasing the surface area available for nutrient uptake.

virion A single particle of a virus.

virus An infectious substance consisting of genetic material enclosed in a protein coat 
that requires a host cell to reproduce.

visceral mass �e bulk of the tissue in a mollusc containing the digestive and reproductive sys-
tems.

visible spectrum �e portion of the electromagnetic spectrum that is visible to humans, ranging 
from wavelengths of 700 nm to 400 nm. In order, the colors are red, orange, yel-
low, green, blue and purple.

vitamins Dietary organic nutrients that serve to enhance the activity of speci�c enzymes.

volume A measure of the amount of space that an object �lls.

voluntary muscle �e type of muscle that responds to conscious thought—striated muscles.

W
warm-blooded (adj.) Animals that regulate their own body temperature, such as mammals and 

birds. Also referred to as endotherms.

watershed A system of interconnected rivers and streams.

wave-particle duality A feature of the quantum model of the atom, stating that electrons have both 
particle-like and wave-like properties.

wavelength A property of waves that is inversely proportional to frequency, measuring the 
distance from peak to peak.

weak acid A chemical compound that releases H+ into solution but does not completely 
dissociate.

weak base A chemical compound that incompletely absorbs H+ from a solution and does not 
itself completely dissociate.

weather �e condition of earth’s atmosphere (temperature and precipitation) at a particu-
lar time and place.
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weight �e force with which the earth pulls on an object.

X
X-linked See sex-linked.

X-ray crystallography A technique for determining the three-dimensional structure of large molecules 
by scattering X-ray radiation through a sample and then analyzing the resulting 
image on �lm.

xylem �e plant vascular tissue that carries water from the roots up throughout the 
plant.

Z
Z line �e zigzag-shaped protein �ber that de�nes the edges of a sarcomere.

zoology �e study of animals.

zygote �e diploid cell formed from fertilization of an egg by a sperm.

zygote mortality A type of reproductive isolation (post-zygotic barrier) that occurs when the gam-
etes fertilize but the zygote doesn’t develop.
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Units, Unit Conversions, Signifi cant Digits, 
and Scientifi c Notation
A.1 Units of Measure

Units of measure are crucial in science. Science is about making measurements, and a 
measurement without its units of measure is a meaningless number. For this reason, your 
answers to computations in scienti� c calculations must always show the units of measure.

� e two major systems of units students should know about are the International System 
of Units, known as the SI system or the metric system, and the U.S. Customary System, or 
USCS. You have probably studied these systems before and should be already familiar with 
some of the SI units and pre� xes. In this course, we do not make much use of the measure-
ment system you are most familiar with—the USCS. For scienti� c work, the entire interna-
tional scienti� c community uses the SI system. But here I address the USCS brie� y before 
moving on.

A.1.1 The US Customary System
Americans are generally comfortable with measurements in feet, miles, gallons, inch-

es, and degrees Fahrenheit because they grow up using this system and are very familiar 
with it. But in fact, the USCS is rather cum-
bersome. One problem is that there are many 
di� erent units of measure for every kind of 
physical quantity. Just for measuring length 
or distance, for example, we have the inch, 
foot, yard, and mile. � e USCS is also full of 
random numbers such as 3, 12, and 5,280. 
A third problem is that there is no inherent 
connection between units for di� erent types 
of quantities. Gallons have nothing whatso-
ever to do with feet, and quarts have nothing 
to do with miles.

� e USCS may be familiar ground, and it 
may even feel patriotic to prefer it, but it is 
not the system of measurement scientists use. 
Scientists everywhere use the SI, and it is to 
that system we now turn.

A.1.2 The SI Unit System
In contrast to the USCS, the SI system 

is simple and has many advantages. � ere 
is usually only one basic unit for each kind 
of quantity, such as the meter for measuring 

Unit Symbol Quantity
joule J energy
newton N force
cubic meter m3 volume
watt W power
pascal Pa pressure

Table A.2. Some SI System derived units.

Unit Symbol Quantity
meter m length
kilogram kg mass
second s time
ampere A electric current
kelvin K temperature
candela Cd luminous intensity
mole mol amount of substance

Table A.1. Base units in the SI unit system.
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length. Instead of having many unrelated units of measure for mea-
suring quantities of di�erent sizes, pre�xes based on powers of ten are 
used on all the units to accommodate various sizes of quantities. And 
units for di�erent types of quantities relate to one another in some way. 
Unlike the gallon and the foot, which have nothing to do with each 
other, the cubic meter is 1,000,000 cubic centimeters. For all these rea-
sons, the USCS is not used much at all in scienti�c work. �e SI system 
is the international standard.

�ere are seven base units in the SI System, listed in Table A.1. All 
other SI units of measure, such as the joule (J) for measuring quanti-
ties of energy and the newton (N) for measuring amounts of force, are 
based on these seven base units. Units based on combinations of the 
seven base units are called derived units. A few common derived units 
are listed in Table A.2.

You are already familiar with the SI unit for time: the second. You 
may or may not be familiar with some of the other base units, so here 
are some facts and photos to help familiarize you with these. A meter is 
just a few inches longer than a yard (3 feet). Figure A.1 shows a wooden 
measuring rule one meter long, commonly called a meter stick, along 
with a metal yardstick for comparison.

On earth, a mass of one kilogram weighs about 2.2 pounds. �e six-
volt lantern battery shown in Figure A.2 weighs just under 2.2 pounds, 
so the mass of the battery is just about one kilogram. 

I can’t show you a picture of one ampere of electric current, but it 
may be helpful to know that a standard electrical receptacle (or “out-
let”) such as the one shown in Figure A.3 is rated to carry 15 amperes 
of current. (However, the largest continuous current that the receptacle 
is allowed to supply is 80% of its rating, or 12 amperes. �is is why vac-
uum cleaners are o�en advertised as having 12-amp motors. �at’s the 
upper limit of the current available to run them.)

Regarding temperature units, the Celsius scale is generally used 
for making scienti�c temperature measurements, but the Kelvin scale 
must be used for nearly all scienti�c calculations involving tempera-
ture. You must become familiar with both scales.

On the Celsius scale, water freezes at 0°C and boils at 100°C. Since 
Celsius temperature measurements can take on negative values, the 
Celsius scale (like the Fahrenheit scale) is not an absolute tempera-
ture scale. �e Kelvin scale is an absolute scale, with 0 K (0 kelvins) 
being equal to absolute zero, theoretically the lower limit of possible 
temperatures. Note that the term “degrees” is not used when stating or 
writing values in kelvins.

A temperature change of one kelvin is the same as a temperature 
change of one degree Celsius, and both are almost double the change 
that a change of one degree Fahrenheit is. For reference, room tem-
perature on the three scales is 72°F, 22.2°C, and 295.4 K.

�e kilogram is the only base unit in the SI system de�ned by an 
artifact (a man-made physical object). Formerly, the meter was also 
de�ned that way; one meter used to be de�ned as the length of a metal 
bar, such as the one depicted in Figure A.4. �e very bar shown in the 

Figure A.3. A standard 
receptacle in American 
homes is rated for a current 
of 15 amperes.

Figure A.2. The mass of 
this battery is about one 
kilogram.

Figure A.1. A meter stick 
(left), with a yardstick for 
comparison.
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�gure was the standard in the U.S. for one meter from 
1893 to 1960. But this method of de�nition is not at 
all convenient.

In 1960, the de�nition of one meter was changed 
to be equal to a certain number of wavelengths of a 
certain color of light emitted by a certain isotope of 
the element krypton. In 1983, the de�nition of the 
meter was changed again. Today, the meter is de�ned 
as equal to the distance light travels in a vacuum in 
exactly 1/299,792,458 seconds.

�e SI system includes not only the base and de-
rived units, but all the other units that can be formed 
by adding metric pre�xes to these units. We address 
the pre�xes in the next section. But �rst I will men-
tion a particular subset of the SI system known as the 

MKS system. MKS stands for meter-kilogram-second. �e MKS system uses only the base and 
derived units without the pre�xes (except for the kilogram, the only base unit with a pre�x). �e 
nice thing about the MKS system is that any calculation performed with MKS units produces 
a result in MKS units. For this reason, the MKS system is used almost exclusively in physics. 
However, in chemistry, it is common to use SI units that are not MKS units. Some commonly 
used non-MKS units are the gram (g), the centimeter (cm), the cubic centimeter (cm3), the liter 
(L), and the milliliter (mL). �e liter is not actually an o�cial SI unit, but it is used all the time 
in chemistry anyway.

A.1.3 Metric Prefixes
In the system of units commonly used in the U.S., di�erent units are used for di�erent sizes 

of objects. For example, for short distances we might use the inch or the foot, whereas for longer 
distances we switch to the mile. For the small volumes used in cooking, we use the �uid ounce 
(or pint, quart, teaspoon, tablespoon, etc.), but for larger volumes like the gasoline in the gas 
tank of a car, we switch to the gallon. (�at’s six di�erent volume units I just listed!)

�e SI System is much simpler. Each type of quantity—such as length or volume—has one 
main unit of measure. Instead of using several di�erent units for di�erent sizes of quantities, the 
SI System uses multipliers on the units to multiply them for large quantities, or to scale them 
down for smaller quantities. We call these multipliers the metric pre�xes. �e complete list of the 
20 metric pre�xes is in Table A.3. You do not need to memorize all these; some are rarely used. 
But you do need to memorize some of them. I recommend that all science students commit to 
memory the pre�xes listed in Table A.4.

Table A.5 shows a few representative examples of how to use the pre�xes to represent mul-
tiples (quantities larger than the SI base unit) and fractions (quantities smaller than the SI base 

Multiples
Pre�x deca– hecto– kilo– mega– giga– tera– peta– exa– zetta– yotta–
Symbol da h k M G T P E Z Y
Factor 10 102 103 106 109 1012 1015 1018 1021 1024

Fractions
Pre�x deci– centi– milli– micro– nano– pico– femto– atto– zetto– yocto–
Symbol d c m μ n p f a z y
Factor 1/10 1/102 1/103 1/106 1/109 1/1012 1/1015 1/1018 1/1021 1/1024

Table A.3. The SI System pre�xes.

Figure A.4. Standard meter bar number 27, 
owned by the U.S. and used as the standard 
meter from 1893 to 1960.
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unit). As illustrations, let’s look at a 
couple of these more closely.

�e pre�x kilo– is a multiple, 
and it means 1,000. One kilogram 
is 1,000 grams, one kilometer is 
1,000 meters, and so on. Figure A.5 
illustrates with my favorite dairy 
product—chocolate chip cookie 
dough ice cream. One gram is only 
a fraction of a taste (and contains 
only two chocolate chips and no 

Pre�x Symbol Meaning Examples of usage

Multiples

kilo– k 1,000 One kilojoule is 1,000 joules. �ere are 1,000 joules 
in one kilojoule, so 1,000 J = 1 kJ.

mega– M 1,000,000 One megawatt is 1,000,000 watts. �ere 
are 1,000,000 watts in one megawatt, so 
1,000,000 W = 1 MW.

Fractions

centi– c 1/100 One centimeter is 1/100 of a meter. �ere are 
100 centimeters in one meter, so 100 cm = 1 m.

milli– m 1/1,000 One milligram is 1/1,000 of a gram. �ere are 
1,000 milligrams in one gram, so 1,000 mg = 1 g.

micro– μ 1/1,000,000 One microliter is 1/1,000,000 of a liter. �ere 
are 1,000,000 microliters in one liter, so 
1,000,000 μL = 1 L.

Table A.5. Examples of correct usage of metric pre�xes.

Table A.4. Metric pre�xes to memorize.

Fractions Multiples
Pre�x Symbol Factor Pre�x Symbol Factor

centi– c 1/102 kilo– k 103

milli– m 1/103 mega– M 106

micro– μ 1/106 giga– G 109

nano– n 1/109 tera– T 1012

pico– p 1/1012

Figure A.5. The bowl in the photo above contains 
one gram (1 g) of chocolate chip cookie dough ice 
cream. Each of the two bowls shown to the right 
contains 500 g of chocolate chip cookie dough ice 
cream, so together they contain 1,000 g, or one 
kilogram of ice cream.

1 g

1,000 g
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cookie dough). A kilogram of ice cream is 1,000 grams of ice cream, equivalent to 
two large bowls of ice cream.

�e pre�x milli– is a fraction, and it means one thousandth. One millimeter is 
one thousandth of a meter, and so on. �e wooden rule in Figure A.1 is one meter 
in length. A millimeter is one thousandth of this length, equal to the width of the 
line in Figure A.6.

We conclude this introduction to metric pre�xes with a few brief notes. First, 
when using the pre�xes for quantities of mass, pre�xes are never added to the ki-
logram. Pre�xes are only added to the gram, even though the kilogram is the base 
unit in the SI system, not the gram. Second, note that when writing the symbols 
for metric prefixes, the case of the letter matters: kilo– always takes a lower-case 

k, mega– always takes an upper-case M, and so on. Third, one of the prefix symbols is not an 
English letter. The prefix μ for micro– is the lower-case Greek letter mu, the m in the Greek 
alphabet. Finally, pay close attention to the difference between multiplier prefixes and fraction 
prefixes. Learning to use the fraction prefixes properly is the most challenging part of mastering 
the SI System of units, and using them incorrectly in unit conversion factors (our next topic)  is 
a common student error.

A.2 Converting Units of Measure

A.2.1 Basic Principles of Unit Conversion Factors
For scientists and engineers, one of the most commonly used skills is re-expressing quanti-

ties into equivalent quantities with di�erent units of measure. �ese calculations are called unit 
conversions. Mastery of this skill is essential for all students studying science. In this section, I 
describe what unit conversion factors are and how they are used.

Let’s begin with the basic principles of how unit conversions work. First, we all know that 
multiplying any value by unity (one) leaves its value unchanged. Second, we also know that in 
any fraction, if the numerator and denominator are equivalent, the value of the fraction is unity 
(one). For example, the expression “12 bricks over 12 bricks” is equal to one:

12 bricks
12 bricks

=1

�is is because the numerator and denominator are equivalent, and any time this is the case, the 
value of the fraction is one, or unity.

A unit conversion factor is simply a fractional expression in which the numerator and de-
nominator are equivalent ways of writing the same physical quantity with di�erent units of 
measure. �is means a conversion factor is just a special way of writing unity (one).

�e third basic principle is that when multiplying fractions, factors that appear in both the 
numerator and denominator may be “canceled out.” So when performing ordinary unit conver-
sions, what we are doing is repeatedly multiplying a given quantity by unity so that cancellations 
alter the units of measure until they are expressed the way we wish. Since all we are doing is 
multiplying by one, the value of our original quantity is unchanged; it simply looks di�erent 
because it is expressed with di�erent units of measure.

�ere are many di�erent units of measure and there are many di�erent conversion factors 
used for performing unit conversions. Table B.3 in Appendix B lists a number of important ones.

Let me elaborate a bit more on the idea of unity I mentioned above, using one common 
conversion factor as an example. American school kids all learn that there are 5,280 feet in one 
mile, which means 5,280 � = 1 mi. One mile and 5,280 feet are equivalent ways of writing the 

1 mm

Figure A.6. One 
millimeter, 
which is one 
thousandth of a 
meter.
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same length. If we place these two expressions into a fraction, the numerator and denominator 
are equivalent, so the value of the fraction is unity, regardless of the way we write it. �e equation 
5,280 � = 1 mi can be written as a conversion factor two di�erent ways, and the fraction equals 
unity either way:

5280 ft
1 mi

= 1 mi
5280 ft

=1 (A.1)

Now, I need to make an important clari�cation about the use of the equal sign in the expressions I 
just wrote. In mathematics, the equal sign means identity. An expression such as 3 miles = 3 miles 
is a mathematical identity; the �rst expression, “3 miles” is identical to the second expression, 
also “3 miles.” But when we are dealing with converting units of measure from one set of units 
to a di�erent set of units, we don’t use the equal sign to mean identity. Obviously, the expression

5280 ft
1 mi

is not identical to the expression

1 mi
5280 ft

One of these has units of �/mi and the other has units of mi/�. But even though these expres-
sions are not identical, they are equivalent. When we are dealing with converting units of mea-
sure, this is the sense in which we interpret the equal sign. We are using it to mean equivalent. 
�is is why I can write Equation (A.1) using equal signs. �e three terms in Equation (A.1) are 
not identical, but they are equivalent.

Suppose you have a measurement such as 43,000 feet that you wish to re-express in miles. To 
convert the units from feet to miles, �rst write down the quantity you are given, with its units 
of measure:

43,000 �

Next, select a unit conversion factor containing the units you presently have and the ones you 
want to convert to. (�is is not always possible. Sometimes more than one conversion factor is 
required, as Example 1.1 below illustrates.) In this case, those units are feet and miles, and the 
conversion factors containing these units are the two written in Equation (A.1). As I explain 
below, the one we need for converting 43,000 � into miles is the second one. So to perform the 
conversion, you multiply your given quantify by the conversion factor. �en you cancel any 
units that appear both in the numerator and the denominator, as follows:

43,000 ft ⋅ 1 mi
5280 ft

= 8.1 mi

�ere are two important comments to make here. First, since any conversion factor can 
be written two ways (depending on which quantity is placed in the numerator), how do we 
know which way to write the conversion factor? Well, we know from algebra that when we 
have quantities in the numerator of a fraction that are multiplied (factors), and quantities in the 
denominator of the fraction that are multiplied (factors), any quantities that appear in both the 
numerator and denominator can be canceled out. In the example above, we want to cancel out 
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the “feet” in the given quantity (which is in the numerator), so the conversion factor needs to be 
written with feet in the denominator and miles in the numerator.

Second, if you perform the calculation above (43,000 ÷ 5,280), the result that appears on 
your calculator screen is 8.143939394. So why didn’t I write down all those digits in my result? 
Why did I round my answer o� to simply 8.1 miles? �e answer to that question has to do with 
the signi�cant digits in the value 43,000 � that we started with. We address the issue of signi�-
cant digits later in this appendix, but in the examples that follow I always write the results with 
the correct number of signi�cant digits for the values involved in the problem.

�e following example illustrates the use of conversion factors based on metric pre�xes. �is 
example also illustrates how to perform a conversion when more than one conversion factor is 
required.

 Example A.1

Convert the value 2,953,000 μg into kilograms.

Referring to Tables A.4 and A.5, you see that the symbol μ means micro–, which means one mil-
lionth. �us, μg means millionths of a gram. We use this information to make conversion fac-
tors. Since it takes 1,000,000 millionths of a gram to make one gram, 1,000,000 μg = 1 g, and thus

1,000,000 µg
1 g

= 1 g
1,000,000 µg

=1

Note that converting from μg to g only gets us part of the way toward the solution. We need 
another conversion factor to get from g to kg. Looking again at Tables A.4 and A.5, we see that 
there are 1,000 grams in one kilogram, or 1,000 g = 1 kg. From this we can make additional 
conversion factors:

1000 g
1 kg

= 1 kg
1000 g

=1

Now to perform the conversion, �rst convert micrograms into grams. �en convert grams into 
kilograms. You can do this two-step conversion at the same time by simply multiplying both 
conversion factors at the same time as follows:

2,953,000 µg ⋅ 1 g
1,000,000 µg

⋅ 1 kg
1000 g

= 0.002953 kg

�e μg in the given quantity cancels with the μg in the denominator of the first conversion fac-
tor. The g in the first conversion factor cancels with the g in the denominator of the second con-
version factor. The units we are left with are the kg in the numerator of the second conversion 
factor. The kg did not cancel out with anything, so these are the units of our result.

A.2.2 Tips for Converting Units of Measure
�ere are several important points you must remember in order to perform unit conversions 

correctly. I illustrate them below with examples. You should rework each of the examples on 
your own paper as practice to make sure you can do them correctly. �e conversion factors used 
in the examples below are all listed in Table B.3 in Appendix B.
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Point 1   Never use slant bars in your unit fractions. Use only horizontal bars.

In printed materials, we o�en sees values written with a slant fraction bar in the units, as in 
the value 35 m/s. Although writing the units this way is �ne for a printed document, you should 
not write values this way when you are performing unit conversions. �is is because it is easy to 
get confused and not notice that one of the units is in the denominator in such an expression (s, 
or seconds, in my example), and the conversion factors used must take this into account.

 Example A.2

Convert 57.66 mi/hr into m/s.

Writing the given quantity with a horizontal bar makes it clear that the “hours” is in the denom-
inator. �is helps you write the hours-to-seconds factor correctly.

To perform this conversion, we must convert the miles in the given quantity into meters, and we  
must convert the hours into seconds. From Table B.3, we select the two conversion factors we 
need. �en we multiply the given quantity by them to convert the mi/hr into m/s. When doing 
the multiplying, we write all the unit fractions with horizontal bars.

57.66 mi
hr

⋅1609 m
1mi

⋅ 1 hr
3600 s

= 25.77 m
s

As you see, the miles cancel and the hours cancel, leaving meters in the numerator and seconds 
in the denominator. Now that you have your result, you may write it as 25.77 m/s if you wish, 
but do not use slant fraction bars in the units when you are working out the unit conversion.

Point 2   �e term “per,” abbreviated p, implies a fraction.

Some units of measure are commonly written with a “p” for “per,” such as mph for miles per 
hour, or gps for gallons per second. Change these expressions to fractions with horizontal bars 
when you work out the unit conversion.

 Example A.3

Convert 472.2 gps to L/hr.

When you write down the given quantity, change the gps to gal/s and write these units with a 
horizontal bar:

472.2 gal
s
⋅3.785 L
1 gal

⋅3600 s
hr

= 6,436,000 L
hr

Point 3   Use the ×  and ÷  keys correctly when entering values into your calculator.

When dealing with several numerator terms and several denominator terms, multiply all the 
numerator terms together �rst, hitting the ×  key between each, then hit the ÷  key and enter 
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all the denominator terms, hitting the ÷  key between each. �is way you do not need to write 
down intermediate results, and you do not need to use any parentheses.

 Example A.4

Convert 43.2 mm/hr into km/yr.

�e setup with all the conversion factors is as follows:

43.2 mm
hr

⋅ 1 m
1000 mm

⋅ 1 km
1000 m

⋅ 24 hr
1 dy

⋅365 dy
1 yr

= 0.378 km
yr

To execute this calculation in your calculator, you enter the values and operations in this se-
quence:

43.2× 24×365÷1000÷1000=

If you do so, you get 0.37843200. (Again, signi�cant digits rules require us to round to 0.378.)

Point 4   When converting units for area and volume such as cm2 or m3, you must use the appro-
priate length conversion factor twice for areas and three times for volumes.

�e units “cm2” for an area mean the same thing as “cm × cm.” Likewise, “m3” means “m ×
m × m.” So when you use a length conversion factor such as 100 cm = 1 m or 1 in = 2.54 cm, 
you must use it twice to get squared units (areas) or three times to get cubed units (volumes).

 Example A.5

Convert 3,550 cm3 to m3.

3550 cm3 ⋅ 1 m
100 cm

⋅ 1 m
100 cm

⋅ 1 m
100 cm

⋅= 0.00355 m3

Notice in this example that the unit cm occurs three times in the denominator, giving us cm3

when they are all multiplied together. �is cm3 term in the denominator cancels with the cm3

term in the numerator. And since the m unit occurs three times in the numerator, they multiply 
together to give us m3 for the units in our result.

�e issue of needing to repeat conversion factors only arises when you are using a unit raised 
to a power, such as a when a length unit is used to represent an area or a volume. When using 
a conversion factor such as 3.785 L = 1 gal, the units of measure are written using units that are 
strictly volumetric (liters and gallons), and are not obtained from lengths the way they are with 
in2, �2, cm3, and m3. Another common unit that uses an exponent is acceleration, which has 
units of m/s2 in the MKS unit system.

 Example A.6

Convert 5.85 mi/hr2 into MKS units.
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�e MKS unit for length is meters (m), so we must convert miles to meters. �e MKS units for 
time is seconds (s), so we must convert hr2 into s2.

5.85 mi
hr2

⋅1609 m
1mi

⋅ 1 hr
3600 s

⋅ 1 hr
3600 s

= 0.000726 m
s2

With this example, you see that since the “hours” unit is squared in the given quantity, the con-
version factor converting the hours to seconds must appear twice in the conversion calculation. 
�e “miles” unit in the given quantity has no exponent, so the conversion factor used to convert 
miles to meters only appears once in the calculation.

A.2.3 Converting Temperature Units
Converting temperature values from one scale to another requires the use of equations rath-

er than conversion factors. �is is due to the fact that the Fahrenheit and Celsius scales are not 
absolute temperature scales. If all temperature scales were absolute scales like the Kelvin scale is, 
temperature conversions could be performed with conversion factors just as other conversions 
are. To convert a temperature in degrees Fahrenheit (TF) into degrees Celsius (TC), use this 
equation:

TC =
5
9
TF −32°( )

Using a bit of algebra, we can work this around to give us an equation that can be used to convert 
Celsius temperatures to Fahrenheit values:

TF =
9
5
TC +32°

To convert a temperature in degrees Celsius into kelvins (TK), use this equation:

TK =TC + 273.15

Again, some algebra gives us the equation the other way around.

TC =TK − 273.15

All four of the temperature conversion equations above are exact. �is is important to know 
later when we discuss signi�cant digits. �ese equations are listed in Table B.3 in Appendix B.

 Example A.7

�e normal temperature of the human body is 98.6°F. Express this value in degrees Celsius and 
kelvins.

Since the given value is in degrees Fahrenheit, write down the equation that converts values 
from °F to °C.

TC =
5
9
TF −32°( )
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Now insert the Fahrenheit value and calculate the Celsius value.

TC =
5
9
98.6°−32°( )= 37.0°C

Now we are able to use the Celsius value to compute the Kelvin value.

TK =TC + 273.15= 37.0+ 273.15= 310.2 K

�e reason the answer is 310.2 K instead of 310.15 K is due to the signi�cant digits rule for ad-
dition. Again, the topic of signi�cant digits is coming up next.

 Example A.8

�e melting point of aluminum is 933.5 K. Express this temperature in degrees Celsius and 
degrees Fahrenheit.

Write down the equation that converts Kelvin values to Celsius values.

TC =TK − 273.15

From this we calculate the Celsius value as

TC =TK − 273.15= 933.5− 273.15= 660.3°C

Next, write down the equation for converting a Celsius value to a Fahrenheit value.

TF =
9
5
TC +32°

Insert the Celsius value into this equation and calculate the Fahrenheit value.

TF =
9
5
TC +32° =

9
5
⋅660.3°C+32° =1220.5°F

A.3 Accuracy and Precision

A.3.1 Distinguishing Between Accuracy and Precision
�e terms accuracy and precision refer to the practical limitations inherent in making mea-

surements. Science is all about investigating nature, and to do that we must make measurements.
Accuracy relates to error—that is, to the lack of it. Error is the di�erence between a measured 

value and the true value. �e lower the error is in a measurement, the better the accuracy. Error 
arises from many di�erent sources, including human mistakes, malfunctioning equipment, in-
correctly calibrated instruments, vibrations, changes in temperature or humidity, or unknown 
causes that are in�uencing a measurement without the knowledge of the experimenter. All mea-
surements contain error, because (alas!) perfection is simply not a thing we have access to in 
this world.
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Precision refers to the resolution or degree of “�ne-ness” in a measurement. �e limit to the 
precision that can be obtained in a measurement is ultimately dependent on the instrument 
being used to make the measurement. If you want greater precision, you must use a more pre-
cise instrument. �e degree of precision in every measurement is signi�ed by the measurement 
value itself because the precision is a built-in part of the measurement. �e precision of a mea-
surement is indicated by the number of signi�cant digits (or signi�cant �gures) included in the 
measurement value when the measurement is written down (see below).

Here is an example that illustrates the idea of precision and also helps distinguish between 
precision and accuracy. �e photograph in Figure A.7 shows a machinist’s rule and an architect’s 
scale set one above the other. Since the marks on the two scales line up consistently, these two 
scales are equally accurate. But the machinist’s rule (on top) is more precise. �e architect’s scale 
is marked in 1/16-inch increments, 
but the machinist’s rule is marked 
in 1/64-inch increments. �us, the 
machinist’s rule is more precise.

It is important that you are able 
to distinguish between accuracy 
and precision. Here is another ex-
ample to help illustrate the di�er-
ence. Let’s say Shana and Marius 
each buy digital thermometers for 
their homes. �e thermometer 
Shana buys costs $10 and measures 
to the nearest 1°F. Marius pays $40 
and gets one that reads to the near-
est 0.1°F. Shana reads the directions and properly installs the sensor for her new thermometer in 
the shade. Marius doesn’t read the directions and mounts his sensor in the direct sunlight, which 
causes a signi�cant error in the thermometer reading when the sun is shining on it; thus Marius’ 
measurements are not accurate. �e result is that Shana has lower-precision, higher-accuracy 
measurements!

A.3.2 Significant Digits
�e precision in any measurement is indicated by the number of signi�cant digits it con-

tains. �us, the number of digits we write in any measurement we deal with in science is very 
important. �e number of digits is meaningful because it shows the precision inherent in the 
instrument used to make the measurement.

Let’s say you are working a computational exercise in a science book. �e problem tells you 
that a person drives a distance of 110 miles at an average speed of 55 miles per hour and wants 
you to calculate how long the trip takes. �e correct answer to this problem is di�erent from the 
correct answer to a similar problem with given values of 110.0 miles and 55.0 miles per hour. 
And if the given values are 110.0 miles and 55.00 miles per hour, the correct answer is di�erent 
yet again. Mathematically, of course, all three answers are the same. If you drive 110 miles at 
55 miles per hour, the trip takes two hours. But scienti�cally, the correct answers to these three 
problems are di�erent: 2.0 hours, 2.00 hours, and 2.000 hours, respectively. �e di�erence be-
tween these cases is in the precision indicated by the given data, which are measurements. (Even 
though this is just a made-up problem in a book and not an actual measurement someone made 
in an experiment, the given data are still measurements. �ere is no way to talk about distances 
or speeds without talking about measurements, even if the measurements are only imaginary 
or hypothetical.)

Figure A.7. The accuracy of these two scales is the same, but the 
machinist’s rule (above) is more precise than the architect’s scale 
(below).
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So when you perform a calculation with physical quantities (measurements), you can’t sim-
ply write down all the digits shown by your calculator. �e precision inherent in the measure-
ments used in a computation governs the precision in any result you might calculate from those 
measurements. And since the precision in a measurement is indicated by the number of signi�-
cant digits, data and calculations must be written with the correct numbers of signi�cant digits. 
To do this, you need to know how to count signi�cant digits, and you must use the correct 
number of signi�cant digits in all your calculations and experimental data.

Correctly counting signi�cant digits involves four di�erent cases:

1. Rules for determining how many signi�cant digits there are in a given measurement.

2. Rules for writing down the correct number of signi�cant digits in a measurement you are 
making and recording.

3. Rules for computations you perform with measurements—multiplication and division.

4. Rules for computations you perform with measurements—addition and subtraction.

We address each of these cases below, in order.

Case 1

We begin with the rule for determining how many signi�cant digits there are in a given mea-
surement value. �e rule is as follows:

• �e number of signi�cant digits in a number is found by counting all the digits from le� to 
right beginning with the �rst nonzero digit on the le�. When no decimal is present, trailing 
zeros are not considered signi�cant.

Let’s apply this rule to the following values to see how it works.

15,679 �is value has �ve signi�cant digits.

21.0005 �is value has six signi�cant digits.

37,000 �is value has only two signi�cant digits because when there is no decimal, trail-
ing zeros are not signi�cant. Notice that the word signi�cant here is a reference 
to the precision of the measurement, which in this case is rounded to the nearest 
thousand. �e zeros in this value are certainly important, but they are not signi�-
cant in the context of precision.

0.0105 �is value has three signi�cant digits because we start counting digits with the 
�rst nonzero digit on the le�.

0.001350 �is value has four signi�cant digits. Trailing zeros count when there is a deci-
mal.

�e signi�cant digit rules enable us to tell the di�erence between two measurements such as 
13.05 m and 13.0500 m. Again, these values are obviously equivalent mathematically. But they 
are di�erent in what they tell us about the process of how the measurements were made—and 
science deals in measurements. �e �rst measurement has four signi�cant digits. �e second 
measurement is more precise—it has six signi�cant digits and was made with a more precise 
instrument.

Now, just in case you are bothered by the zeros at the end of 37,000 that are not signi�cant, 
here is one more way to think about signi�cant digits that may help. �e precision in a measure-
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ment depends on the instrument used to make the measurement. If we express the measure-
ment in di�erent units, this cannot change the precision of the value. A measurement of 37,000 
grams is equivalent to 37 kilograms, as shown in the following calculation:

37,000 g ⋅ 1 kg
1000 g

= 37 kg

Whether we express this value in grams or kilograms, it still has two signi�cant digits.

Case 2

�e second case addresses the rules that apply when you are recording a measurement yourself, 
rather than reading a measurement someone else has made. When you make measurements 
yourself, as when conducting the laboratory experiments in this course, you must know the 
rules for which digits are signi�cant in the reading you are making on the measurement instru-
ment. �e rule for making measurements depends on whether the instrument you are using is a 
digital instrument or an analog instrument. Here are the rules for these two possibilities:

• Rule 1 for digital instruments For the digital instruments commonly found in in-
troductory science labs, assume all the digits in the reading are signi�cant except leading 
zeros.

• Rule 2 for analog instruments �e signi�cant digits in a measurement include all 
the digits known with certainty, plus one digit at the end that is estimated between the 
�nest marks on the scale of your instrument.

�e �rst of these rules is illustrated in Figure A.8. �e reading on the le� has leading zeros, 
which do not count as signi�cant. �us, the �rst reading has three signi�cant digits. �e second 
reading also has three signi�cant digits. �e third reading has �ve signi�cant digits.

�e fourth reading also has �ve signi�cant digits because with a digital display the only 
zeros that don’t count are the 
leading zeros. Trailing zeros are 
signi�cant with a digital instru-
ment. However, when you write 
this measurement down, you 
must write it in a way that shows 
those zeros to be signi�cant. �e 
way to do this is by using scienti�c notation. When a value is written in scienti�c notation, the 
digits that are written down in front of the power of 10 (the stem, also called the mantissa) are the 
signi�cant digits. �us, the right-hand value in Figure A.8 must be written as 4.2000 × 104. We 
address scienti�c notation in more detail in the next section.

Dealing with digital instruments is actually more involved than the simple rule above im-
plies, but the issues involved go way beyond what we can deal with in introductory science class-
es. So, simply make your readings and assume that all the digits in the reading except leading 
zeros are signi�cant.

Now let’s look at some examples illustrating the rule for analog instruments. Figure A.9 
shows a machinist’s rule being used to measure the length in millimeters (mm) of a brass block. 
We know the �rst two digits of the length with certainty; the block is clearly between 31 mm 
and 32 mm long. We have to estimate the third signi�cant digit. �e scale on the rule is marked 
in increments of 0.5 mm. Comparing the edge of the block with these marks, I estimate the 
next digit to be a 6, giving a measurement of 31.6 mm. Others might estimate the last digit to 

Figure A.8. With digital instruments, all digits are signi�cant except 
leading zeros. Thus, the numbers of signi�cant digits in these 
readings are, from left to right, three, three, �ve, and �ve.

0042.0 42.00042.0 42,000
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be a 5 or a 7; these small di�erences in the last digit are un-
avoidable because the last digit is estimated. Whatever you 
estimate the last digit to be, two digits of this measurement 
are known with certainty, the third digit is estimated, and 
the measurement has three signi�cant digits.

�e photograph in Figure A.10 shows a liquid volume 
measurement in milliliters (mL) being made with an article 
of apparatus called a buret. Notice in this �gure that when 
measuring liquid volume the surface of the liquid curls up 
at the edge of the cylinder, forming a bowl-shaped surface 
on the liquid. �is curved surface is called a meniscus. For 
most liquids, liquid measurement readings are taken at the 
bottom of the meniscus. Liquid mercury is the major excep-
tion, because the meniscus in liquid mercury is inverted—
liquid mercury curves down at the edges. In that case, the 
measurement is read at the top of the meniscus. But that is 
an unusual case. For most liquids, the reading is made at the 
bottom of the meniscus.

For the buret in the �gure, you can see that the scale is 
marked in increments of 0.1 milliliters (mL). �is means we 
are to estimate to the nearest 0.01 mL. To one person, it may 
look like the bottom of the meniscus (where the black curve 
touches the bottom of the silver bowl) is just above 2.2 mL, 

so that person would call this measurement 2.19 mL. To someone else, it may seem that the bot-
tom of the meniscus is right on 2.2, in which case that person would call the reading 2.20 mL. Ei-
ther way, the reading has three signi�cant digits and the last digit is estimated to be either 9 or 0.

�e third example involves a liquid volume measurement with an article of apparatus called 
a graduated cylinder. �e scales on small graduated cylinders like this one are marked in incre-
ments of 1 mL. In the photo of Figure A.11, the entire meniscus appears silvery in color with a 
black curve at the bottom. For the liquid shown in the �gure, we know the �rst two digits of the 
volume measurement with certainty because the reading at the bottom of the meniscus is clear-

ly between 82 mL and 
83 mL. We have to es-
timate the third digit, 
and I estimate the edge 
of the meniscus to be 
at 60% of the distance 
between 82 and 83, 
giving a reading of 
82.6 mL. Others may 
prefer a di�erent value 
for that third digit.

It is important for 
you to keep the sig-
ni�cant digits rules in 
mind when you are 
making measurements 
and entering data for 
your lab reports. �e Figure A.10. Reading the signi�cant 

digits on a buret.
Figure A.11. Reading the signi�cant 
digits on a graduated cylinder.

Figure A.9. Reading the signi�cant digits 
with a machinist’s rule.
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data in your lab journal and the values you use in your calculations and report should correctly 
re�ect the use of the signi�cant digits rules as they apply to the actual instruments you use to 
make your measurements.

Case 3

�e third and fourth cases of rules for signi�cant digits apply to the calculations you perform 
with measurements. In Case 3, we deal with multiplication and division. �e main idea behind 
the rule for multiplying and dividing is that the precision you report in your result cannot be 
higher than the precision that is in the measurements you start with. �e precision in a measure-
ment depends on the instrument used to make the measurement, nothing else. Multiplying and 
dividing things cannot increase that precision, and thus your results can be no more precise than 
the measurements used in the calculations. In fact, your result can be no more precise than the 
least precise value used in the calculation. �e least precise value is, so to speak, the “weak link” 
in the chain, and a chain is no stronger than its weakest link.

Here are the two rules for using signi�cant digits in calculations involving multiplication 
and division:

• Rule 1 When multiplying or dividing, count the signi�cant digits in each of the values 
you using in the calculation, including any conversion factors involved. (However, note: 
Conversion factors that are exact are not considered.) Determine how many signi�cant 
digits there are in the least precise of these values. �e result of your calculation must have 
this same number of signi�cant digits.

• Rule 2 When performing a multi-step calculation, keep at least one extra digit during 
intermediate calculations, and round o� to the �nal number of signi�cant digits you need 
at the very end. �is practice ensures that small round-o� errors don’t accumulate during 
a multi-step calculation. �is extra digit rule also applies to unit conversions performed as 
part of the computation.

I illustrate the two rules above, along with some more unit conversions, in the following 
example problem and calculation.

 Example A.9

At a chemical research lab, a stream of a reactant solution is �owing into a reaction vessel at a 
rate of 56.75 μL per second. A volume of 1.0 �3 of this solution is required in the vessel for the 
reaction. Determine the amount of time needed for the required volume to be collected. State 
your result in hours.

First note that the value of the �ow rate has four signi�cant digits, and the required volume 
has two signi�cant digits. �e two-digit value is the least precise of these, so our result must be 
rounded to two signi�cant digits. But to avoid rounding error, we must work with values having  
at least three signi�cant digits (one more than we need) until the very end.

One of the volumes in this problem is in μL and the other is in �3. I begin by converting the 
required volume from �3 to μL so our volumes all have the same units. We have no conversion 
factor that goes directly from �3 to μL, so we must use a chain of conversion factors that we know 
or have available. Since we are dealing with relatively small volumes based on length units, the 
main conversion from USCS units to SI units is the inch to centimeter factor of 1 in = 2.54 cm. 
�is factor is exact and should be committed to memory. If we were starting with gallons instead 
of �3, we might use the conversion 1 gal = 3.785 L, although this factor is not exact.
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We �rst convert �3 to in3, then from in3 to cm3, then from cm3 to L, and �nally from L to μL.

1.0 ft3 ⋅12 in
1 ft

⋅12 in
1 ft

⋅12 in
1 ft

⋅ 2.54 cm
1 in

⋅ 2.54 cm
1 in

⋅ 2.54 cm
1 in

⋅ 1 L
1000 cm3 ⋅

1×106 µL
1 L

= 28,300,000 µL

�is result has three signi�cant digits. We are keeping one extra digit during the intermediate 
calculations. It is not incorrect to write down all the digits your calculator shows. But it is point-
less. A person who writes all the digits regardless of whether they are needed simply shows that 
he or she doesn’t understand signi�cant digits. �ose extra digits are meaningless.

Notice that all the conversion factors used in the calculation above are exact; none of them are 
approximations. Since they are all exact, they play no role in limiting the signi�cant digits in our 
result. Note that if you must use a conversion factor that is approximate, you should make sure 
the precision of the value in the conversion factor is at least as high as the precision in your data 
(two signi�cant digits, in this case). �at way your conversion factor does not limit the precision 
of your result. If, for some reason, you do not have a conversion factor with as many signi�cant 
digits as your least precise measurement, then the precision of your result must match the pre-
cision of the conversion factor. �e least precise value in the entire calculation always governs 
the precision in your result.

Now we compute the time required by dividing the required volume by the �ow rate.

t = 28,300,000 µL

56.75 µL
s

= 499,000 s

�is value also has three signi�cant digits—one more than we need. We now convert this value 
from seconds to hours as the problem statement requires.

499,000 s ⋅ 1 hr
3600 s

=139 hr

Finally, we round the result to the required two signi�cant digits. �e second non-zero digit 
from the le� (3) is in the tens place, so we round to the nearest ten.

t = 140 hr

Case 4

�e fourth case of rules for signi�cant digits also applies to the calculations you perform with 
measurements. In Case 4, we deal with addition and subtraction.

�e rule for addition and subtraction is completely di�erent from the rule for multiplication 
and division. When performing addition, it is not the number of signi�cant digits that governs 
the precision of the result. Instead, it is the place value of the last digit that is farthest to the le� in 
the numbers being added that governs the precision of the result. �is rule is quite wordy and is 
best illustrated by an example. Consider the following addition problem:
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13.65
1.9017

+ 1,387.069
1,402.62

Of the three values being added, 13.65 has digits out to the hundredths place, 1.9017 has digits 
out to the ten thousandths place, and 1,387.069 has digits out to the thousandths place. Look-
ing at the �nal digits of these three, you can see that the �nal digit farthest to the le� is the 5 in 
13.65, which is in the hundredths place. �is is the digit that governs the �nal digit of the result. 
�ere can be no digits to the right of the hundredths place in the result. �e justi�cation for this 
rule is that one of our measurements is precise only to the nearest hundredth, even though the 
other two are precise to the nearest thousandth or ten thousandth. We are going to add these 
values together, and one of them is precise only to the nearest hundredth. It makes no sense to 
have a result that is precise to a place more precise than that, so hundredths are the limit of the 
precision in the result.

Correctly performing addition problems in science (where nearly everything is a measure-
ment) requires that you determine the place value governing the precision of your result, per-
form the addition, then round the result. In the above example, the sum is 1,4602.6207. Round-
ing this value to the hundredths place gives 1,4602.62.

Going back to Example 1.7, we saw the following equation for converting a temperature 
from kelvins to degrees Celsius:

TK =TC + 273.15= 37.0+ 273.15= 310.2 K

�e two values we are adding are 37.0, which has digits out to the tenths place, and 273.15, 
which has digits out to the hundredths place. �e �nal digit in 37.0 is the one farther to the le�, 
so it governs the �nal digit we can have in the sum. �e �nal digit in 37.0 is in the tenths place, 
so the �nal digit in the sum must also be in the tenths place. Adding the values gives 310.15 K. 
Rounding this to the tenths place gives us 310.2 K for our result.

A.4 Other Important Math Skills

A.4.1 Scientific Notation
No doubt you have studied scienti�c notation in your math classes. However, beginning in 

high school, scienti�c notation is used all the time in scienti�c study. Knowing how to use scien-
ti�c notation correctly—including the use of the special key found on scienti�c calculators for 
working with values in scienti�c notation—is very important.

Mathematical Principles

Scienti�c notation is a way of expressing very large or very small numbers without all the 
zeros, unless the zeros are signi�cant. �is is of enormous bene�t when one is dealing with a 
value such as 0.0000000000001 cm (the approximate diameter of an atomic nucleus). �e basic 
idea will be clear from a few examples.

Let’s say we have the value 3,750,000. �is number is the same as 3.75 million, which can 
be written as 3.75 × 1,000,000. Now, 1,000,000 itself can be written as 106 (which means one 
followed by six zeros), so our original number can be expressed equivalently as 3.75 × 106. �is 
expression is in scienti�c notation. �e number in front, the stem, is always written with one 



472

Appendix A

digit followed by the decimal and the other digits. �e multiplied 10 raised to a power has the 
e�ect of moving the decimal over as many places as necessary to recreate our original number.

As a second example, the current population of earth is about 7,200,000,000, or 7.2 billion. 
One billion has nine zeros, so it can be written as 109. So we can express the population of earth 
in scienti�c notation as 7.2 × 109.

When dealing with extremely small numbers such as 0.000000016, the process is the same, 
except the power on the 10 is negative. �e easiest way to think of it is to visually count how 
many places the decimal in the value has to be moved over to get 1.6. To get 1.6, the decimal 
has to be moved to the right 8 places, so we write our original value in scienti�c notation as 
1.6 × 10−8.

Using Scienti�c Notation with a Scienti�c Calculator

All scienti�c calculators have a key for entering values in scienti�c notation. �is key is la-
beled EE  or EXP  on most calculators, but others use a di�erent label.1  It is very common for 
those new to scienti�c calculators to use this key incorrectly and obtain incorrect results. So read 
carefully as I outline the procedure.

�e whole point of using the EE  key is to make keying in the value as quick and error free 
as possible. When using the scienti�c notation key to enter a value, you do not press the ×  key, 
nor do you enter the 10. �e scienti�c calculator is designed to reduce all this key entry, and the 
potential for error, by use of the scienti�c notation key. You only enter the stem of the value and 
the power on the ten and let the calculator do the rest.

Here’s how. To enter a value, simply enter the digits and decimal in the stem of the number. 
�en hit the EE  key, and then enter the power on the ten. �e value is then in the calculator 
and you may do with it whatever you need to. As an example, to multiply the value 7.2 × 109 by 
25 using a standard scienti�c calculator, the sequence of key strokes is as follows:

7.2 EE  9 ×  25 =

Notice that between the stem and the power, the only key pushed is the EE  key.
When entering values in scienti�c notation with negative powers on the 10, the +/−  key is 

used before the power to make the power negative. �us, to divide 1.6 × 10−8 by 36.17, the se-
quence of key strokes is:

1.6 EE +/−  8 ÷  36.17 =

Again, neither the 10 nor the × sign that comes before it are keyed in. �e EE  key has these 
built in.

Students sometimes wonder why it is incorrect to use the 10x  key for scienti�c notation. To 
calculate 7.2 × 109 times 25, they are tempted to enter the following:

7.2 × 10x  9 ×  25 =

�e problem with this approach is that sometimes it works and sometimes it doesn’t, and cal-
culator users need to use key entries that always work. �e scienti�c notation key ( EE ) keeps 
all the parts of a value in scienti�c notation together as one number. �at is, when the EE  key is 
used, a value such as 7.2 × 109 is not two separate numbers to the calculator; it is a single numeri-
cal value. But when the ×  key is manually inserted, the calculator treats the numbers separated 

1 One infuriating model uses the extremely unfortunate label x10x  which looks a lot like 10x , 
a di�erent key with a completely di�erent function.
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by the ×  key as two separate values, and this can caused the calculator to use a di�erent order 
of operations than you intend. For example, using the 10x  key causes the calculator to render an 
incorrect answer for a calculation such as this:

3.0×106

1.5×106

�e denominator of this expression is exactly half the numerator, so the value of this fraction is 
obviously 2.0. But when using the 10x  key, the 1.5 and the 106 in the denominator are separated 
and treated as separate values. �e calculator then performs the following calculation:

3.0×106

1.5
×106

�is comes out to 2,000,000,000,000 (2 × 1012), which is not the same as 2.0!
�e bottom line is that the EE  key, however it may be labeled, is the correct key to use for 

scienti�c notation.
Finally, when writing a result in scienti�c notation, it is not acceptable to write it using the 

EE notation your calculator uses. For example, your calculator might display a result as 3.14EE8 
or 3.14E8, but you must write this as 3.14 × 108.

A.4.2 Calculating Percent Difference
One of the conventional calculations in science experiments is the so-called “experimental 

error.” Experimental error is typically de�ned as the di�erence between a predicted value and an 
experimental value, expressed as a percentage of the predicted value, or

experimental error =
predicted or accepted value− experimental value

predicted or accepted value
×100%

Although the term “experimental error” is widely used, it is a poor choice of words. When 
there is a mismatch between theory and experiment, the experiment may not be the source of 
the error. O�en, it is the theory that is found wanting—this is how science advances.

I now prefer to use the phrase percent di�erence to describe the value computed by the above 
equation. When quantitative results are compared to quantitative predictions or accepted val-
ues, students should compute the percent di�erence as

percent difference =
predicted or accepted value− experimental value

predicted or accepted value
×100%
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Reference Data
On this page and the next, items marked in yellow are approximate. All others are exact.

Table B.1. SI pre� xes.

Multiples

Pre� x deca– hecto– kilo– mega– giga– tera– peta– exa– zetta– yotta–
Symbol da h k M G T P E Z Y
Factor 10 102 103 106 109 1012 1015 1018 1021 1024

Fractions

Pre� x deci– centi– milli– micro– nano– pico– femto– atto– zetto– yocto–
Symbol d c m μ n p f a z y
Factor 1/10 1/102 1/103 1/106 1/109 1/1012 1/1015 1/1018 1/1021 1/1024

Table B.2. Physical constants.
Quantity Symbol Value
speed of light in a vacuum c 299,792,458 m/s
acceleration due to gravity, sea level g 9.80 m/s2

atmospheric pressure Patm 101,325 Pa
1 atm
14.7 psi

proton mass mp 1.672622 × 10–27 kg
1.007276 u

neutron mass mn 1.674927 × 10–27 kg
1.008665 u

electron mass me 9.109382 × 10–31 kg
0.0005486 u

Avogadro constant NA 6.022142 × 1023 mol–1

Planck constant h 6.626070 × 10–34 J ∙s
Boltzmann constant kB 1.380649 × 10–23 J/K
Rydberg constant R 1.097373 × 107 m–¡

uni� ed atomic mass unit u 1.660539 × 10–27 kg
electron charge e 1.60218 × 10–19 C
ideal gas constant R 8.314462 J ∙mol–1∙K–1

0.082057 L ∙atm ∙mol–1∙K–1

8.314462 L ∙kPa ∙mol–1∙K–1

62.36337 L ∙Torr ∙mol–1∙K–1
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Table B.3. Unit conversion factors.

TC =
5
9
TF −32°( ) TF =

9
5
TC +32° TK =TC + 273.15 TC =TK − 273.15

Temperature

Pressure
Unit Name Symbol De�nition
pascal Pa 1 Pa = 1 N/m2

kilopascal kPa 1 kPa = 1000 Pa
atmosphere atm 1 atm = 101,325 Pa
bar bar 1 bar = 100,000 Pa
pounds per square inch psi 1 psi = 6894.757 Pa
torr Torr 1 Torr = 1/760 atm

Length
1 mi = 5280 � 1 � = 12 in 1 in = 2.54 cm 1 cm = 10 mm
1 yd = 3 � 1 mi = 1609 m 1 � = 0.3048 m 1 Å = 0.1 nm

Volume
1 gal = 3.78541 L 1 L = 1000 cm3 1 mL = 1 cm3 1 m3 = 1000 L
1 tsp = 4.92892 mL 1 Tbsp = 14.7868 mL  1 cup = 236.588 mL 1 pint = 473.176 mL
1 qt = 0.946353 L

Force
1 lb = 4.448 N

Time
1 min = 60 s 1 hr = 60 min 1 hr = 3600 s 1 dy = 24 hr
1 yr = 365 dy

Energy and Mass
1 eV = 1.60218 × 10–19 J 1 u = 1.660539 × 10–27 kg
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The Coronavirus

Just as the � rst edition of this text is going to print, the attention of the world is focused on 
the COVID-19 viral pandemic. We include this appendix to complement the treatment of 
viruses in Chapter 7, in order to provide some timely speci� cs about COVID-19 as well as 
additional information about viruses in general. Sources for this appendix are listed in the 
References section a� er the appendices.

COVID-19, a respiratory illness that can cause severe pneumonia, was declared a global 
pandemic by the World Health Organization on March 11, 2020. Around the world, schools, 
churches, and businesses are closed, and many people are on lockdown—leaving their hous-
es only for essential groceries or healthcare. We are using new vocabulary such as “social 
distancing” and most students are now studying online.

COVID-19 is the disease caused by the coronavirus SARS-CoV-2. A virion of SARS-
CoV-2 (a particle of the virus) is depicted in Figure C.1. (SARS stands for Severe Acute 
Respiratory Syndrome.) At present, the COVID-19 pandemic is still in its early stages and 
rapidly evolving, so the data we have are preliminary estimates. No one knows how many 
cases or casualties there will be, nor how long we will continue to be on lockdown. As of April 
7, 2020, 1.4 million cases of infection and over 80,000 deaths have been reported worldwide. 
Yet, these numbers do not tell the whole story because testing for the disease is limited, 
excluding many mild and asymptomatic cases. As a result, the true number of COVID-19 
cases is probably much higher than reported. While the number of reported deaths is likely 
more accurate than the total number of cases, unreported 
COVID-19 deaths can still occur in homes, leading to an un-
derestimation of the death rate. Additionally, data may eas-
ily be misunderstood at present because con� rmed deaths 
are not reported on the government website (Centers for 
Disease Control and Prevention, or CDC) until death cer-
ti� cates have been processed, a process that can take weeks. 
� is delay may lead to provisional death � gures that are or-
ders of magnitude lower than the numbers released by news 
outlets, and even the CDC itself. As the pandemic plays out, 
the o�  cial and uno�  cial numbers should converge. In oth-
er words, the Cycle of Scienti� c Enterprise is spinning as we 
speak, as scientists, doctors, and public health o�  cials work 
together to learn as much as possible about the virus.

� e life cycle of a coronavirus is somewhat di� erent from 
that of a bacteriophage or HIV (Figures 7.7 and 7.8). � e 
membrane-bound virus recognizes a receptor expressed in 
many cells throughout the body and fuses with the host cell 
membrane, dumping its genetic material (RNA) into the 
cell. � is single RNA strand may be immediately translat-
ed by the cellular ribosomes. � e protein products resulting 

Figure C. 1. Model of a virion of 
SARS-CoV-2, the virus that causes 
COVID-19. The virus is surrounded 
by a membrane embedded with 
many spiky proteins. The spikes are 
said to resemble a crown, giving 
this class of viruses the name 
coronavirus. Coronaviruses include 
the SARS and MERS viruses.
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from the viral RNA are re-packaged into new viruses, which exit the cell en masse by exocytosis. 
Since the virus infects cells of the respiratory tract, release of new viral particles from these cells 
might in part account for the symptoms of cough, shortness of breath, and pneumonia, though 
it seems likely that the more severe symptoms of acute respiratory distress (o�en requiring me-
chanical ventilation) are brought on by an overactive immune system response to the virus, 
rather than the virus itself.

It is interesting to consider what it is that makes viruses di�er in terms of the potential harm 
they produce. Every year, seasonal in�uenza claims some 12,000–60,000 American lives, and yet 
no one shuts down businesses or stays inside as a result. Other diseases, such as Ebola, have re-
sulted in outbreaks with signi�cant mortality rates, and yet they didn’t spread around the world. 
To understand what makes COVID-19 so di�erent, we must de�ne some terms from the �eld of 
epidemiology, the study of disease patterns among populations.

An outbreak is a sudden spike in cases of a particular disease in a certain time or place. �e 
2014 Ebola crisis began as an outbreak in West Africa (Section 7.2.4). If an outbreak continues 
to spread, it may be considered an epidemic, or the rapid spread of a disease to large numbers 
of people within a population. As the Ebola crisis spread, it was considered an epidemic since 
it a�ected multiple bordering countries in the west African region. Should an epidemic spread 
to multiple continents over a short period of time, a�ecting substantial numbers of people, it is 
then considered to be a pandemic.

Dire as outbreaks, epidemics, and pandemics are, they cannot last forever. When viruses run 
out of susceptible people to infect, they die down, following one of two possible pathways. �e 
�rst is eradication, when the disease no longer exists in any human host on earth. �is is the 
case with smallpox, a disease that once caused signi�cant mortality worldwide. Vaccination and 
other preventive measures have eradicated smallpox from the globe, so we no longer even vac-
cinate children for it. �e other option is that the disease becomes endemic, such that people are 
infected at a constant or seasonal baseline level. �is is the case with seasonal in�uenza, or �u.

Epidemiologists use two important metrics to gauge how fast an infectious disease is spread-
ing and how dangerous it is. Both these metrics are imperfect, and both are subject to uncer-
tainty and manipulation, but they are still useful and help governments develop policies aimed 
at containing the spread.

�e �rst metric is called the basic reproduction number, or R0 (pronounced “R-naught”). 
R0 indicates the average number of people that one infected person infects. �e spread of in-
fectious diseases is mathematically exponential, and there are three possible outcomes for the 
spread of a disease, depending on the value of R0. If R0 < 1, the disease will eventually die out. If 
each infected person, on average, infects fewer than one other person, then the rate of growth 
is negative and the disease will be contained. �is is the case with Middle Eastern Respiratory 
Syndrome (MERS), a highly fatal but not-too-contagious virus �rst recognized in 2012. �e 
second possibility is that R0 = 1. In this case, the disease is considered endemic, or at a steady 
state within a population. �e R0 for seasonal in�uenza hovers right around one (slightly larger 
during �u season, and slightly lower on the o�-season). An R0 value of one indicates that rela-
tively constant numbers of people are infected with the disease at any given time. While there 
still may be a number of people who die from the illness, medical systems have adjusted to be 
able to handle the predictable number of cases, minimizing the number of deaths by providing 
appropriate care. Finally, R0 > 1 indicates that an illness spreads rapidly, possibly exponentially, 
through a population. A value of R0 = 2 means that each infection causes two more on average, 
and then each of those causes two more, and so on, doubling the number of infections every 
few days. Higher R0 values mean the disease spreads even faster. In such cases, medical systems 
may become overwhelmed with too many cases in a short time, resulting in high death rates due 
to lack of available care. Currently, R0 for COVID-19 is estimated to be in the range of 1.4–3.9. 



478

Appendix C

Estimates of the R0 values for several well-known viral 
diseases are listed in Table C.1.

�e other important metric is called the case fatality 
rate (CFR), calculated as

CFR = number of deaths
total number of cases

×100%

At the current time, it is di�cult to estimate the CFR for 
COVID-19 because testing is limited and many cases 
are mild or asymptomatic. However, according to the 
reported numbers in the U.S. on April 7, 2020, 12,064–
12,854 Americans have died out of 374,329–400,412 
known cases, giving a CFR of about 3.2%. �ese deaths 
are largely found in populations of people that are old-
er or are weakened by pre-existing health conditions. 
Fewer than 1% of the deaths have occurred in young, 
healthy individuals.

Another factor that separates deadly pandemics 
from less-harmful endemic illnesses is the e�ect of herd 
immunity (Figure 7.13). In�uenza has been around for 
a long time, and many people have had the disease and 
recovered from it. Additionally, a yearly �u vaccine is 
available, giving immunity to numerous others. As a re-
sult, when the in�uenza virus makes its rounds, it has 
relatively fewer susceptible hosts to infect.

In contrast, many viruses that have caused recent 
outbreaks, including SARS-CoV-2, are novel viruses, 
meaning they have never before infected human beings. 
Typically, a novel virus enters the human population by 
jumping from an animal host to a human host. Once in the human population, if the infection 
can spread from person to person the R0 value is potentially very high because no one has devel-
oped immunity to the disease through either recovery or vaccination.

In summary, a virus with the potential to cause signi�cant loss of life is one that causes 
critical illness and/or death in some percentage of the population (CFR), is novel (no herd im-
munity), was not contained at the outbreak level, and for which R0 > 1. COVID-19 meets all 
these criteria, while in�uenza only meets the �rst. Moreover, the CFR of in�uenza is about 0.1%, 
compared to the CFR of possibly 3.2% for COVID-19 (though the latter CFR is probably high 
and will be corrected with time as we get better estimates of the asymptomatic infection rate). 
In the future, COVID-19 may become endemic in the population like the �u, but no one knows 
yet how this pandemic will play out. I pray that, as you read this sometime in the future, you will 
already know the outcome, and that loss of life and economic damage will have been minimized.                                     

Disease R0

measles 12–18
chickenpox 10–12
polio 5–7
rubella 5–7
mumps 4–7
smallpox 3.5–6
HIV 2–5
SARS 2–5
common cold 2–3
diphtheria 1.7–4.3
COVID-19 1.4–3.9 (est)
in�uenza
(1918 pandemic strain)

1.4–2.8

Ebola
(2014 outbreak)

1.5–2.5

in�uenza
(2009 pandemic strain)

1.4–1.6

in�uenza
(seasonal strains)

0.9–2.1

MERS 0.3–0.8

Table C.1. R0 values of several well-known 
viral diseases. 
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blastocyst, 254, 319
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central disk, 277
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concentration gradient, 90, 93
condensation, 330
condensed chromatin, 157
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of, 37
embryo, human, 318–321; reptile, 
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ated, 94
endoderm, 254, 255
endomembrane system, 81
endomysium, 297
endoplasmic reticulum, 80, 81, 153, 

298
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endosperm, 240
endosteum, 294
endosymbiont theory, 86, 216, 217, 

410, 412
endotherm, 285, 286
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�nch, 25, 389, 393, 403
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roles, 232; life cycle of, 229

galactose, 52, 54
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heredity, 178, 181
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glycoprotein, 88
Gnathostomes, 281
goat, 398
God, 4, 5, 21, 23, 29, 30, 198, 247, 
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Hardy-Weinberg equilibrium, 189, 

191, 192, 385, 386
harvestman, 275
Harvey, William, 305, 306
haustorium, 350
Haversian canal, 294
Hay�ick limit, 157
heart, 306–309; chambers in, 306
He Jiankui, 152
HeLa cells, 70, 128
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homeobox gene. See Hox genes
homeostasis, 24, 46, 50, 62, 92, 296, 
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intermediate �lament, 87
intermembrane space, 86
intermolecular forces, 40, 41, 43, 44
internal energy, 100
internode, 245, 246
interphase, 143, 156, 157
intestine, 296, 311–313
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