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Discover Why Biology Matters

Campbell Essential Biology highlights how the concepts that
you learn in your biology class are relevant to your everyday life.

The Evolution of
Microbial Life

Why Microorganisms Matter

® NEW! why Biology
Matters Photo
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® UPDATED! Chapter Threads weave a single
compelling topic throughout the chapter. In
Chapter 15, human microbiota are explored.
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Human Microbiota BIOLOGY AND SOCIETY

Our Invisible Inhabitants

You probably know that your body contains trillions of individual cells, but did you know that they aren’t
all “you”? In fact, microorganisms residing in and on your body outnumber your own cells by 10 to 1. That
means 100 trillion bacteria, archaea, and protists call your body home. Your skin, mouth, and nasal passages

and your digestive and urogenital tracts are prime
real estate for these microorganisms. Although each
individual is so tiny that it would have to be magni-
fied hundreds of times for you to see it, the weight of
your microbial residents totals two to five pounds.
We acquire our microbial communities during the
first two years of life, and they remain fairly stable
thereafter. However, modern life is taking a toll on
that stability. We alter the balance of these com-
munities by taking antibiotics, purifying our water,
sterilizing our food, attempting to germproof our
surroundings, and scrubbing our skin and teeth.
Scientists hypothesize that disrupting our microbial
communities may increase our susceptibility to in-
fectious diseases, predispose us to certain cancers,
and contribute to conditions such as asthma and
other allergies, irritable bowel syndrome, Crohn’s
disease, and autism. Researchers are even investigat-
ing whether having the wrong microbial community
could make us fat. In addition, scientists are studying

Colorized scanning electron micrograph of bacteria on a human tongue (14,500).

how our microbial communities have evolved over the course of human history. As you'll discover in the
Evolution Connection section at the end of this chapter, for example, dietary changes invited decay-causing

bacteria to make themselves at home on our teeth.

Throughout this chapter, you will learn about the benefits and drawbacks of human-microbe interactions.
You will also sample a bit of the remarkable diversity of prokaryotes and protists. This chapter is the first of
three that explore the magnificent diversity of life. And so it is fitting that we begin with the prokaryotes,
Earths first life-form, and the protists, the bridge between unicellular eukaryotes and multicellular plants,

fungi, and animals.

293

. Human Microbiota BIOLOGY AND SOCIETY

Biology and Society essays
relate biology to your life and
interests. This example discusses
the microorganisms that live in
your own body.

. Human Microbiota THE PEOCESS OF SCIENCE

Process of Science explorations

give you real-world examples of how the
scientific method is applied. Chapter 15
explores a recent investigation into the
possible role of microbiota in obesity.

. ‘Human Microbiota ©V0LLITION CONNECTION

@ Additional updated Chapter Threads and essays include
radioactivity in Chapter 2, muscle performance in Chapter 6,
and theft of used cooking oil for biofuel recycling in Chapter 7.

Evolution Connection essays
conclude each chapter by
demonstrating how the theme of
evolution runs throughout all of
biology. The example in Chapter
15 discusses how changes in
the typical human diet over
generations is linked to bacteria
that cause tooth decay.



Identify “Big Picture” Themes

Examples of major themes in biology are highlighted
throughout the text to help you see how overarching biology

concepts are interconnected.

® NEW! Important Themes in Biology are introduced in Chapter 1
to underscore unifying principles that run throughout biology.

\/

Evolution

Evolution by natural selection is
biology's core unifying theme and
can be seen at every level in the
hierarchy of life.

The structure of an object, such as
a molecule or a body part, provides
insight into its function, and vice
versa.

MAJOR THEMES IN BIOLOGY

Within biclogical systems, information
stored in DNA Is transmitted and
expressed.

Energy Transformations

All biological systems depend on
obtaining, converting, and releasing
energy and matter:

)
\}‘_:‘\’ﬂh

All biological systems, from
molecules to ecosystems, depend
on interactions between
components.

. B .
These themes—Evolution, >

Structure/Function,
Information Flow, Energy
Transformations, and
Interconnections within
Systems—are signaled
with icons throughout
the text to help you
notice the reoccurring
examples of the major
themes.

Human Microbiota £VOLUTION CONNECTION

_@ Evolution
Structure/

. Function

= | Information

{;}) 'f?n:n ormations

\

(. Interconnections
_/ﬂ within Systems

A

@ The role of evolution throughout
all of biology is further explored in
depth at the end of each chapter in
Evolution Connection discussions.




Recognize Analogies and Applications

Analogies and applications to everyday life make unfamiliar biology
concepts easier to visualize and understand.
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® NEW analogies and applications have been added throughout
the prose and the illustrations, making it easier to learn and

» Figure 15.1 Some major
episodes in the history of life.
On this 4,600-mile metaphorical
road trip, each mile equals 1 million
years in Earth's history.

remember key concepts for the first time. Examples include:

comparing the significant differences between prokaryotic and
eukaryotic cells to the differences between a bicycle and an SUV
(Chapter 4)

comparing the process of DNA winding into chromosomes with
the act of winding yamn into a skein (Chapter 10)

comparing a 4,600-mile road trip that describes the scale of
biological evolution on Earth (Chapter 15)

comparing signal transduction to email communication
(Chapter 27%)

If your family took a vacation
in which you traveled 1 mile
for every million years in the
history of life, you'd still be
asking, “Are we there yet?"
after driving from Miami to
Seattle,

* Chapters 21-29 are included in the expanded

comparing how dominoes relate to an action potential moving
along an axon (Chapter 27%)

version of the text that includes coverage of animal
and plant anatomy and physiology.



Boost Your Scientific Literacy

A wide variety of exercises and assignments can help you
move beyond memorization and think like a scientist.
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Learn to Interpret Data

Data interpretation is important for understanding
biology and for making many important decisions in
everyday life. Exercises in the text and online will help
you develop this important skill.

14. Interpreting Data The graph below summarizes the number of
children who died of all strains of flu from 2007 until 2013. Each bar
represents the number of child deaths occurring in one week. Why
does the graph have the shape it does, with a series of peaks and

1 A _of- valleys? Looking over the Biology and Society section at the start of
o NEW: Interpreting Data end-of cha.ptgr > ¥ chapaet, Wy does: i dyeph cach 16 Tighait poldks et e
questions help you learn to use quantitative middle? Based on these data, when does flu season begin and end
material by analyzing graphs and data. in a typical year?

This example from Chapter 10 invites you
to examine historical data of flu mortality.
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practice data analysis skills.
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Maximize Your Study Time

Campbell Essential Biology and the MasteringBiology
homework, tutorial, and assessment program work hand-in-
hand to help students succeed in introductory biology.

® The Chapter Review offers P

a built-in study guide that %ﬂw Chapter Review

combines words with images I STNRNARY OF KEV CONCEPTS g i i s o USRS
to help you organize the i :'-T"?;E"-'-':mmd e

key concepts. The unique e e

5 o . o cbean erergy v cohular repranon

figures in the Chaptgr Review S————

synthesize information from the e o o NSNS

lﬂl*m-dm:dmn“ theme charracaly

corresponding chapter, which e

helps you study more efficiently. o "
o [gle J.’.@
(= =

Cellular Respiration: Aerobic Harvest

of Food Energy
An Overview of Cellular Respiration Fermentation: Anaetobic Harvest
Thas overall spaation of celular respiation smollies 8 groat many chemicll | of Foad Energy
sepa imo one fommule
Fermentation in Human Musde Cells

@ 0~~~ ©—@ TErETuas
condton m Lacse acd The ATP yadd per ghuone 8 much lower dunng ferman.
‘tmon (7 ATF) $han durg oluler mapieston (sbour 57 ATF)

The Three Stages of Cellular Respiration Persaatulion i

Cullvher mplution sccs s tivws vinges. Dutig ghcohty, & mulende of Mﬁmuhu-;‘umwwumo,ﬂu
ghacose is spit e froen be leshe, lactic acid or other compeunds,
of wherirors

&PFMM?& -In-df\n_mn_.m:azmd depurnding o the

abaol d a ot of high -'—‘iiwildﬂﬂ_"}

The electean rarecon chan e the Sagh eneegy rlncirans 1o pumo H MasteringBiology*

27083 the Piner mitnchondial membeare, eventusly handing o of & For practice quirres, Bicfla smaticns, gk and
ducing H.0 Backliow of H* scoss it the ATP -l e & ks

myrthanen, which praduce ATP from ADP.

MasteringBiology®

MasteringBiology provides a wide range
of activities and study tools to match your
learning style, including BioFlix animations,
MP3 audio tutorials, interactive practice
quizzes, and more. Your instructor can assign
activities for extra practice to monitor your
progress in the course.

NEW! Essential Biology videos
introduce you to key concepts

and vocabulary, and are narrated
by authors Eric Simon and

Kelly Hogan. Topics include the
Scientific Method, Molecules

of Life, DNA Replication,
Mechanisms of Evolution,
Ecological Principles, and more.




Learn Before, During, and After Class

MasteringBiology*

BEFORE CLASS

NEW! Dynamic Study Modules help you acquire,
retain, and recall information faster and more efficiently
than ever before. The convenient practice questions and
T de.talled review explanations can be accessed on the go
o, Hesn: Qerne, Spkces using a smartphone, tablet, or computer.
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* Over 100 Coaching Activities are created by the
textbook author team and help you focus on learning key
concepts and building your biology vocabulary.

* NEW! Everyday Biology videos briefly explore
interesting and relevant biology topics that relate to
concepts in the course.

DURING CLASS

NEW! Learning Catalytics is a “bring
your own device” assessment and
classroom activity system that expands
the possibilities for student engagement.
Using Learning Catalytics, instructors can
deliver a wide range of auto-gradable or
open-ended questions that test content
knowledge and build critical thinking skills
using eighteen different answer types.
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Instructors: Extensive Resources for You

Extensive resources save valuable time both in course prep and during class.

@ The Instructor's Resource DVD for Campbell Essential ® The Test Bank provides a variety of test
Biology (with Physiology chapters) organizes all instructor questions, many art- or scenario-based, in
media resources by chapter into one convenient and easy-to- both TestGen® and Microsoft® Word.

use package, including PowerPoint® slides, animations, lecture
presentations, lecture questions to stimulate class discussions,
quiz games, digital transparencies, and more

(ISBN 0133950956 / 9780133950953).
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so, explain why! < presentations include new topics such as DNA
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The Instructor Exchange provides successful, class-tested active learning
techniques and analogies from biology instructors around the nation, offering
a springboard for quick ideas to create more compelling lectures. Co-author
Kelly Hogan moderates contributions to the exchange.




Preface

This is a wonderful time to teach and learn biology. Opportuni-
ties to marvel at the natural world and the life within it abound.
It’s difficult to view a news website without finding stories that
touch on biology and its intersection with society. In addition,
the world of pop culture is rich with books, movies, TV shows,
comic strips, and video games that feature biological wonders
and challenge us to think about important biological concepts
and their implications. Although some people say that they
don’t like biology (or, more often, science in general), nearly
everyone will admit to an inborn biophilia. After all, most of
us keep pets, tend a garden, enjoy zoos and aquariums, or ap-
preciate time spent outdoors. Furthermore, nearly everyone
realizes that the subject of biology has a significant impact on
his or her own life through its connections to medicine, bio-
technology, agriculture, environmental issues, forensics, and
myriad other areas. But despite the inborn affinity that nearly
everyone has for biology, it can be a struggle for nonscientists
to delve into the subject. Our primary goal in writing Campbell
Essential Biology with Physiology is to help teachers motivate
and educate the next generation of citizens by tapping into the
inherent curiosity about life that we all share.

Goals of the Book

Although our world is rich with “teachable moments” and
learning opportunities, the explosion of knowledge we have
already witnessed in the 21st century threatens to bury a cu-
rious person under an avalanche of information. “So much
biology, so little time” is the universal lament of biology edu-
cators. Neil Campbell conceived of Campbell Essential Biology
with Physiology as a tool to help teachers and students focus
on the most important areas of biology. To that end, the book
is organized into six core areas: cells, genes, evolution, ecol-
ogy, animals, and plants. Dr. Campbell’s vision, which we
carry on and extend in this edition, has enabled us to keep
Campbell Essential Biology with Physiology manageable in size
and thoughtful in the development of the concepts that are
most fundamental to understanding life. We’ve aligned this
new edition with today’s “less is more” approach in biology
education for nonscience majors—where the emphasis is on
fewer topics and more focused explanations—and we never
allow the content we do include to be diluted. Toward that
end, in this new edition we removed some of the most tech-
nical details and terminology, which we hope will help non-
science major students to focus on the key topics in biology.
We formulated our approach after countless conversa-
tions with teachers and students in which we noticed some
important trends in how biology is taught. In particular,
many teachers identify three goals: (1) to engage students
by relating the core content to their lives and the greater so-
ciety; (2) to clarify the process of science by showing how it
is applied in the real world and to give students practice in

applying scientific and critical thinking skills themselves; and
(3) to demonstrate how evolution serves as biology’s unifying
theme. To help achieve these goals, every chapter of this book
includes three important features. First, a chapter-opening
essay called Biology and Society highlights a connection be-
tween the chapter’s core content and students’ lives. Second,
an essay called The Process of Science (found in the body of
the chapter) describes how the scientific process has illumi-
nated the topic at hand, using a classic or modern experiment
as an example. Third, a chapter-closing Evolution Connection
essay relates the chapter to biology’s unifying theme of evolu-
tion. To maintain a cohesive narrative throughout each chap-
ter, the content is tied together with a unifying chapter thread,
a relevant high-interest topic that is woven throughout the
three chapter essays and is touched on several additional times
in the chapter. Thus, this unifying chapter thread ties together
the three pedagogical goals of the course using a topic that is
compelling and relevant to students.

New to This Edition

We hope that this latest edition of Campbell Essential Biology
with Physiology goes even further in helping students relate
the material to their lives, understand the process of science,
and appreciate how evolution is the unifying theme of biol-
ogy. To this end, we’ve added significant new features and
content to this edition:

® (Clarifying the importance of biology to students’
lives. Every student taking an introductory biology
course should be made keenly aware of the myriad
ways that biology affects his or her own life. To help
put such issues front and center, and to “prime the
learning pump” before diving into the content, we have
included a new feature at the start of each chapter called
Why It Matters. Every chapter begins with a series of
attention-grabbing facts in conjunction with compelling
photographs that illustrate the importance of that
chapter’s topic to students’ lives. These high-interest facts
appear again in the chapter narrative, typeset in a design
meant to capture students’ attention and placed adjacent
to the science discussion that explains the fact. Examples
include: Why Macromolecules Matter (“A long-distance
runner who carbo-loads the night before a race is
banking glycogen to be used the next day”), Why Ecology
Matters (“Producing the beef for a hamburger requires
eight times as much land as producing the soybeans for a
soyburger”) and Why Hormones Matter (“Strike a pose
before a job interview and you just might decrease the
hormone that triggers stress”).

® Major themes in biology incorporated throughout
the book. In 2009, the American Association for the
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Advancement of Science published a document that
served as a call to action in undergraduate biology
education. The principles of this document, which

is titled “Vision and Change,” are becoming widely
accepted throughout the biology education community.
“Vision and Change” presents five core concepts that
serve as the foundation of undergraduate biology. In this
edition of Campbell Essential Biology with Physiology,
we repeatedly and explicitly link book content to each
of the five themes. For example, the first theme, the
relationship of structure to function, is illustrated in
Chapter 2 in the discussion of how the unique chemistry
of water accounts for its biological properties. The second
theme, information flow, is explored in Chapter 10 in
the discussion on how genes control traits. The third
theme, interconnections within systems, is illustrated in
Chapter 18 in the discussion on the global water cycle.
The fourth theme, evolution, is called out in Chapter 17
in the discussion on the phylogeny of animals. The fifth
theme, energy transformations, is explored in Chapter

6 in the discussion on the flow of energy through
ecosystems. Readers will find at least one major theme
called out per chapter, which will help students see

the connections between these major themes and the
course content, and instructors will have myriad easy-to-
reference examples to help underscore these five themes.
New unifying chapter threads. As discussed earlier,
every chapter in Campbell Essential Biology with
Physiology has a unique unifying chapter thread—a high-
interest topic that helps to demonstrate the relevance of
the chapter content. The chapter thread is incorporated
into the three main essays of each chapter (Biology

and Society, The Process of Science, and Evolution
Connection) and appears throughout the chapter text.
This fifth edition features many new chapter threads
and essays, each of which highlights a current topic

that applies biology to students’ lives and to the greater
society. For example, Chapter 2 presents a new thread
on radioactivity, including discussions of its use in
health care and as a tool to test evolutionary hypotheses.
Chapter 15 features a new thread on human microbiota,
including a recent investigation into the possible role

of microbiota in obesity and an exploration of how the
change from a hunter-gatherer lifestyle to a diet heavy
in processed starch and sugar selected for oral bacteria
that cause tooth decay. Chapter 24 offers a new thread on
vaccines, introducing the importance of vaccinating an
entire community and the reason why a new influenza
vaccine is required each year.

Developing data literacy. Many nonscience-major
students express anxiety when faced with numerical
data, yet the ability to interpret data can help with many

important decisions we all face. To help foster critical
thinking skills, we have incorporated a new feature called
Interpreting Data into the end-of-chapter assessments.
These questions, one per chapter, offer students the
opportunity to practice their science literacy skills. For
example, in Chapter 10, students are asked to examine
historical data of flu mortality; in Chapter 15, students
are tasked with calculating how quickly bacteria can
multiply on unrefrigerated food; and in Chapter 24,
students are presented with a graph illustrating the
prevalence of food allergies in children and asked to
determine what conclusions can be drawn from the

data. We hope that practice examining these simple yet
relevant data sets will help students be more comfortable
when they must confront numerical data in their own
lives.

Updated content and figures. As we do in every
edition, we have made many significant updates to the
content presented in the book. Examples of new or
updated material include new discussions on epigenetics,
metagenomics, and RNA interference; an examination

of new genomic information on Neanderthals; updated
climate change statistics; a discussion of advances in fetal
genetic testing; and an updated discussion of new threats
to biodiversity. We have also included nearly a dozen new
examples of DNA profiling and a cutting-edge exploration
of genetically modified foods. We also strive with each
new edition to update our photos and illustrations. New
figures include examples that show how a prion protein
can cause brain damage (Figure 3.20), how a breast cancer
drug inhibits cancer cells (Figure 25.15), how angioplasty
can repair diseased arteries (Figure 23.15), and how real
data from DNA profiling can exonerate wrongly accused
individuals (Figure 12.16).

New analogies. As part of our continuing effort to help
students visualize and relate to biology concepts, we
have included numerous new analogies in this edition.
For example, in Chapter 4, we compare the significant
differences between prokaryotic and eukaryotic cells

to the differences between a bicycle and an SUV. In
Chapter 8, we compare the process of DNA winding into
chromosomes with the act of winding yarn into a skein.
In Chapter 27, we analogize humans seeing an array

of colors with only three types of photoreceptor cones

to how a printer can print an array of colors from only
three colors included in a toner cartridge. We also have
included new analogies in visual format, such as how
dominoes relate to an action potential moving along an
axon (Figure 27.4). Additional examples, both narrative
and visual, bring biological scale into focus, such as a
4,600-mile road trip that is used to help students imagine
the scale of biological evolution on Earth (Figure 15.1).



® MasteringBiology updates. New whiteboard-style

animated videos provide students with an introduction
to key biological concepts so students can arrive to class
better prepared to explore applications or dive into

any topic more deeply. New Everyday Biology videos,
produced by the BBC, promote connections between
concepts and biology in everyday life, and Evaluating
Science in the Media activities teach students how to be
wise consumers of scientific information and coach them
through critically evaluating the validity of scientific
information on the Internet. New Scientific Thinking
activities encourage students to develop scientific
reasoning skills as they explore a current area of research
and allows instructors to easily assess student mastery of
these skills.

Teaching the Issues. Because many instructors,
including the authors, prefer to use current topics to
demonstrate the relevance of biology to students’ lives,
we’ve expanded our series of Current Topic Instructor
PowerPoints® with this edition. New topics include DNA
Profiling, Stem Cells and Cloning, Diabetes, Biodiversity,
and more. Each PowerPoint® Presentation includes
instructor teaching tips and active learning strategies to
easily create a high-interest, active lecture.

PREFACE

Attitudes about science and scientists are often shaped by
a single required science class—this class. We hope to tap into
the innate appreciation of nature we all share and nurture
this affection into a genuine love of biology. In this spirit, we
hope that this textbook and its supplements will encourage all
readers to make biological perspectives a part of their personal
worldviews. Please let us know how we are doing and how we
can improve the next edition of Campbell Essential Biology

with Physiology.

ERIC SIMON

Department of Biology and
Health Science

New England College
Henniker, NH 03242
SimonBiology@gmail.com

KELLY HOGAN
Department of Biology
University of North Carolina
Chapel Hill, NC 27599
leek@email.unc.edu

JEAN DICKEY
Department of Biology
Clemson University
Clemson, SC 29634
dickeyj@clemson.edu

JANE REECE
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Introduction: Biology Today

Why Biology Matters

Although you may not realize it, you use

If you've ever wondered »- y the scientific method every day.

what an unusual or
especially beautiful animal
is called, you're curious
about taxonomy.

A One of the primary missions
of the Mars rover is to search
for signs of life.
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Biology All Around Us  BIOLOGY AND SOCIETY

An Innate Passion for Life

Do you like biology? Wait, let’s put this question another way: Do you have a pet? Are you concerned with
fitness or healthy eating? Have you ever visited a zoo or an aquarium for fun, taken a nature hike, or gath-
ered shells on the beach? Do you like watching TV shows about sharks or dinosaurs? If you answered yes
to any of these questions—well, then, it turns out that you do like biology!

Most of us have an inherent interest in life, an inborn
curiosity about the natural world that leads us to
study animals and plants and their habitats. We wrote
Essential Biology to help you—a student with little
or no college-level science experience—harness
your innate enthusiasm for life. We'll use this
passion to help you develop an understanding of
the discipline of biology, one that you can apply
to your own life and to the society in which you
live. We believe that such a biological perspective
is essential for any educated person, which is why
we named our book Essential Biology. So, whatever
your reasons for taking this course—even if only to
fulfill your school’s science requirement—you’ll soon
discover that exploring life is relevant and important to
you, no matter your background or goals.

To reinforce the fact that biology affects your everyday life An inborn curiosity about nature. This student is
in many ways, every chapter of Essential Biology opens with an interacting with a woolly monkey (Lagothrix lagotricha)
essay—called Biology and Society—that will help you see the rel-  during a school trip to the Amazon River in Peru.

evance of that chapter’s material. Topics as varied as medical uses

of radiation (Chapter 2), the importance of a flu shot (Chapter 10), and the community of microscopic or-
ganisms that live in and on your body (Chapter 15) help to illustrate biology’s scope and show how the sub-
ject of biology is woven into the fabric of society. Throughout Essential Biology, we'll continuously emphasize
these connections, pointing out many examples of how each topic can be applied to your life and the lives of
those you care about.
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CHECKPOINT

Define biology.

Y Figure 1.1 The protist Paramecium viewed with three different types of microscopes.
Photographs taken with microscopes are called micrographs. Throughout this textbook, micrographs
will have size notations along the side. For example, “LM 300" indicates that the micrograph was
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The Scientific Study of Life

Now that we've established our goal—to examine how
biology affects your life—a good place to start is with

a basic definition: Biology is the scientific study of life.
But have you ever looked up a word in the dictionary
only to find that you need to look up some of the words
within that definition to make sense of the original
word? The definition of biology, although seemingly
simple, raises more questions: What is a scientific study?
And what does it mean to be alive? To help you get
started with your investigation of biology, this first chap-
ter of Essential Biology expands on important concepts
within the definition of biology. First, well place the
study of life in the broader context of science. Next, we'll
investigate the nature of life by surveying the proper-
ties and scope of life. Finally, we'll introduce a series of
broad themes you will encounter throughout your inves-
tigation of life, themes that serve as organizing princi-
ples for the information you will learn. Most important,
throughout this chapter (and, indeed, throughout all of
Essential Biology), we'll continue to provide examples of
how biology affects your life, highlighting the relevance
of this subject to society and everyone in it.

The Process of Science

Recall the definition at the heart of this chapter: Biology
is the scientific study of life. This leads to an obvious
first question: What is a scientific study? Notice that
biology is not defined as the “study of life” because there

taken with a light microscope and the objects are magnified to 300 times their original size.

Light micrograph of a protist, Paramecium

TYPES OF MICROGRAPHS

Light Micrograph (LM)
(for viewing living cells )

LM 300x

Scanning Electron Micrograph (SEM)
(for viewing surface features)

Scanning electron micrograph of Paramecium

are many nonscientific ways that life can be studied. For
example, extended meditation is a valid way of studying
the nature of life—this approach might be well suited to
a philosophy class, for example—but it does not qualify
as biology because it is not a scientific means of studying
life. How, then, do we tell the difference between science
and other ways of trying to make sense of nature?
Science is an approach to understanding the natural
world that is based on inquiry—a search for information,
explanations, and answers to specific questions. This basic
human drive to understand our natural world is manifest in
two main scientific approaches: discovery science, which is
mostly about describing nature, and hypothesis-driven sci-
ence, which is mostly about explaining nature. Most scien-
tists practice a combination of these two forms of inquiry.

Discovery Science

Scientists seek natural causes for natural phenomena.
This limits the scope of science to the study of struc-
tures and processes that we can verifiably observe and
measure, either directly or indirectly with the help of
tools and technology, such as microscopes (Figure 1.1).
Recorded observations are called data, and data are
the items of information on which scientific inquiry is
based. This dependence on verifiable data demystifies
nature and distinguishes science from supernatural be-
liefs. Science can neither prove nor disprove that ghosts,
deities, or spirits cause storms, eclipses, or illnesses,

Transmission Electron Micrograph (TEM)
(for viewing internal structures)

Colorized SEM 300x
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Transmission electron micrograph of Paramecium

4



because such explanations are not measurable and are
therefore outside the bounds of science.

Verifiable observations and measurements are the
data of discovery science. In our quest to describe
nature accurately, we discover its structure. Charles
Darwin’s careful description of the diverse plants and
animals he observed in South America is an example of
discovery science (as you'll learn in Chapter 13). More
recently, Jane Goodall spent decades observing and
recording the behavior of chimpanzees living in the jun-
gles of Tanzania (Figure 1.2). And even more recently,
molecular biologists have sequenced and analyzed huge
amounts of DNA (an effort discussed in Chapter 12),
gathering data that shed light on the genetic basis of life.

Hypothesis-Driven Science

The observations of discovery science motivate us
to ask questions and seek explanations. Ideally,
such investigations make use of the scientific

F

research

scientific method consists of a series of steps (Figure 1.3).
These steps provide a loose guideline for scientific inves-
tigations. There is no single formula for successfully dis-
covering something new; instead, the scientific method
suggests a broad outline for how discovery might proceed.
The scientific method is a bit like an incomplete recipe:

A basic outline of steps to be followed is presented, but
the details of the dish are left to the cook. Similarly, work-
ing scientists do not typically follow the steps of the scien-
tific method rigidly; different scientists proceed through
the scientific method in different ways.

Most modern scientific investigations can be described
as hypothesis-driven science. A hypothesis is a tentative
answer to a question—a proposed explanation for a set
of observations. A good hypothesis immediately leads to
predictions that can be tested by experiments. Although

Experiment does
not support
hypothesis; revise
hypothesis or

method. As a formal process of inquiry, the Revise pose new one.
Observation Question Hypothesis Prediction Experiment
The TV remote What's wrong The remote’s If | replace the | replace the
doesn't work. with the remote? batteries are dead. batteries, the batteries with
remote will work. new ones.

» Figure 1.3 Applying the scientific
method to a common problem.

Experiment supports
hypothesis;
make additional
predictions
and test them.

THE SCIENTIFIC
STUDY OF LIFE

< Figure 1.2 Careful observation
and measurement: the raw data for
discovery science. Dr. Jane Goodall
spent decades recording her observations
of chimpanzee behavior during field

in the jungles of Tanzania.



CHAPTER 1 we don't think of it in those terms, we all use hypoth- the malfunctioning remote on supernatural spirits, nor
:3!\||(T3588\9 %gg A\\]( eses in solving everyday problems. Imagine that you've are you likely to meditate on the cause of the observed

Although you may not
realize it, you use the
scientific method every day.

CHECKPOINT

1. If you observe the
squirrels on your campus
and collect data on their
dietary habits, what
kind of science are
you performing? If you
come up with a tentative
explanation for their
dietary behavior and
then test your idea, what
kind of science are you
performing?

. Place these steps of the
scientific method in their
proper order: experiment,
hypothesis, observation,
prediction, results,
question, revise/repeat.
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completed your homework for the day and are going to
reward yourself with some time in front of the TV. You
press the power button on your TV remote, but the TV
fails to turn on. That the TV does not turn on is an
observation. The question that arises is obvious:
Why didn’t the remote turn on the TV? You
could imagine a dozen possible explanations,
but you can't possibly investigate them all simul-
taneously. Instead, you would focus on just one
explanation (perhaps the most likely one based on
past experience) and test it. That initial explanation is
your hypothesis. For example, in this case, a reasonable
hypothesis is that the batteries in the remote are dead.
Once a hypothesis is formed, an investigator can make
predictions about what results are expected if that hypoth-
esis is correct. We then test the hypothesis by performing an
experiment to see whether or not the results are as predicted.
This logical testing takes the form of “If . . . then” logic:

Observation: The TV remote doesn’'t work.
Question: What’s wrong with the remote?

Hypothesis: The TV remote doesn’t work because its
batteries are dead.

Prediction: If I replace the batteries, then the remote
will work.

Experiment: I replace the batteries with new ones.

Let’s say that after you replace the batteries the remote still
doesn't work. You would then formulate a second hypothesis
and test it. Perhaps, for example, the TV is unplugged. Or
you put in the new batteries incorrectly. You could continue
to conduct additional experiments and formulate additional
hypotheses until you reach a satisfactory conclusion to your
initial question. As you do this, you are following the scien-
tific method, and you are acting as a scientist.

Let’s back up and examine what you would probably
not do in this scenario: You most likely would not blame

phenomenon. Your natural instinct is to formulate a
hypothesis and then test it; the scientific method is
probably your “go-to” method for solving problems. In
fact, the scientific method is so deeply embedded in our
society and in the way we think that most of us use it
automatically (although we don’t use the terminology
presented here). The scientific method is therefore just a
formalization of how you already think and act.

In every chapter of Essential Biology, we include ex-
amples of how the scientific method was used to learn
about the material under discussion. In each of these
sections (titled The Process of Science), we will, as a re-
minder, highlight the steps in the scientific method. The
questions we will address include: Does lactose intoler-
ance have a genetic basis (Chapter 3)? Why do dog coats
come in so many varieties (Chapter 9)? Do the organisms
living in your intestine affect your weight (Chapter 15)?
As you become increasingly scientifically literate, you will
arm yourself with the tools you need to evaluate claims
that you hear. We are all bombarded by information every
day—via commercials, websites, magazine articles, and
so on—and it can be hard to filter out the bogus from
the truly worthwhile. Having a firm grasp of science as a
process of inquiry can therefore help you in many ways
outside the classroom.

It is important to note that scientific investigations
are not the only way of knowing nature. A compara-
tive religion course would be a good way to learn about
the diverse stories that focus on a supernatural creation
of Earth and its life. Science and religion are two very
different ways of trying to make sense of nature. Art is
yet another way to make sense of the world around us.
A broad education should include exposure to all these
different ways of viewing the world. Each of us synthe-
sizes our worldview by integrating our life experiences
and multidisciplinary education. As a science textbook
and part of that multidisciplinary education, Essential
Biology showcases life in a purely scientific context.

Y Figure 1.4 Some properties of life. An object is considered alive if and only if it displays all
of these properties simultaneously.

(a) Order

(b) Regulation

(c) Growth and development

(d) Energy processing



Theories in Science

Many people associate facts with science, but accumulating
facts is not the primary goal of science. A telephone book is
an impressive catalog of factual information, but it has little
to do with science. It is true that facts, in the form of verifi-
able observations and repeatable experimental results, are
the prerequisites of science. What really advances science,
however, are new theories that tie together a number of
observations that previously seemed unrelated. The corner-
stones of science are the explanations that apply to the great-
est variety of phenomena. People like Isaac Newton, Charles
Darwin, and Albert Einstein stand out in the history of
science not because they discovered a great many facts but
because their theories had such broad explanatory power.
What is a scientific theory, and how is it different from
a hypothesis? A scientific theory is much broader in scope
than a hypothesis. A theory is a comprehensive explanation
supported by abundant evidence, and it is general enough
to spin off many new testable hypotheses. This is a hy-
pothesis: “White fur is an adaptation that helps polar bears
survive in an Arctic habitat” And this is another, seemingly

unrelated hypothesis: “The unusual bone structure in a
hummingbird’s wings is an evolutionary adaptation that
provides an advantage in gathering nectar from flowers.” In
contrast, the following theory ties together those seemingly
unrelated hypotheses: “Adaptations to the local environ-
ment evolve by natural selection.” This particular theory is
one that we will describe later in this chapter.

Theories only become widely accepted by scientists if
they are supported by an accumulation of extensive and
varied evidence and if they have not been contradicted by
any scientific data. The use of the term theory by scientists
contrasts with our everyday usage, which implies untested
speculation (“It’s just a theory!”). In fact, we use the word
“theory” in our everyday speech the way that a scientist
uses the word “hypothesis.” As you will soon learn, natural
selection qualifies as a scientific theory because of its broad
application and because it has been validated by a large
number of observations and experiments. It is therefore
not proper to say that natural selection is “just” a theory to
imply that it is untested or lacking in evidence. In fact, any
scientific theory is backed up by a wealth of supporting
evidence, or else it wouldn't be referred to as a theory.

The Nature of Life

Recall once again our basic definition: Biology is the
scientific study of life. Now that we have an understand-
ing of what constitutes a scientific study, we can turn
to the next question raised by this definition: What is
life? Or, to put it another way, what distinguishes living
things from nonliving things? The phenomenon of life
seems to defy a simple, one-sentence definition. Yet even
a small child instinctively knows that a dog or a bug or a
plant is alive but a rock is not.

If T placed an object in front of you and asked you
whether it was alive, what would you do? Would you poke
it to see if it reacts? Would you watch it closely to see if

(f) Reproduction

it moves or breathes? Would you dissect it to look at its
parts? Each of these ideas is closely related to how biolo-
gists actually define life: We recognize life mainly by what
living things do. To start our investigation of biology, let’s
look at some properties that are shared by all living things.

The Properties of Life

Figure 1.4 highlights seven of the properties and
processes associated with life. An object is generally
considered to be alive if it displays all of these proper-
ties simultaneously. (a) Order. All living things exhibit

(g) Evolution

THE NATURE OF LIFE

CHECKPOINT

You arrange to meet a friend
for dinner at 6 p.m., but
when the appointed hour
comes, she is not there. You
wonder why. Another friend
says, “My theory is that she
forgot” If your friend were
speaking like a scientist,
what would she have said?
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complex but ordered organization, as seen in the struc-
ture of a pinecone. (b) Regulation. The environment
outside an organism may change drastically, but the
organism can adjust its internal environment, keeping it
within appropriate limits. When it senses its body tem-
perature dropping, a lizard can bask on a rock to absorb
heat. (c) Growth and development. Information carried
by DNA controls the pattern of growth and develop-
ment in all organisms, including the crocodile. (d) En-
ergy processing. Organisms take in energy and use it to
perform all of life’s activities; they emit energy as heat.
A cheetah obtains energy by eating its kill, uses this energy
to power running and other work, and continuously
emits body heat into the environment. (e) Response to
the environment. All organisms respond to environmen-
tal stimuli. A carnivorous Venus flytrap closes its leaves
rapidly in response to the environmental stimulus of

an insect touching the plant’s sensory hairs. (f) Repro-
duction. Organisms reproduce their own kind. Thus,
monkeys reproduce only monkeys—never lizards or
cheetahs. (g) Evolution. Reproduction underlies the ca-
pacity of populations to change (evolve) over time. For
example, the giant leaf insect (Phyllium giganteum) has
evolved in a way that provides camouflage in its
environment. Evolutionary change is a central,
unifying phenomenon of all life.

Although we have no proof that life has
ever existed anywhere other than Earth,
biologists speculate that extraterrestrial
life, if it exists, could be recognized by the
same properties listed in Figure 1.4. The
Mars rover Curiosity (Figure 1.5), which has

CHECKPOINT

Which properties of life
apply to a car? Which
do not?
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One of the primary

missions of the Mars (4 detect chemicals that could provide evi-
rover is to search for

signs of life.

A Figure 1.5 A view from the Mars rover Curiosity
searching for signs of life.

been exploring the surface of the red planet since 2012,
contains several instruments designed to identify
biosignatures, substances that provide evidence
of past or present life. For example, Curios-
ity is using a suite of onboard instruments

dence of energy processing by microscopic

organisms. As of yet, no definitive signs of
the properties of life have been detected, and
the search continues.

Life in Its Diverse Forms

The tarsier shown in Figure 1.6 is just one of about
1.8 million identified species on Earth that dis-
plays all of the properties outlined in Figure 1.4.
The diversity of known life—all the species that
have been identified and named—includes at
least 290,000 plants, 52,000 vertebrates (ani-
mals with backbones), and 1 million insects
(more than half of all known forms of life).
Biologists add thousands of newly identi-
fied species to the list each year. Estimates
of the total number of species range from
10 million to more than 100 million.
Whatever the actual number turns out to

< Figure 1.6 A small sample of
biological diversity. A primate called a
tarsier sits in a tree in a rainforest within
the Philippines. The scientific name for this
species is Tarsius syrichta.



DOMAIN BACTERIA

DOMAIN ARCHAEA

Kingdom Plantae

Kingdom Fungi

——

DOMAIN EUKARYA

Protists (multiple kingdoms)

A Figure 1.7 The three domains of life.

Colorized TEM 10,000X

TEM 18,500X

LM 150X

be, the enormous diversity of life presents organizational
challenges to biologists who study it.

Grouping Species: The Basic Concept

To make sense of nature, people tend to group diverse
items according to similarities. We may speak of “squir-
rels” and “butterflies,” even though we recognize that
each group actually includes many different species.

A species is generally defined as a group of organisms
that live in the same place and time and have the poten-
tial to interbreed with one another in nature to produce
healthy offspring (more on this in Chapter 14). We may
even sort groups into broader categories, such as rodents
(which include squirrels) and insects (which include
butterflies). Taxonomy, the branch of biology

THE NATURE OF LIFE

that names and classifies species, is the arrange- If you've ever wondered
ment of species into a hierarchy of broader what an unusual or

and broader groups. Have you ever seen a fish, especially beautiful animal
or found a mushroom, or watched a bird and is called, you're curious

wondered what kind it was? If so, you were ask-
ing a question of taxonomy. Before we dive into
biodiversity in greater detail in later chapters, let’s sum-
marize the broadest units of classification of life.

The Three Domains of Life

On the broadest level, biologists divide the diversity of
life into three domains: Bacteria, Archaea, and Eukarya
(Figure 1.7). Every organism on Earth belongs to one
of these three domains. The first two domains, Bacteria
and Archaea, identify two very different groups of
organisms that have prokaryotic cells—that is, relatively
small and simple cells that lack a nucleus or other
compartments bounded by internal membranes. All the
eukaryotes (organisms with eukaryotic cells—that is,
relatively large and complex cells that contain a nucleus
and other membrane-enclosed compartments) are
grouped into the domain Eukarya.

The domain Eukarya in turn includes three smaller
divisions called kingdoms—Plantae, Fungi, and
Animalia. Most members of the three kingdoms are
multicellular. The kingdoms are distinguished partly by
how the organisms obtain food. Plants produce their
own sugars and other foods by photosynthesis. Fungi
are mostly decomposers, obtaining food by digesting
dead organisms and organic wastes. Animals—the king-
dom to which we belong—obtain food by ingesting (eat-
ing) and digesting other organisms. Those eukaryotes
that do not fit into any of the three kingdoms fall into
a catch-all group called the protists. Most protists are
single-celled; they include microscopic organisms such
as amoebas. But protists also include certain multicellu-
lar forms, such as seaweeds. Scientists are in the process
of organizing protists into multiple kingdoms, although
they do not yet agree on exactly how to do this.

about taxonomy.

CHECKPOINT

1. Name the three domains
of life. To which do you
belong?

2. Name three kingdoms
found within the domain
Eukarya. Name a fourth
group within this domain.
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