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Preface
For Teachers
Thank you for taking the time to begin here at the beginning. This biology text is quite different 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 This Text
5. Laboratory Work and Lab Reports

1. Student Audience and Preparedness
This 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 specifically 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-first 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. The 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 different series of texts for use by accelerated students, those who complete 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 10thgrade 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.
The benefits of the physics-first 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 Curriculum” and “Stratifying Math Students.”

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

Preface for Teachers
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 paradigm shift in terms of four categories—Wonder, Integration, Mastery, and Kingdom. These
are addressed briefly below. Much fuller treatments are found in Teaching Science so that Students Learn Science, by John D. Mays, and in Mays’ forthcoming book, From Wonder to Mastery
(scheduled for release in winter 2020–2021).
Wonder
The study of science should always begin with wonder. The 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 interfere with kids playing and exploring outdoors. Liability concerns make it hard to find a decent
chemistry set. And unfortunately, it is common today for young people grow up spending most
of their time indoors with digital media. The 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 exploitation, 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 shift is that instruction must be integrative.
The habit of compartmentalizing disciplines of learning must be eliminated. This habit currently
pervades everything from problem assignments to lesson presentations to test design. Instead
of isolating science content from everything else, critical points of effective 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 scientific and mathematical knowledge, and
the roles these play in leading us toward truth, goodness, and beauty.
Naturally, for integration to be effective, specific learning objectives must be developed, explained to students, and incorporated into assessments. Novare texts include clear learning objectives in every chapter.
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Mastery
Mastery essentially means proficiency and long-term retention of course content. The first
step toward mastery-learning is to change how we define success. The 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 proficiency and long-term retention using a Learn-Master-Retain cycle. This first involves culling the
content scope to an amount that can be truly mastered in the course of a school year. Many educators 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. The standard approach used today involves teaching a chapter and giving
a test on the chapter. By contrast, pedagogy designed for mastery and retention involves continuous review, ongoing accountability for previously studied material, and embedding of basic
skills into new material. Of course, an effective method includes innovative strategies to enable
students to master course content.
Kingdom
We reject today’s artificial conflict between faith and science. We affirm 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). There can be no inherent conflict between
faith in the One who made the world and study of the world He made. There can only be conflict
between the faith claims of those who believe in Him and those who do not.
The conflict we constantly hear about today is fueled by the irresponsible attitudes held by
people on both sides of the conflict. 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-Christians make the equally foolish mistake of claiming that there is no room for faith in the scientific
enterprise, or that science shows that there is no God. In fact, the reverse is the case.
The paradigm we advocate includes significant 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 gift.
We must help our students to see the fingerprints 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 Theorem, the integrity of scientists, the transparency of our atmosphere, and the Higgs Boson. This
beautiful world, this breathtaking gift 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. These 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 offer 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 theory, particularly among American evangelicals. However, we believe a different approach to treating 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 resource 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 present—based on the laws of nature and evidence found in nature. In this respect, evolutionary
theory is just like all other scientific 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 understanding, scientific theories are not truth claims, and it is a category error to confuse the
two. Theories are models used to explain and account for scientific facts. A strong theory is
one that accounts for known facts and leads to successfully tested hypotheses. All scientific
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 scientific
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 scientific tools and techniques become more sophisticated. Moreover, theories are never proven or disproven because one cannot “prove” a model. Models aren’t true or false and aren’t proven or disproven;
they are simply more or less useful. Theories 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. The 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—accept evolutionary theory as well-supported by abundant scientific evidence and are confident that there is no conflict 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 education, 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 scientific 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 scientific
research. Again, theories are not truth claims. If we equip students to think well about this
issue and to engage with it both scientifically 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 claiming that the theory is the truth and without calling it a lie.
There 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.
There 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 finding scientific and theological resources written by faithful Christians that embrace evolution. The 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. This organization was founded by one of the world’s top geneticists, Francis Collins, with a mission of equipping Christians to think about evolution and
related scientific questions. They have a large catalog of well-researched and well-produced
resources.
The 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 common ancestors by means of genetic mutation.
Adam and the Genome, by Scot McKnight and Dennis R. Venema (2017). In the first half of
this treatment, biologist Dennis Venema reviews the biological evidence supporting evolutionary theory. In the second half, theologian Scot McKnight addresses the issue of interpreting Genesis and other biblical passages.
The Lost World of Genesis 1, by John Walton (2009). Walton is professor of Old Testament at
Wheaton College and Graduate School. This treatment provides Christians with a biblically
faithful way of reading Genesis 1 that also harmonizes with contemporary scientific claims.

4. Recommendations for Teaching with This Text
Many of the recommendations below refer to practices pertaining to exams, quizzes, and
the like. The Digital Resources download designed to accompany this text contains assessments
and other materials designed to support our Wonder-Integration-Mastery-Kingdom teaching
model. The 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 previously learned material. For students at this level, we recommend the following five-part assessment 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. The logic behind this
principle is explained in detail in Teaching Science so that Students Learn Science and in the
xxii

Preface for Teachers
article “Putting Homework in its Place” in the March 11, 2013 issue of our newsletter, available 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. This motivates students to stay current with their studies instead
cramming the night before the exam. (It also gives them direct information about how prepared 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 specifically 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 Questions 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 effect on how efficiently
students can learn and master new material. Moreover, teaching according to a mastery model 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 different year to year, and some groups of students can handle
more than others. Teaching according to mastery principles is quite different 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 competence 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.
Third, a healthy epistemology of science should pervade all science courses. The Cycle of
Scientific Enterprise model briefly described in Chapter 1 is the place to start. This topic is developed at greater length in Teaching Science and in the first chapter of Introductory Physics by
John D. Mays. We encourage all teachers to draw upon these resources and become fluent in
the concepts and terminology about the nature of science and scientific knowledge. Then bring
1 At the high-school level, computations are most relevant to physics and chemistry, less so to
biology.
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the subject up as often 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 scientific claims and the truth claims in Scripture. One of the results of this massive lack of understanding is fuel thrown on the fires 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 Scripture and what we know about the world from scientific inquiry.
Finally, Wolfgang Goethe once wrote that “the history of science is science itself.” As mentioned 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 theories and discoveries. Thus, learning objectives pertaining to the history are placed prominently
alongside those pertaining to the technical content. It is very important that the historical circumstances are related to the nature of scientific knowledge and the Cycle of Scientific 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 reports from scratch—rather than by filling 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, five or six times per year. In Teaching Science so that Students Learn Science, John D. Mays devotes a chapter to laboratory work and lab reports. That chapter outlines
assessment guidelines and learning objectives for lab reports at different grade levels throughout
high school.
There 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 difficult and time-consuming task. Thus, we commend to you and
your students The 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. This 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 The 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). This resource
is an integrated combination of experiments book, lab journal, field notebook, and commonplace book. The Apprentice’s Companion is the place where students will
• find the lab procedures for the experiments
• record data and observations during laboratory work
• formulate hypotheses
• make sketches and diagrams
• record findings 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 The 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 off 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 specific types of tasks, we are putting
them in the kinds of circumstances where they can learn how to think carefully and scientifically, and we are showing them how to do so.”
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Preface
For Students
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 different 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 find 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 specific study strategies that help you remember definitions 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 flash 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 instructor 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 flash 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 figure
out a problem after 10 or 15 minutes, raise the question in class.
7. Every time you lose significant points on a quiz or test, follow up and fill 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 commit something to memory, or didn’t have it in your flash 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 Scientific Enterprise works.
2. Differentiate between scientific theories and truth claims.
3. Compare and contrast light microscopy, SEM, and TEM, and explain how magnification,
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 buffers.
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 fluid-mosaic structure of the plasma membrane and explain passive
and active transport.
12. Address questions pertaining to diffusion or osmosis across a plasma membrane.
CHAPTER 4

13. Use reaction coordinate diagrams and chemical equations to identify activation energy, determine 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: glycolysis, 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 heredity. Include specific 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 differ 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 different patterns of inheritance.
CHAPTER 7

31. List the eight taxa in the order they are found within the hierarchical classification 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 classified.
36. Explain the difference 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 five different fungal phyla, giving an example from each group.
40. Explain some of the different 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 different groups of plants.
43. Describe the basic structure of a flower and how flowering plants reproduce.
44. Explain how plants interact with their environments, including the processes of transpiration and tropism.
CHAPTER 9

45. Describe the early development of animals.
46. Explain the historical and current classification schemes of animals.
47. List the major animal phyla and describe their defining traits.
48. Compare the anatomy of the major animal phyla.
49. Explain the defining characteristics of chordates and the sub-phyla found within the phylum
chordata.
50. List and describe the five 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 different trophic levels and how they relate to each other.
62. Explain how energy moves through a food web.
63. Describe the different 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 comparison of microevolution, speciation, and macroevolution.
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69. Describe the three ways that a population can increase its genetic diversity in detail (mutations, 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 different
specific types of natural selection and explaining how natural selection differs from genetic
drift.
71. Give two different definitions for species and explain why the species concept is difficult to
define 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 five types of evidence that are used to support macroevolution (including
a discussion of Hox genes).
74. Briefly 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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General Biology

Chapter 1
Biology—The Study of Life

An artist’s depiction of a neuron.
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?
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Objectives for Chapter 1
After 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. Define hypothesis, experiment, and theory.
3. Describe each step of the Cycle of Scientific Enterprise.
4. Explain the roles played by magnification, 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. Define 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 specific example of an organism growing and developing.
13. Compare and contrast asexual reproduction and sexual reproduction.
14. Define DNA and macromolecule.
15. Briefly 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 Scientific Enterprise as a guide, trace the development of biogenic
theory, explaining how each subsequent experiment either supported or modified the
currently accepted theory.
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Chapter 1

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, defining life is not easy. In fact, it is one of the
great questions that has been debated throughout scientific history. In order to define life, we
first need some scientific 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 scientific knowledge.

1.1.1 Truth and Facts
The word science comes from the
Latin scientia, meaning “knowledge”
or “way of knowing.” It is important
to understand that there are different
kinds of knowledge and that scientific knowledge is one kind. Another
kind of knowledge deals with truth,
which we address first.
Truth can be defined as the way
things really are. You can know truth
either by direct experience or by revelation from God.1 God’s revelation
can be further divided into Special
Revelation (the Bible) and General
Figure 1.1. One way to know truth is through direct experience,
Revelation (creation).
As an example, I can say that the such as my direct knowledge of my family, shown here at the
following statement is true: “I have a beach.
husband and five children.” This is a
true statement about me, the author. From my own direct experience, I know that my husband
and five 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 children was born. Those 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.” This statement is true because 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 Scripture 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 Figure 1.2. Special Revelation, or God’s Word, is one
way that God directly reveals truth to us.

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.
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that a higher power, infinitely more
powerful than we are, is the cause
behind such beauty. Many other majestic aspects of nature and its study
convey this same truth. Indeed, in
Romans 1:20 the Bible itself affirms
that God speaks to us through General Revelation: “For his invisible
attributes, namely his eternal power
and divine nature, have been clearly perceived, ever since the creation
of the world, in the things that have
been made...”
Scientific facts represent a type
of knowledge that is different from Figure 1.3. General Revelation is another way that God directly
truth. Illustrated in Figures 1.4 and 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.

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 designed tests that are meant to give us further information about how the world works. Because
we are constantly learning new things about the
world, scientific facts can and do change. You
may have already studied the Copernican Revolution, the paradigm shift that occurred as Copernicus 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 closer 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 subjects is not plainly evident to our everyday experience, and so the only way
we can learn about them is through
experiment and observation. Only
God knows the whole truth about every aspect of his creation. We can only
discover scientific facts that are correct
so far as we know, and seek to account Figure 1.5. Observations are another way we obtain facts.
for the facts by the scientific theories Scientists carefully watch and measure organisms in their
we develop. As time progresses, hope- 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 scientific
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. The
main goal of science is to develop robust and successful theories. To quote textbook author John
D. Mays, “Theories 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 defined 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 scientific theory. Hypotheses are tested and supported (or not
supported) by observations and experiments. The results of these tests strengthen or weaken the
theories on which the hypotheses are based.

1.1.3 The Cycle of Scientific Enterprise
The interplay between facts, theories, hypotheses, and experiments is evident in a diagram
of the Cycle of Scientific Enterprise, shown in Figure 1.6. Currently known scientific 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).
The 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. The 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 scientific knowledge that needs to be repeated
and emphasized. Scientific theories are models. A widely accepted theory is the scientific best
explanation. But in principle, theories are provisional; they are always subject to change as new
information becomes known. Thus, 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 indefinitely, continuing the Cycle of Scientific Enterprise. 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 confident 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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Hypothesis
An informed prediction,
based on a theory

Fact

Theory

Experiment

Our best explanation
at present

Putting the hypothesis
to the test

Fact
Fact

New Fact

Yes

Analysis
Are the experimental results
consistent with the theory we
started with?

No
Review

Reconsider experimental
methods, appropriateness of
hypothesis, adequacy of theory

Figure 1.6. The Cycle of Scientific Enterprise.

You use the Cycle of Scientific Enterprise in your everyday experience. As an example, imagine you are home alone and you hear a loud chirping noise. Your perception of that noise is an
observation you seek to explain. The 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 fine, so your hypothesis
is not supported by the evidence. Assuming that
your battery tests are correct, this experimental result indicates that your theory may need
revising. The detector chirps again. Since no
detectors indicate a dead battery, you must now
form a new hypothesis. Perhaps there is an explanation for a chirping detector other than a
weak battery? You go downstairs, following the
sound of the chirp. This 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 1.7. 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 fire department.
In the scientific world, the Cycle of Scientific 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 field, 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
The 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). These simple devices consist of a single
convex lens that bends light, creating a magnified
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 magnification of these simple
devices is limited to producing an image appearing about 2× larger than the object’s actual size.
Magnification is defined as the ratio of an image
Figure 1.8. Magnifying glasses bend light so that
size to the object’s actual size.
objects appear to be larger than they really are.
The first compound light microscopes were inThe magnification of a simple lens such as a
vented in the late 1500s in Holland. These micromagnifying glass is limited to about 2×.
scopes were the first to use two lenses in order to
achieve higher magnification than that of a single
lens. The basic compound microscope works the same
way a simple telescope does: a telescope makes a distant
object that appears small appear larger, while a microscope 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.
This instrument allows you to see organisms at varying
magnifications, usually in the range of 40–1000×.
Despite the higher magnification of the early compound light microscopes, their resolution was quite limited. 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, melding into a single unclear image. However, with your conFigure 1.9. Compound light microscope.
tacts on you see two separate sharply focused objects.
Instruments such as this provide
magnifications of 40–1000×.
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The first light microscope to achieve both high resolution and magnification was that of Dutch scientist Antonie
van Leeuwenhoek in the 1670s. This revolutionary breakthrough opened up the world of microorganisms—previously unknown to mankind.
While the light microscope is incredibly useful for viewing cells and microorganisms, its resolution is limited to
about 200 nm (nanometers), or 2.0 × 10–7 m. This limit is
due to the wavelength range of visible light (400–700 nm),
which limits the minimum distance between objects a microscope 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. This
type of microscope uses a beam of electrons, rather than Figure 1.10. A light microscope image of
light, to generate an image of a sample. In a previous science human blood, stained with a special dye
class, you may have learned that electrons exhibit both to increase contrast. Most of the graycolored cells are red blood cells, which
particle and wave behaviors (just as light does). The electron
do not have a nucleus. On the left and
microscope exploits the wave nature of the electron, which right center of the image, you can see
exhibits wavelengths in the picometer (10–12 meter) range. two purple-stained white blood cells.
The electrons are blasted at a sample at high speed. The inter- The nucleus of these two cells is visible,
actions between though not in much detail.
the electrons and
the atoms in the
sample produce signals that are used to construct an
image of the sample. The smaller wavelength of electrons (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. This 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.
Though 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 microscope (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 transFigure 1.11. An image of human blood using
mission
electron microscope (TEM). In this picture,
an SEM. The donut-shaped cells are red
the dark crescent shape is the cross-section of a sinblood cells, the cells that carry oxygen to
gle red blood cell, traveling through a capillary. Capeach cell in the body. The rounder, large cells
with projections on the surface are white
illaries are tiny blood vessels where oxygen delivery
blood cells. The tiny objects are platelets—
and waste pickup occur throughout the body. We are
cell fragments involved in blood clotting
looking at a cross-section of this capillary, as if we cut
whenever there is an injury.
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a thin slice of the tube and look at it endon. This view is similar to looking into the
end of a garden hose. That is why the capillary looks like a light-colored circle, rather than a long tube. Notice the rich detail,
which enables the study of the surrounding cells (capillary walls are only one cell
thick). Multiple organelles (small parts of
cells that carry out specific functions) are
visible within these surrounding cells. In
contrast to three-dimensional SEM images, TEM images are two-dimensional.
However, their high magnification and
resolution allows for detailed images of
organelles within cells, making the TEM
Figure 1.12. A transmission electron micrograph (TEM)
an extremely powerful tool in biology.
of a red blood cell in a capillary (cross-section). The small
In a previous science class, you may
diameter of a capillary forces red blood cells to pass
have
learned about a form of microscopy
through in single-file.
with even higher resolution—able to image individual atoms. This 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. This
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 address this technique any further here.
In addition to light and electron microscopes, there is a host of other instruments and techniques 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 find that information in
Appendix A. Table 1.1 shows the metric prefixes commonly used in biology. You should commit
these to memory, if you haven’t already done so.
The symbol μ is the Greek letter mu, and merits some comment. We pronounce μm “micrometer” (MY-kro-mee-ter), which is not to be confused with a tool for making small measurements 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). Therefore 1 μ (one micron) 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). The
angstrom is not an official 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. This unit of
measure is named after Swedish spectroscopist Anders Jonas Ångström (1814–1874).
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Prefix

Abbreviation Mathematical Level of Biological
Equivalent
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

tissue

width of largest human vein, ~24 mm

micro

μ

10

cell

cell, ~5–120 μm

nano

n

–9

10

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

–3
–6

Table 1.1. Metric prefixes commonly used in biology.

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 often!), 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. The

2 Of course, you learned in Earth Science that earthquakes are caused by the shifting of tectonic plates due to the buildup of stress. However, this cause was not apparent to my young
daughter.
3 The most rigorously scientific way of describing this trio would be matter, energy, and order,
where the order in nature is due to the laws of nature. The truth behind the order observed
in nature is that this order is a manifestation of the intelligence of the Creator.
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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. The 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 specific characteristics. The simplest purpose a living
thing can have is to survive and reproduce. Beyond this, organisms display more complex purposes 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 specific
characteristics, listed in Table 1.2. You can also think of these six characteristics as six requirements that must be met in order for a thing to be regarded as alive. Note that all six move an
organism toward the fulfillment 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 goldfish in little plastic baggies. Not wanting to dampen 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 fish to their new home, making sure that their baggies had time to adjust temperature so as not to shock the fish. At first, everything went along
swimmingly (pun intended). Our three goldfish 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. They utilized matter and energy. We fed them diligently twice a day, and it was
evident that they were producing excrement. They energetically swam back and forth, using the
energy that the food gave them. Did they grow, develop, and reproduce? Though we didn’t get to
see it ourselves, as living things, these fish most certainly grew from small eggs. And my children
most earnestly hoped that there might be both a male and female goldfish among them so that
they might have babies. Did they use and transmit genetic information? Yes. They had genes that
specified where exactly their fins 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 offspring 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 filter 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.
After a few days, our goldfish friends began to behave strangely. One, whose name was Buddy, 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., floated 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 filter 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 “goldfish 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 The “chief end of man,” as described by the Westminster Catechism.
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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. The
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
Section
waste, a process called metabolism. Waste products are broken
1.2.3
down and used again. Energy is continually supplied from the sun,
converted, and used by organisms, which produce waste heat in
the process.

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.

4. Living things use
and transmit genetic
information.

Living things share a common genetic code, or instruction manual Section
for life. These instructions dictate how an organism functions and 1.2.5
are passed on to offspring.

5. Living things
respond.

Living things have some sort of sensory system by which they
Section
respond to light, sound, motion, or other stimuli. They process the 1.2.6
information received and respond accordingly.

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
1.2.4

Section
1.2.7

Table 1.2. Six characteristics of life.

conditioner, and to equalize the temperature before adding the new water. Just minutes after the
fish had their new water, I heard a distressed shriek coming from upstairs. One of my children
saw that the goldfish were no longer breathing. Their 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 goldfish to handle. They could not adapt
to the stressful environment, and then, one by one, lost all the other attributes of life.5
The living goldfish had purpose. They lived to survive and reproduce (and to bring delight
to my children). The bodies of the deceased goldfish became non-living matter. They moved
because of outside forces (like the filter waterfall), not of their own accord. Now laid to rest in
backyard graves, their cells are decomposing into smaller building blocks. They no longer possess 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-contained living factory, surrounded by a barrier called a membrane, containing genetic material

5 If I had maintained a large population of goldfish in a much larger tank, perhaps a few fortunate ones might have survived the unfavorable water conditions. After several generations,
all the resulting fish would have been much more resistant to the ammonia in the water.
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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.

(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.
The 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. These levels entail differing 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
14
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levels of complexity and more intricate interactions are present, illustrating how the creative
power of God sustains life itself. These levels of organization are foundational to the study of
biology, and you must commit them to memory.
The first 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 simplified 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 bicarbonate (baking soda). These 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 macromolecules), the next level of organization.
Many biomolecules are formed by repeating units of simple molecules, as illustrated in Figure 1.14c. This biomolecule is a fragment of genetic material called DNA that holds the operating instructions for the cell. Other biomolecules include proteins, carbohydrates, and lipids,
discussed in Chapter 2.
The next level of organization is the organelle (Figure 1.14d). Organelles are small parts of
cells that carry out a specific 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. The nucleus of a cell is a completely different thing, and in fact
is many orders of magnitude larger than the nucleus of an atom. Their 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 different from the nucleus of a cell, so take
note and keep these terms straight.
Now, organelles are amazing because they are composed of different parts that work together. 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 different shapes and sizes are found in the nucleus. These parts
intricately work together like a finely tuned factory, sending out messages that control what all
the other organelles in the cell do. Every other organelle in the cell has a specific job as well, and
we elaborate more on these roles in later chapters.
Although each organelle has different 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)
15
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Level

Size scale
(length or
diameter in
meters)

*Atom

10–11–10–10

Illustration

– electron
+
proton

Caption

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. This
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. This 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 often
consists of many repeating
small molecules attached
together. DNA, RNA,
proteins, lipids, and
carbohydrates are types of
biomolecules. This image
shows a small (13 base
pair) segment of DNA.

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

Size scale
(length or
diameter in
meters)

Illustration

*Organelle

10–8–10–6

Figure 1.14d. Organelles
are groups of different
biomolecules that work
together to perform a function
within a cell. This 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. These parts work
together to perform all the
functions of life (metabolism,
reproduction, growth,
response, and adaptation). The
nucleus of this cell is shown in
light pink.

Tissue

(varies)

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

cupula

Caption

sense
hairs

sensory
cells

nerve

*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.
Table 1.3 (continued). Levels of organization in biology. For items (f )–(k), fish are used as examples.
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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
benefits the whole
body. This picture
shows the lateral line
of a fish, where each
of the dark spots
lined up horizontally
is one neuromast
(illustrated in Fig
1.14f). The 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.) This photo
shows a parrotfish.

Population

(varies)

Figure 1.14i. A
population is a
group of organisms
of the same species
living in a particular
region. This photo
shows a group of
parrotfish.

Table 1.3 (continued). Levels of organization in biology. For items (f )–(k), fish 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.
This photo shows
a number of fish
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 fish
and coral polyps
that interact with
water, sunlight, and
calcium carbonate to
comprise a coral reef
ecosystem.

Biosphere

107

Figure 1.14l. The
biosphere consists of
all life on earth.

Table 1.3 (continued). Levels of organization in biology. For items (f )–(k), fish are used as examples.
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Based on the first 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 cycle 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 organism—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 fish, called the lateral
line system. As underwater creatures, most fish 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
fish senses the resulting waves, and knows where to swim to find 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. This 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
fish and shown in Figure 1.14g. This lateral line is the organ responsible for the ability of a fish
to sense water movement. This amazing ability helps fish to find prey, avoid predators, and stick
together in groups.
An organism, or individual living being, is often made up of many coordinated organ systems. Figure 1.14h shows an individual parrotfish. 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 efforts 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. They often are part of
communities—groups of populations living and interacting in the same area. These 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 fish species living in close proximity.
Moving on, living things interact with the non–living components of their environment. The
colorful tropical fish 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 survive, 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 sufficient sunlight. Water level and temperature are just two non-living
factors that play roles in the survival of the species of this ecosystem. The fish 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. These molecules are then transformed into different molecules that the
organism uses, harnessing energy in the process. Unusable matter is returned to the environment 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. These molecules
are then used by other organisms or broken down to retrieve the energy. All organisms need energy 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. Finally, decomposers, such as mushrooms, secrete
special biomolecules that break down excreted
waste products or the remains of dead organisms, allowing those molecules to be used again.
In short, energy flows from the sun to producers, then to consumers, then to decomposers,
and ultimately is dissipated as heat. The matter
continues to be broken down and built back
up again, recycled over and over. The cycling
of matter and energy takes place in thousands
upon thousands of metabolic reactions, which
we discuss in much more detail in Chapter 4.
Figure 1.15. An example of a producer (moss),
Reflect for a moment on the exquisite design consumer (hedgehog), and decomposer
of this system. The interplay of producers, con- (mushroom) in the same ecosystem.
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. This 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. The 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), becoming 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. Though each cell has a complete copy
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Figure 1.16. The stages of human fetal development.

of the person’s DNA, specific 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 begin to dictate how cells are arranged
within the body. The growing baby
begins to look more and more human-like, with a head, a face, a torso, two arms and two legs. The heart
begins to beat just a few weeks after
fertilization of the original egg, before the mother even knows she is
pregnant!
Dramatic growth and differentiation 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 after birth, the process of growth and

development continues.
The 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 visualize 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. This process includes becoming sexually mature so that one may reproduce, creating more individuals and
continuing the human race.
All organisms go through some developmental process. Butterflies progress from caterpillars
to adult butterflies; 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, development, 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 software in order to perform
any task.
In a similar way, an organism requires a set of instructions to control all its functions. However, rather than being drawn on a sheet of drafting paper or typed in word processing software,
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
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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 significant
properties of DNA:
1. DNA can be copied in its entirety, so that the copies may be transmitted to offspring.
2. DNA can copy small portions of itself in order to give instructions to other parts of the cell.
3. The 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. The
chemical language is read and understood by other parts of the cell.
4. The 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 “letters” long. That’s the amount of DNA required to encode for you! Though 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 different from the next. There are genres of similar novels, such as mystery, romance, historical fiction, and so on. These 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 specifically 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 offspring by one of
two processes of reproduction—asexual or sexual. In asexual reproduction, a single-celled organism makes a copy of its DNA and then divides into two identical daughter cells. Thus, asexual
reproduction results in genetically identical offspring. In sexual reproduction, two parents each
contribute half their DNA to the resulting progeny. The 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. The 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 goldfish, living things respond. We use the word stimulus to indicate any event that evokes a reaction from an organism. The 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.
The goldfish 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 imminent 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. Those 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 present in higher (more intelligent) organisms, but even
simple bacteria are able to respond to stimuli. Many
bacteria exhibit chemotaxis, the ability to sense concentrations of molecules and swim towards them (or
away from them, if they are poisonous). This ability helps the bacteria both to find food and to avoid
threats.
Figure 1.17 shows an artist’s rendition of bacterial chemotaxis. The rod-shaped E. coli cells each
have multiple flagella (singular: flagellum), string-like
projections extending from their cell bodies. These
flagella spin like propellers, enabling the bacteria to
move. When no chemical attractants are present, the
flagella all spin facing outward from the bacterium,
and the bacterial cell tumbles in place. However,
Figure 1.17. An artist’s concept of bacterial
when an increasing concentration of a nutrient molchemotaxis in E. coli.
ecule is present (such as sugar), the bacteria align the
flagella in the same direction. This alignment causes
the bacteria to propel forward toward the sugar. Thus, bacteria respond to the stimulus of the
chemical gradient caused by the sugar’s presence and are rewarded with a tasty treat.
Though 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 consider E. coli a “simple” organism (though it is tiny and single-celled). The flagellum 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 briefly to consider how stimulus and response relate to the notion of homeostasis. 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. The thermostat constantly monitors the temperature of the surrounding air, keeping it at
a specified 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, temperature, 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 fulfilling their common purpose. One strategy is adaptation. In the present context, adaptation is not exhibited by an individual organism, but by a population of organisms
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over several generations. This process of adaptation depends upon genetic variability
among the members of the population.
As an example, consider the finches that
Darwin observed during his voyage to the
Galapagos Islands in 1845, illustrated in Figure 1.18. Since the Galapagos Archipelago
originated from volcanic activity, its species
had to migrate there from other locations.
These finches probably came from a population of birds on the mainland. As the finches
settled on the different islands of the archipelago, differing food sources led to higher
reproductive success for birds with certain
traits. For example, in Figure 1.18, the large Figure 1.18. Finches of the Galapagos Islands, with
ground finch labeled #1 (Geospiza magniros- beaks adapted to varying food sources.
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. After several generations, this trait
became predominant in the population, due to the survival advantage it conferred.
On the other hand, the medium ground finch #2 (Geospiza fortis) lived on an island with
small soft seeds as its major food source. As a result, finches with the beak most adept at eating these seeds had a reproductive advantage. After several generations, most of the medium
ground finches 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 adaptation in this population. The drought shifted the major food source from small soft seeds to
much harder seeds, and as a result, scientists observed a 10% change in the sizes of the beaks of
the medium ground finch. This adaptation to changes in climate enabled the birds to utilize the
changing food source more effectively.
Adaptation can also be readily observed in bacterial populations. In 1943, penicillin was
introduced as an effective antibiotic against a disease-causing bacterial species, Staphylococcus
aureus (S. aureus). After just two years, up to 20% of S. aureus infections became resistant to
penicillin treatment. These 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 effective treatment. Yet today, MRSA (methicillin-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 off. This 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 Chapter 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 field 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.
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1.3.1 Aristotle and Redi
The ancient Greek philosopher Aristotle (Figure 1.19) wrote extensively about nature (natural philosophy). Aristotle was the first philosopher to propose the theory of spontaneous generation. 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 alongside 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. Then, in 1668, Tuscan naturalist Francesco Redi (Figure 1.20) performed an experiment showing
that maggots found on rotting meat did not actually originate from the decaying flesh. Redi assembled a large array of
different types of meat, leaving some samples to rot in uncovered jars, and others in jars covered with
cheesecloth. The uncovered samples became
infested with maggots
Figure 1.19. A statue of ancient Greek
after a few days. Howphilosopher Aristotle (384–322 BC).
ever, the covered samples had no maggots
directly on the meat. Instead, adult flies were seen hovering
over the cheesecloth, where they laid their eggs. Redi concluded that maggots are simply part of the life cycle of flies,
and that an adult fly 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 argued. Rather, life proceeds from parent to offspring. Redi’s
famous conclusion in Latin was omne vivum ex vivo, or all
life comes from life.

1.3.2 Needham and Spallanzani

Figure 1.20. Tuscan naturalist Francesco

Eighty years passed before another test of the theory Redi (1626–1697).
of spontaneous generation occurred. While Aristotle and
Redi could only observe the generation of macroscopic animals, by the 18th century the invention 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 Buffon, 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. Afterwards, Needham was able to observe many quickly-moving microorganisms and smaller so-called “organic molecules” in the fluid. 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.” Thus, he concluded
that the microorganisms arose spontaneously from previously non-living matter.
26

Biology—The Study of Life
In 1765, Italian priest Lazzaro Spallanzani (Figure 1.22)
questioned the results of Needham and Buffon, repeating
their experiment with some modifications. First, Spallanzani hermetically sealed his tubes, meaning that he melted
the glass to make an airtight seal. Second, he boiled the gravy for at least an hour. As a result, Spallanzani did not observe any microorganisms forming after treatment. Since
they were contemporaries, Spallanzani’s results stirred up
a debate between Needham and himself. Spallanzani argued 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 contamination. 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 Scientific
Figure 1.21. Irish priest John Turberville
Enterprise,
we see how both Needham and Spallanzani
Needham (1713–1781).
were attempting to use competing theories to account for
the same body of facts. According to the theory of spontaneous generation, Needham could predict (make a hypothesis) that new life would emerge
after all previous life had been killed. He performed an
experiment that seemed to support this hypothesis, and
so evidence for spontaneous generation was strengthened. 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 flaws. Spallanzani repeated Needham’s
experiment with improved design, achieving the opposite
result—no microbial growth. Throughout the history of
science, conflicting results and even fierce debates have
been common. These debates cause the Cycle of Scientific
Enterprise to move forward toward ever stronger theories,
as experimental flaws and other hidden mysteries are revealed by further testing. Scientists might not be as motivated toward repeated testing and improved experimental
design if everyone agreed all the time.

1.3.3 Pasteur and the Victorian Debates

Figure 1.22. Italian scientist Lazzaro

A century passed, and the question of spontaneous Spallanzani (1729–1799).
generation was still far from settled. In the 1860s, French
scientist Louis Pasteur (Figure 1.23) designed an experiment 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 flask that
would allow air inside, but not heavy dust particles. This apparatus, known as the “swan-necked
flask,” is shown in Figure 1.24. Pasteur predicted that contamination from the outside air was the
cause of bacterial growth after boiling a broth or gravy, and his swan-necked flask was designed
to prevent this contamination.
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First, Pasteur boiled broth in several of his special
flasks. In the first sample, he broke off the neck of the
flask, exposing the broth to the air above. This sample
grew microorganisms after a few days. In the next sample, 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 flask, no bacterial growth occurred. After many months, Pasteur finally tipped the
flask over, exposing the broth to the dust that had settled
at the edge of the opening, and then setting it upright
again. After a few days, bacterial growth occurred. Pasteur’s experiment gave strong support to biogenic theory
(biogenesis)—all life comes from previously existing life.
Though many synopses on the history of spontaneous generation end with Pasteur, it should be noted
that the debate raged on for at least another decade. English scientist Thomas Henry Huxley (Figure 1.25) popularized Pasteur’s results, while another English scientist
named Henry Charlton Bastian (Figure 1.26) fervently
debated Huxley in favor of spontaneous generation. BasFigure 1.23. French scientist Louis Pasteur
(1822–1895).
tian, a supporter of Darwin’s newly published theory of
evolution, theorized
that the first 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. This 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 following any natural laws.
In the midst of Figure 1.24. A sketch of Pasteur’s
these debates between swan-necked flask.
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, after some time in repeating these experiments, Tyndall did begin to notice bacteria forming
after heating in the dust-free air. He eventually traced
these unexpected results to a bale of hay that he recently had moved into the room. Repeating his experiments
in a different 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 notorious for forming heat-resistant spores that can survive
excessive boiling. These spores from the hay contaminated Tyndall’s experiments that showed bacterial growth,
Figure 1.25. English scientist Thomas Henry which explains why moving his experiment to another
Huxley (1825–1895).
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Hmm... Interesting.

Comparing Orders of Magnitude

The 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
= 36,500 dy (  104 dy)
yr

36,500 dy ⋅
876,000 hr ⋅

24 hr
= 876,000 hr (  106 hr)
dy

60 min
= 52,560,000 min (  108 min)
hr

52,560,000 min⋅

60 s
= 3,153,600,000 s (  109 s)
min

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.
The 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 prefix 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). These 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. Thus, 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. There 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 unified by general logical 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 problem. Tyndall then invented a procedure for killing
the spores—by intermittent and repeated boiling
and cooling. It seemed
that the debates over
spontaneous generation
were definitively put to
rest, as nearly everyone
then accepted that life
arises only from previously existing life.
1.27. Irish physicist John Tyndall
(1820–1893).
Figure 1.26. English physiologist
Henry Charlton Bastian (1837–1915).

1.3.4 Modern Vocabulary
To summarize this section, throughout history scientists (and the public at large) have taken
different 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
fierce 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 prefix meaning “not,” bio– means “life,”
and –genesis means “beginning.” The term abiogenesis implies an event that may have occurred
just once in the past, resulting in the first cellular life. This idea is controversial; however, it is
important that you understand the distinctions between the three terms: spontaneous generation (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).
The 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, mathematical 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 Scientific Enterprise yourself, perhaps even making your own
contribution to the theory of biogenesis.
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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 Scientific 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 magnification, 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 prefixes 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 briefly describe the six characteristics of life.
9. Make a table listing the levels of biological organization. For each level, list a defining
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. Briefly 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. Define homeostasis, giving an example of an organism exhibiting homeostasis.
17. Define 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 different from those of Aristotle and Redi?
20. Describe the experiments and conclusions of Louis Pasteur.
21. What experimental modifications 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 different 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.
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Objectives for Chapter 2
After 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. Define 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. Define 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 buffers in maintaining homeostasis.
SECTION 2.3

14. Define 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 differences 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. These 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 scientific history. The ancient
Greeks thought that everything in the world was made of four elements they identified as earth,
fire, 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.
This theory proved to be a strong one, though over the years it has been refined with further
details. Today, the predominant theory is the quantum theory of the atom, discussed briefly
below.
The atom is the fundamental building block of matter, and the fundamental unit of an element. 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 specific way within the atom. As illustrated in Figure 2.1,
protons and neutrons reside in the nucleus, or center. These 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. The 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 fly around in strange ways in regions
surrounding the nucleus.
The 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
Figure 2.1. A model of the structure of an
flying at the outer edge of the bleachers. In other
oxygen atom. Protons and neutrons are tightly
words, the atom is mostly empty space, with almost
bound together in the center (nucleus) of the
all the mass concentrated into the incredibly tiny
atom. Electrons, shown as tiny red streaks, fly
and densely packed volume of the nucleus.
around the nucleus at high speeds. The blueThe model depicted in Figure 2.1 is one version
green regions containing the electrons are the
of
the
contemporary quantum model of the atom.
orbitals.
The blue-green regions containing the electrons are
called orbitals. The orbitals have strange three-dimensional shapes, and each orbital can hold a maximum of two electrons. Each pair of lobes on
either side of the nucleus in the figure constitutes one orbital, even though the two lobes appear
separated in the figure. The orbitals are arranged in groups called shells, and the shells farther
out from the nucleus house electrons with higher energy. The orientation of the orbitals has an
effect on the way atoms bond together to form compounds. We discuss the details of chemical
bonding later in this section.
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In the quantum model, the lowest-energy shell consists of a single, spherical orbital, so this
shell can only hold two electrons. The next higher-energy shell consists of a total of four orbitals
(of two different types), and can hold a total of eight electrons. The third shell consists of nine
orbitals that can hold 18 electrons, and so on. The shapes of the orbitals are more complex at
higher energies.
Compounds are formed when atoms of different elements are chemically bonded together.
Chemical bonding occurs when atoms share or exchange certain electrons. The outermost shell
containing any electrons is called the atom’s valence shell. The 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 differ in the numbers of
these particles that they have. While the numbers of all three subatomic particles vary from element 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 different types of atoms). These
are arranged in the Periodic Table of the Elements, shown in Figure 2.2.
The number of protons is indicated by the atomic number in the periodic table, and elements
are arranged left 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
atomic number
the carbon box from the periodic table. Carbon atoms
all have six protons in the nucleus, so carbon is elechemical symbol
ment number 6. If a carbon atom were to gain another
proton (which happens in certain nuclear reactions),
element
name
Carbon
the atom would no longer be carbon, but nitrogen, N,
12.011
atomic mass
element number 7.
Figure 2.3. The basic information in each cell
The other value present in the periodic table entry
of the periodic table.
for each element is the element’s atomic mass. Carbon’s mass is 12.011 unified atomic mass units (u). The
atomic mass tells us how heavy the element is on average. This 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. This is the case for every element. The varieties of atoms of
the same element are called isotopes. The 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 students 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, five are 15 years old, and another five 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. The most common isotope of carbon—by far—is carbon-12, with an atomic mass of 12 u. This 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. This whole number is called the mass number. The 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 soft, 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 isotopes. One is to place the atomic mass after 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
left corner, such as 14 C. In the latter method, it is also
appropriate to place the atomic number of the isotope
in the bottom left corner: 146 C. However, since carbon
always has six protons, the atomic number is implied
Figure 2.4. Elemental sodium metal.
and often omitted.
It turns out that the existence of isotopes is incredibly useful in science. Because all living things constantly cycle carbon atoms from the environment, 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 radioactive, which means it undergoes a spontaneous nuclear reaction called nuclear decay. Specifically,
C-14 atoms undergo beta decay, which changes one of its neutrons to a proton, converting the
carbon atom to a nitrogen atom. The rate at which the carbon atoms in any sample of carbon-14
undergo beta decay is fixed and well known—over a period of 5,730 years, half the carbon atoms 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 organism because the organism constantly takes in atmospheric carbon
(e.g., by breathing). However, when
that organism dies, it no longer assimilates carbon from the atmosphere. 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 Figure 2.5. A section of the Dead Sea Scrolls. Radiocarbon
how long it has been since the organ- dating was used to trace the age of these Bible manuscripts to
ism died. This technique, known as the first century AD.
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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 first.
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 electrons? 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 responsible 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 renucleus
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. The sodium atom is depicted this way in Figure 2.6.
Figure 2.6. Bohr model
Because Na is element number 11, we know that there are 11 total elecof a sodium atom,
trons in the atom.
showing one electron
Section
in the outermost shell. From
2.1.1, we know
that the lowest
energy shell can hold a maximum of
two electrons (here depicted as a simple circle rather than an orbital). The
next higher-energy shell holds a maximum of eight electrons. Now, 10 electrons have been placed and we need
a home for the remaining electron.
This lone electron occupies the third
shell. It turns out that a single electron
in the outermost shell is a highly unstable situation. Atoms actually prefer
to have full shells, and an atom with
a shell that is almost empty or almost Figure 2.7. Because of a single electron in the valence shell,
full is an atom that reacts vigorously sodium metal reacts explosively with water. Here, about three

pounds of pure sodium metal are thrown into a body of water.

1 An unstable electron configuration means the atom readily adopts a more stable configuration. This 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 configuration on the floor than in a stack. Given a slight bump, the stack falls down by itself because it is energetically favorable to do so.
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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.
The result of this fantastic explosion are sodium ions, Na+. Having lost one electron, sodium
now has an overall charge of +1. The 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 encountered 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, find 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 configuration of these electrons as in the Bohr model
shown in Figure 2.8. If we are to fill 17 electrons into the shells appropriately,
the first shell gets two, the second gets eight, and then the remaining seven
nucleus
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. This rule of thumb is called the octet rule. Figure 2.8. Bohr
Because chlorine’s outermost shell falls just one shy of eight, it is especially model of a chlorine
atom, showing seven
eager to gain another one to become the negatively charged ion, Cl–.
Example 2.2

electrons in the
outermost shell.

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. This
value is nowhere close to any whole number because it is the weighted average of chlorine’s naturally 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 specifically asks us to find 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:
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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.
The 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. This 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. The 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 replace 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 different strengths. Some are temporary, like sticky notes, and others are much stronger, like those
hydrogen atom
hydrogen atom
formed with glue. The strong bonds are called chemical bonds.
Chemical bonds hold molecules and crystals together, through
the sharing or transferring of electrons. Forces between molecules—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 behavior of the molecules whose interactions form the basis of bishared pair of
ology.
electrons
Digging deeper, chemical bonds come in three important
Figure 2.9 Nonpolar covalent
categories,
listed in Table 2.1. We first consider the covalent
bonding present in a hydrogen
bond, sometimes called a nonpolar covalent bond, in which two
molecule (H2). Each atom now has
two electrons in the first shell, so
atoms share one or more pairs of electrons between them, as iltheir valence shells are full.
lustrated in Figure 2.9. Hydrogen atoms each have one electron,
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Chemical
Bonds

Covalent Bond

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

Polar Covalent Bond

When two atoms share pairs of electrons unequally. If two
atoms with significantly different 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. The
resulting charge causes an electrostatic interaction to hold
the ions together.

Hydrogen Bonding

When partial charges on one molecule are attracted to the
opposite partial charge on a neighboring molecule. These
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.

Intermolecular
Forces

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

so they need one more to fill the valence shell (since the first shell holds two). They 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 defining
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.
The 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 electrons are shared exactly equally. If
nitrogen atom
nitrogen atom
oxygen atom
oxygen atom
two similar elements that are close
to one another in the periodic table share electrons, their sharing is
similar enough to be considered a
nonpolar covalent bond. Additionally, molecules with a symmetrical
geometry display nonpolar properthree shared
two shared
ties no matter how unequally their
pairs of
pairs of
atoms
are
sharing
electrons,
due
to
electrons
electrons
a canceling out of polar effects. This
Figure 2.11 Nonpolar covalent
Figure 2.10. Nonpolar covalent
type of nonpolar covalent bond is bonding in a nitrogen molecule
bonding present in an oxygen
illustrated by the methane molecule (N ). Here, three pairs of electrons
molecule (O ). Here, two pairs
2

of electrons are shared (double
bond).

2

are shared, resulting in a triple
bond.
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carbon atom
hydrogen atom

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

Figure 2.12 Nonpolar covalent bonding in methane (CH4). The identity of the atoms is different, 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.

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 different identities—that is, they are of different elements—then the
electrons are shared unequally to varying degrees. The difference 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 left corner to the
upper right corner, and fluorine 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 different electronegativity values. The greater the difference in electronegativity between the two atoms, the more polar the bond is. Thus, we have two
categories of chemical bond: covalent and polar covalent. Both involve the sharing of electrons,
but they differ in how equally those electrons are shared.
The most famous polar molecule of all—and the most significant for the water-based biology we know on earth—is the water molecule. The covalent bonding
in the water molecule is represented in
Figure 2.13. Oxygen, being very close
oxygen atom
to fluorine in the periodic table, is a
highly electronegative element; oxygen
atoms have eight protons in the nucleus 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- Figure 2.14. The polarity of
ter molecule. As a result, the hydrogen water. Because oxygen is
hydrogen atoms
nucleus does not pull nearly so tightly more electronegative than
Figure 2.13. The covalent
on electrons and in the water molecule hydrogen, the electrons are
bonding present in the water
the two electrons forming the bond are shared unequally. This results
molecule (H2O). The oxygen
shared unequally between the hydrogen in a partial negative charge on
atom shares a pair of electrons
with each of two hydrogen
and oxygen. Oxygen pulls much harder oxygen and a partial positive

(–)

(+)

atoms.
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sodium atom
chlorine atom
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 illustrates. In the next section, we
explore several unique and significant properties of water that
result from its polar character.
Thus far, we have explored
electron transfer in ionic bonding:
two categories of chemical
metal atom transfers an electron to a
bond: covalent and polar covanonmetal atom
lent. Both involve the sharing
of electrons, but they differ in
how equally those electrons are
shared. In a third type of bond,
(+1) ion
(–1) ion
electrons are shared so unequally that they are transferred
altogether. The 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). These
after electron transfer, both
ions stick together because of
atoms have full valence shells
the electrostatic attraction beFigure 2.15. Sodium chloride forms an ionic bond, as one electron is
tween them. This is the type of
transferred from sodium to chlorine, ionizing both atoms but giving
bonding that occurs in crystals. each a stable, filled valence shell. The resulting ions stick together
Sodium chloride (table salt) because of their opposite charges.
is a common example. Ionic
bonding between sodium and
chlorine is illustrated in Figure 2.15. When sodium atoms bond with chlorine atoms, the sodium loses its outermost electron to chlorine,
forming sodium and chloride ions, Na+ and
–
Cl–. The resulting ions stick together because of
their opposite charges.
To recap, the three types of chemical bonds
+
are covalent, polar covalent, and ionic. These
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. The stronger 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.
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Figure 2.17. The gecko can walk up vertical walls
due to Van der Waals forces. This gecko is native
to Hawaii.

oxygen, nitrogen, or fluorine, the result is a partial
positive charge on the hydrogen and a partial negative charge on the electronegative atom. The charge
imbalance produces a highly polar molecule that
readily bonds with other polar molecules.
Figure 2.16 depicts how this partial charge causes 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.
The presence of hydrogen bonding among water
molecules leads to a number of fascinating properties without which life as we know it could not exist.
We discuss these properties and their implications
soon.
The weakest intermolecular interactions are the
Van der Waals forces. These occur between molecules that are mildly polar or nonpolar. In molecules
that are nonpolar—i.e., their electrons are equally
shared—there are still little random fluctuations
in charge that lead to a fleeting, temporary, partial
charge. These random fluctuations are caused by
the electrons being momentarily denser on one side
of the molecule. When this fleeting partial charge
occurs, it induces a momentary partial charge in a

neighboring molecule, and then the neighbor’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 nonpolar molecules, and can exhibit strength when
present in large numbers. In fact, Van der
Waals forces give the gecko the amazing ability to stick to a smooth surface so it can walk
up walls, as in the photo of Figure 2.17. The
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. Therefore, 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 Figure 2.18. The underside of a gecko’s foot on glass,
showing the high surface area available for Van der
fully support its weight.

Waals interactions that allow this lizard to scale vertical
smooth surfaces.
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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 categories.
1

Cohesion, Surface Tension, and Adhesion

Cohesion is the tendency for molecules of
the same kind to stick together. Water’s hydrogen bonding tendencies cause it to be highly
cohesive. This property is easily seen in the
way water forms beads, as shown on the opening image of this chapter. You can also observe
cohesion by slightly overfilling a glass of water and noticing how the water bulges upward
without spilling over, as in Figure 2.19. In this
case, the cohesive forces between water molecules overcome the force of gravity.
Related to cohesion is surface tension. Because water molecules tend to stick together,
the surface of water has a special resistance to
being broken. This resistance, or surface tension, is commonly seen when insects such as
water striders literally walk on the water with-

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 overfilled.
Notice how the water bulges upward above the rim
of the glass.

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.
The presence of a meniscus means that a special measurement technique is required when
reading volumes in glassware such as burets
and graduated cylinders. In order to obtain
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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 magnificent 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 humans 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 flow 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

Thermal Properties: Specific Heat Capacity and

Figure 2.21. Water in a buret.

Boiling/Freezing Point
Hydrogen bonding also explains water’s temperature stability and its unusually large temperature range from melting point to boiling point—both necessary for maintaining life.
When we measure the temperature of a substance, we are in effect measuring the average
speed of the molecules. The 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. The property of substances relating quantities of heat to changes in temperature
is the specific heat capacity. The specific heat capacity of a substance is the amount of heat required 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.
This 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 chemical 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. This is just one way that organisms can maintain homeostasis—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. Cities 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 off, 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 container to fly away as water vapor. As a result, here on earth, we regularly find water in all three
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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!)

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. This 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 bonding pattern of H2O molecules forming
solid ice. In liquid water, the molecules
are constantly tumbling over one another, engaging in and moving away from
hydrogen bonding with other molecules. But ice forms a stable hydrogen Figure 2.23. The regular, hexagon-shaped, hydrogen-bonded
bonding pattern. The ideal geometry of 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. This means molecules take up
more space in solid ice. As a result, ice is less dense than
water and floats.
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 floats, only the top of the lake freezes.
This top layer of ice then shields the liquid water underneath 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 underneath. I might add that frozen lakes with living fish in
the water underneath are a requirement for ice fishing,
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 phenomenon 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 warmFigure 2.24. Hydrogen bonding in water
er water originally at the bottom up to the top. This promakes ice fishing possible.
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. The
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
solute
crystal

solvent
molecule

positive
ion

negative
ion

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.
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An important property of solutions
is acidity. An acid can be defined 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. This provides the perfect environment for digesting food, breaking large molecules down
into smaller ones that the body can use
and transform.
The chemical opposite of an acid is
a base. For our purposes, a base can be
defined as a substance that takes H+ ions
out of solution. One common base is sodium 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 + → H 2O

HCl

0.0

gastric juice

1.0

lemon juice

2.0

vinegar, cola

3.0

cherries
tomatoes

4.0

bananas
black coffee

5.0

increasing acidity

2.2.2 Acidic and Basic Solutions

pH

rain
saliva

6.0

milk
7.0

neutral

human blood
egg white
baking soda
sea water

8.0

9.0
milk of magnesia

10.0

lime water,
saturated Ca(OH)2 sol’n

increasing basicity

by water molecules. The 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 electrostatic attractions between the solvent and
solute particles. These solutions are of
great importance in biology. Many nutrients cannot be transported or used unless
they are first dissolved in water, blood, or
other bodily fluids. Also, the interior of
cells (the cytoplasm) consists of a solution
of many useful molecules.

11.0
household ammonia

12.0

household bleach

13.0
The acidity and basicity of a solution
+
are defined by the concentration of H
present. The concentration of H+ can vary
NaOH
14.0
wildly, over many orders of magnitude.
+
To make the H concentration easier to Figure 2.26. The pH scale with approximate values for
refer to, scientists use the pH scale, shown common substances.
in Figure 2.26. In this scale, each unit of
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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. This is
the pH of pure water, and the
approximate pH of most living things. At this pH, H+ and
OH– concentrations balance
one another out. Lower pH
represents increasing acidity.
For example, coffee has a pH of
about 5, and vinegar of about 3.
Figure 2.27. The natural indicator purple cabbage changes color when The hydrochloric acid in your
stomach previously mentioned
in the presence of substances of varying pH. From left to right: bleach
is such a strong acid that it
(white), drain opener (active ingredient is NaOH, yellow), baking soda
(green), water (dark blue), 7-Up soda (purple), vinegar (pink), lime juice has a pH of 0. Strong acids are
(red). These substances illustrate the range of pH, from basic to acidic. 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.
The 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 values, 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 maintain homeostasis with respect to the pH levels in various solutions, organisms make use of a
chemical process called buffering.
Buffers are molecules
that are themselves weak
response to
acids or weak bases. A
O
O
rise in pH
weak acid or weak base
C
C
H
H
H
+
H+
does not completely disO
O
O
O–
sociate in solution, but
response to
helps maintain a mixture
drop in pH
bicarbonate
carbonic acid
hydrogen
ion
of acid and base species,
H+ acceptor base
H+ donor
as illustrated in Figure
Figure 2.28. The bicarbonate buffer system that maintains homeostasis with 2.28.
The figure depicts the
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
dissociation of a molecule
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 mixture 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 shifts towards producing more hydrogen ions, bringing the pH back down. If the pH of the solution decreases, the reaction shifts
toward absorbing H+ ions to produce carbonic acid, bringing the pH back up. Because of their
role in maintaining a pH stability in the fluids of organisms, buffers 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 Figure 2.29. Bohr model
building biomolecules—large molecules composed of repeating arrays of of carbon, showing
smaller molecules. This role is due to the unique structure of the carbon four valence electrons
atom.
available for bonding.
As the Bohr model in Figure 2.29 depicts, carbon atoms have four valence electrons, the electrons in the valence shell available to participate
in chemical bonding. This 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. Additionally, 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.
H
H H H H
H C C C C H
H H H H

straight chain

H C

H
C

H

H
C H

H
H

H

H C H

H

C
C

C
C

H

H

branched chain

ring

C
C

H
H

Figure 2.30. Some examples of carbon’s versatility in bonding.

There are four classes of biomolecules. As mentioned above, most of these are built up by
repeating smaller units. The small molecules are called monomers, from the Greek mono meaning single, and meros meaning part. Carbon is the main element in many monomers. The larger
molecules are often polymers (meaning many parts) and are built up by chaining many monomers 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. The diagrams are mainly there to
help you understand the descriptions.
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CH2OH
O

H
H
OH

glucose

H

OH

OH
H

O
H
OH

OH

galactose

H
H

H
H

OH

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.

CH2OH
OH

OH

CH2OH

OH

O
OH

H

fructose
H

CH2OH
OH

H

Figure 2.32 (right). Sucrose (table sugar)
forms from the chemical reaction
that joins glucose and fructose. (The
orientation of the fructose part of this
molecule is upside down compared
to the fructose molecule illustrated in
Figure 2.31.)
sucrose

CH2OH
O

H
H
OH

H

H

O
OH

O
H
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starch
(amylose)

n

starch
(amylopectin)

n

starch
(amylopectin)

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
difficult 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
The first class of biomolecule to consider is the carbohydrates. These are composed of monomers incorporates multiples of the basic group CH2O, hence the name carbo– (meaning carbon)
and hydrate (referring to water).
The monomers of carbohydrates are called simple sugars or monosaccharides (meaning single
sugar). These sugars are generally composed of a ring with five or six carbon atoms and an oxygen atom, and an OH group attached to each carbon atom. Three common sugars are glucose,
galactose, and fructose, which differ 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 disaccharide (two simple sugars connected together) of glucose and fructose. Figure 2.32 shows the
chemical structure of sucrose.

glycogen

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.
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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.
There are four major types of carbohydrates, described below.

cellulose

1. Starch Starch is a polymer of glucose,
formed as a mixture of two types of
chains: amylose and amylopectin, represented in Figure 2.33. Starch is the
major dietary source of glucose, and
Figure 2.35. Cellulose. Its chemical structure is similar
is found in rice, bread, potatoes, and to that of starch but differs in orientation, thus making
similar foods. Our bodies break down cellulose indigestible by humans.
starch in a reaction known as hydrolysis (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
chitin
down glycogen.
CH2OH
3. Cellulose Cellulose, depicted in Figure
2.35, is a straight-chain polymer of gluH
O
cose, in which the glucose monomers
H
are bonded in a different orientation
H
than they are in dietary starch. This
O
orientation allows hydrogen bonding
HN
H
to occur between neighboring strands,
resulting in an extremely strong fiber
that gives strength to plants and trees.
Cellulose is a major component of cel- Figure 2.36. Chitin.
ery, making it difficult to chew. The human body is not able to digest cellulose, so celery has no nutritional
value. Instead, it goes through the
body unharmed as dietary fiber,
contributing to gut health.

CH2OH
H
O

O

O

H
OH

H

H

C
O

CH2

H
H

HN
C

CH2

n

O

4. Chitin The glucose monomers in
this carbohydrate are linked together 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). These
groups allow for hydrogen bonding Figure 2.37. A crayfish, whose strong yet flexible exoskeleton
between chains, giving chitin (pro- is composed of the carbohydrate chitin.
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nounced KAI-tin) the ability to form a strong, flexible, two-dimensional sheet. This 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 off a shrimp before eating it, you know what
chitin feels like. The outer shell (exoskeleton) of crayfish 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 carbohydrates hydrophilic (water-loving). Our next class of molecules is just the opposite.
Lipids
The lipids, otherwise known as fats, is a class of molecules that are hydrophobic (water-fearing). These molecules consist mainly of carbon and hydrogen and are nonpolar. Their 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.
There are three major types of lipids, described below.
example fatty acid

O

OH

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.

1. Triglycerides These molecules consist of three fatty acids—carbon-hydrogen chains depicted in Figure 2.38—attached to a small
glycerol
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. This 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
HO
OH
or more double bonds are present between the carbon atoms in
the chain, as depicted in Figure 2.40. The double bonds kink the
OH
carbon chain so that it bends, preventing the fats from being very
Figure 2.39. Glycerol, the
close to one another. As a result, unsaturated fats tend to be liquids molecule to which three
at room temperature; those that are are called oils. Unsaturated fats fatty acids attach to make a
triglyceride.
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example unsaturated fatty acid

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.

are often plant-derived. Olive oil and vegetable oil used for cooking are examples of unsaturated fats.

phospholipid

2. Phospholipids Phospholipids consist of only two fatty acids
bound to a glycerol, with the third spot being taken by a phosphate group, as depicted in Figure 2.41. These fats have the property of being hydrophobic at one end (where the fatty acids are)
and hydrophilic at the other end (where the phosphate group is).
The 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. These are the sex hormones that control Figure 2.41. A phospholipid
molecule. The phosphate group
some of the functions specific to males and females.
is shown in orange and red.

The 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. The human body is capable of producing
some two million different proteins, yet this vast array of molecules is built from an “alphabet” of just 20 different monomers, called amino acids. The basic structure of the amino acids
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cholesterol

H3C

CH3

H3C
CH3

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.

CH3

HO

testosterone
CH3

OH

CH3

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

O

estradiol
CH3

HO
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Fig 2.42c. Estrogen. Estradiol,
pictured here, is the
predominant form of estrogen
that is active during a woman’s
reproductive years.
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is shown in Figure 2.43. Each amino acid has an identical backbone,
amino acid
consisting of a central carbon atom, an NH2 group on one end, and a
amino group
carboxyl group
COOH group on the other, so the generic amino acid formula can be
H
written R-CH(NH3)COOH.
H
OH
The difference between the amino acids is the “R” group, also called
N C C
O
its side chain. Some amino acid side chains are hydrophobic, some hyH
R
drophilic. Some are small, some are bulky. Some are acidic, some are
side
chain
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. The structures of the 20 amino acids are shown in
Figure 2.44.
R
Just as the English language has an alphabet of 26 letters that combine to make millions of words, which can be combined to create a Figure 2.43. General
nearly infinite number of writings of diverse meanings, the amino acids structure of an amino acid.
combine in different ways to produce a similarly fantastic array of diverse 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.
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Hmm... Interesting.

Does Eating Protein Promote Healing?

You may have heard people say that you should eat lots of protein after 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 healing, but in a more complex, elegant fashion.
Whenever we ingest animal or plant protein, we chew the food in our mouths to increase 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 first 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 secretes the enzymes trypsin and chymotrypsin. These enzymes digest the polypeptides into
even smaller pieces by preferentially cutting at specific 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. The 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. The 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.
The building blocks supporting tissue growth—amino acids and the nitrogen for biosynthesis—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, after 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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Figure 2.45. An alpha helix—a type of secondary protein structure. Two alpha helices of the protein keratin are
depicted here.

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. The main idea is that a protein’s
amino acid sequence determines its three-dimensional structure, and its structure determines
its function.
The making of a protein molecule begins with a single, straight chain of amino acids known
as a polypeptide. The sequence of amino acids present in this single chain defines 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. The 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 2.46. 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 flat 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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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.

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. The ribbon diagram is superimposed 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. The final shape, such as in the example
shown in Figure 2.46, is the product of many different chemical
interactions. These interactions
include those described in Section 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 individual proteins, called subunits,
interacting with one another to
perform the final function, as il-

lusrated in Figure 2.47. These subunits often associate with one another through hydrogen bonding
or Van der Waals interactions.
A protein’s 3-D structure, and
therefore its function in an organism, is highly sensitive to changes
in temperature, pH, and salt concentration. Without finely tuned
conditions, proteins fall apart or
denature—they lose their 3-D
shape, resulting in a loss of function. This 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
different temperature or pH requirements, depending on which Figure 2.48. A substrate (shown as ball-and-stick molecules) binds
part of the body they reside in or to an enzyme (shown in ribbon formation). Enzyme-substrate
which organism they are part of. interactions are very specific, 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. Think about
how many of these finely 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 flourish!
Now that we have seen how proteins are structured, let’s look at some of the various functions that proteins take on within a cell.
1. Enzymes An enzyme is a catalyst—a molecule that speeds up a chemical reaction without 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 finely 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. The 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 filaments 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 interactions between contractile proteins.
These are just a few of the many tasks performed by proteins—the work horses of the body.
Nucleic Acids
The 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.
The 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 five-carbon
sugar, and a nitrogenous base. In the case of DNA, the sugar is deoxyribose, accounting for part
of DNA’s long name. The nucleic part of the name refers to the fact that DNA is located in the
nucleus of a cell. The nitrogenous base is one of four molecules: guanine, cytosine, adenine, or
thymine, often referred to by the letters G, C, A, and T. Their 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.

example nucleotide
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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.
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These four “letters” produce a
thymine
code that stores all the information
needed to run an organism, including all the sequences of all the
A–T bonding
adenine
proteins in the body! This stunning
structure is one of the most amazing discoveries of contemporary
cytosine
science.
Each nucleotide attaches to another, forming the phosphate-sugar
guanine
backbone shown in Figure 2.49. A
strand many nucleotides long will
often form—even up to the millions.
G–C bonding
The power of DNA lies in its
complementarity. You see, there
isn’t just one strand. There are actually two strands, paired together Figure 2.51. Complementary hydrogen bonding of the four DNA
by a very specific hydrogen bonding bases.
pattern. Wherever there is guanine
on one strand, it pairs (via three hydrogen bonds) to a cytosine on the opposite strand, as illustrated in Figure 2.51. Likewise, adeDNA

RNA
hydrogen bonds

complementary
nitrogenous bases

DNA double helix

sugar-phosphate
backbone (S)

3.4 nm
between base pairs
adenine (A)

thymine (T)

guanine (G)

cytosine (C)

adenine (A)
ribose (R)

uracil (U)
phosphate (Ph)

guanine (G)

cytosine (C)

sugar-phosphate
backbone (S)

Figure 2.52. RNA and DNA have three key differences. (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 singlestranded.
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Hmm... Interesting.

DNA as a Wire

An artist’s rendition of the DNA molecule, with the backbone drawn as a hollow tube. Prominent
are the flat DNA bases.

DNA is a wondrous molecule. In addition to a host of other properties, it has the curious ability to behave as an electric wire, conducting electricity. The DNA base pairs (A,
T, C, and G) are flat 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. The 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. This arrangement means that electrons can freely flow through these orbitals, just as they do in metal wires. This 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 current-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 fix the mistakes just as you fix your typos by proofreading. Now, if you are proofreading an essay, there are essentially two ways you can check for mistakes. The first way is to
re-read your work very carefully, scanning for mistakes as you go. The second way is to
run a spell-check or find-and-replace to have the process proceed at the speed of electrons
running through the circuit board of your computer.
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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 damage 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 off in your house. At that
point, the repair enzyme is located relatively close to the damage—and can quickly crawl
towards the offending base in order to fix it.
This exciting model illustrates how the Cycle of Scientific 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
modification of scientific models, as was the case with the model describing how DNA
repair enzymes find 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. This 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. The two strands in the DNA can also briefly separate so that RNA can “read” the
code and send its information to other parts of the cell.
RNA is similar to DNA but differs 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 different—thymine is replaced by
uracil. Uracil and thymine connect with adenine in the same way through hydrogen bonding.
Third, while DNA exists in a stable double strand, RNA is often 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 theory differ from our current understanding of the atom?
2. Reproduce the following table on your paper and fill 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 fill in the required information.
number of protons

number of neutrons

number of electrons

phosphorus-31
Ca2+
carbon
O2–
98

Mo6+
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 similar to one another? Different 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 under 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, briefly describe how water flows upward 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 affect the way one takes a volume reading with a graduated cylinder or
a buret?
14. Define specific heat capacity. What are two ways that water’s specific heat capacity benefits
life (at the organism and ecosystem levels)?
15. Consider a planet having high levels of H2S (hydrogen sulfide) 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 sulfur 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 fluid is a strong acid,
weak acid, or neutral. Why do you think these fluids might have different 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 five major roles for proteins in the cell.
29. Make a table defining 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. Define the terms resolution, magnification, and contrast.
37. Are light microscopy or electron microscopy appropriate tools for studying biomolecules?
Why or why not?
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